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ABSTRACT 

Delivery of neurotrophins to the injury site via cellular transplants or viral vectors 

administration has previously been shown to promote recovery of locomotor behavior in 

the absence of locomotor training in adult spinalized animals. Viral vectors still pose 

clinical concerns associated to recombinant genetics and the lack of understanding of how 

they react with the human immune system. Delivery via graft of autologous fibroblast 

engineered to produce brain derived neurotrophic factor (BDNF) and Neurotrophin-3 (NT-

3) has been shown as a valuable method; however, the need for multiple invasive surgeries, 

along with the impossibility of delivering a controlled and constant dosage of protein are 

serious obstacles to obtaining approval by the FDA.  

The present study was aimed at evaluating the efficacy of BDNF delivered to the lumbar 

locomotor centers using a clinically translational delivery method at restoring stepping 

abilities in a large animal model of spinal cord injury.  

We wanted to evaluate if intrathecal delivery of BDNF to the lumbar spinal cord would 

promote a locomotor recovery as effective as delivery to the injury site, even at doses low 

enough not to trigger the side effects observed at high doses. A programmable and 

implantable mini-pump was used to intrathecally deliver a 50 ng/day dose of BDNF to the 

lumbar spinal cord for 35 days after spinal thoracic transection. Kinematic evaluation was 

conducted before, 3 and 5 weeks after injury/pump implant. Ground reaction forces (GRFs) 

analysis was performed 5 weeks after injury to evaluate the animals’ ability to weight 

support during locomotion and standing trials. Results showed that treated cats were 

capable of executing weight-bearing plantar stepping at all velocities tested (0.3-0.8 m/s). 
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Control cats did not recover stepping ability, especially at higher velocities, and dragged 

their hind paws on the treadmill.  

We were also interested in measuring the extent of BDNF diffusion within the lumbar area 

of the spinal cord and the potential damage to the cord caused by catheter insertion. 

Immunohistological evaluation showed higher BDNF expression in the dorsal root 

ganglions, with BDNF Immuno-Histo Chemistry (IHC) extending from L3 to L7 in all 

treated cats. BDNF was also found within multiple cells of the grey matter, although the 

levels were not significantly higher than background density. Glial fibrillary acidic protein 

(GFAP) stain was used to measure the immunohistological reaction of the spinal cord to 

the implanted catheter, and to establish the safety of the delivery method. Gross 

examination of the spinal cord post-mortem revealed no damage to the cord or the roots 

with minimal encapsulation of the catheter/pump. Minimal tissue inflammation was 

revealed by the GFAP stain, underlying the safety of our method. 

We also wanted to investigate and characterize changes in the locomotor circuitry induced 

by BDNF delivery. Comparison of multiunit activity in the lumbar area between BDNF 

treated and non-treated cats allows a better understanding of the mechanism of action of 

BDNF on the spinal interneurons. This was accomplished by extracellularly recording 

lumbar interneuronal firing during air-stepping in a 5 weeks post-injury terminal 

experiment. The cord was exposed at the lumbar level between the L3 and L7 spinal 

segments. In-vivo recordings of spinal extracellular signals were conducted using two 64 

channels microelectrode arrays inserted at the dorsal root entry zone to depths of ~3000µm 

and ~1500µm. The ability to record simultaneous activity of multiple single neurons made 

it possible to study the extent to which spiking activity in a given neuron is related to 
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concurrent ensemble spiking activity. A point process generalized linear model (PP-GLM) 

approach was used to assess the strength of the connections between spike trains. 

Interneurons activity was assessed in terms of average firing rate, signal-to-noise ratio 

(SNR), and number of active units per trial. Although BDNF infusion in the lumbar 

segments did not show significant effect on strengthening synaptic connections, we did 

find greater multiunit activity in the treated animals, sign of a potential BDNF-induced 

increase in interneuronal activation, which could be likely involved in recovery of stepping 

ability after SCI.  

Together, findings from these aims demonstrated the therapeutic potential of intrathecal 

lumbar BDNF delivery in spinalized animals. Constant infusion of BDNF to the locomotor 

centers promotes locomotor recovery similar to training or delivery to the injury site via 

cellular transplants after complete SCI. Intrathecal delivery by an 

implantable/programmable pump is a safe and effective method for delivery of a controlled 

BDNF dosage; it poses minimal risks to the cord and is clinically usable.  Lastly, this study 

confirmed the major involvement of BDNF in increasing the activity of the interneurons in 

the locomotor circuitry, opening the door to further investigating the mechanism through 

which neurotrophins induce recovery of locomotion. 
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CHAPTER 1 

INTRODUCTION AND SIGNIFICANCE 

1.1 RESEARCH PLAN 

1.1.1. Statement of Hypothesis and Specific Aims 

The annual incidence of spinal cord injury (SCI) is approximately 17,500 new cases each 

year in the US, with total annual costs of $9.7 billion (NSCSC 2017 SCI Data Sheet). 

Damage to the spinal cord generally results in a loss of motor and/or sensory functions of 

the areas below the level of the lesion. The activity-dependent plasticity of the spinal cord 

suggests that people affected by SCI can re-learn to walk when undergoing locomotor 

training. Promising results in humans were obtained in patients with incomplete SCI who 

regained independent ambulation and reciprocal patterned leg movements (A. L. Behrman 

et al., 2008) (Emily J. Fox et al., 2010) following body-weight supported locomotor 

training. Unfortunately, the same recovery does not occur in patients with complete SCI 

despite intensive therapy (Andrea L. Behrman & Harkema, 2000) (Susan J. Harkema et al., 

2012) (Dietz, Colombo, & Jensen, 1994). 

Studies conducted in animals with complete SCI at the thoracic level demonstrated a 

gradual recovery of hind limb stepping after undergoing intensive treadmill training. 

Similarly, delivery of neurotrophins such as BDNF or NT-3 to the injury site via cellular 

transplant or viral administration has been shown to independently promote recovery of 

locomotor behavior in the absence of locomotor training (Boyce, Park, Gage, & Mendell, 

2012; Boyce, Tumolo, Fischer, Murray, & Lemay, 2007). Furthermore, chronic intrathecal 

infusion of BDNF to the injury site through implantable osmotic pump was investigated as 
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an axonal regeneration approach and found to enhance locomotor behavior (L.B. Jakeman, 

1998).  

Recordings of spinal neural activity have established the site of the locomotor centers to 

be within the lumbar enlargement (Antri, Mellen, & Cazalets, 2011; S. A. Edgley, 

Jankowska, & Shefchyk, 1988; Kjaerulff & Kiehn, 1996; Langlet, 2005; Norton & 

Mushahwar, 2010). Studies also showed that chronic BDNF expression increases the 

excitability of spinal cord neurons, leading to improved hindlimb locomotion in spinal rats 

(Boyce et al., 2012). 

The present work extends on these previous studies by introducing the use of a 

programmable and implantable mini-pump for intrathecal delivery of BDNF to the lumbar 

spinal cord in cats with complete SCI with the goal of promoting a locomotor recovery 

similar to the one seen with locomotor training or BDNF delivery at the injury site via 

cellular transplants or viral vectors. We hypothesize that intrathecal delivery of BDNF to 

the lumbar spinal cord will promote a locomotor recovery as effective as delivery to the 

injury site, even at doses of protein without the side effects observed in other animal 

studies. In addition, we hypothesize that BDNF will be internalized by the cells of the 

dorsal root ganglions (DRGs) and will be transynaptically transported from the delivery 

site along the lumbar segments, acting directly on the locomotor centers. We also believe 

that the use of a programmable and implantable mini-pump for constant infusion of BDNF 

will reduce risks to the animal and their spinal cord. Furthermore, we believe that the better 

capability of weight-bearing plantar stepping in BDNF treated animals will show a direct 

correlation with an increase in synaptic strengths and activity of the lumbar spinal 
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interneurons, thus supporting our hypothesis that BDNF-induced changes in interneuronal 

activity are likely involved in recovery of stepping ability after SCI. 

We will address these hypotheses with the following specific aims. 

1.1.2. Specific Aim 1: Lumbar intrathecal diffusion of BDNF restores locomotor 

behavior in untrained spinal cats 

Early studies conducted by Graham Brown showed that the rhythmic limb movements 

generating capability of the spinal cord is maintained even in the absence of descending or 

afferent input (T. Graham Brown, 1911). He showed that the intrinsic spinal cord 

locomotor circuitry below the level of the lesion remained in fact functional after complete 

spinal isolation. Following studies conducted by Sten Grillner localized the intrinsic spinal 

circuit for locomotion, later termed as Central Pattern Generator (CPG), in the lumbar 

spinal cord (Sten Grillner, 1985). The objective of this aim is to evaluate if delivery of 

BDNF directly to the locomotor centers instead of at the injury site as in previous studies 

(Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016), promotes locomotor 

recovery after complete SCI as effectively as delivery at the transection site via cellular 

transplant or viral vectors administration in the absence of locomotor training. Animals 

will be acclimated to walk on a motorized treadmill at a range of velocity between 0.3-0.8 

m/s, prior to spinal transection at the T11/T12 spinal segments. BDNF will be delivered to 

the lumbar spinal cord via an intrathecal catheter connected to an implantable and 

programmable mini-pump. We will deliver a substantially lower dose of neurotrophins to 

the spinal cord than in previous studies (Lyn B. Jakeman, Wei, Guan, & Stokes, 1998). 

Delivery of a lower dosage of protein will avoid potential alterations of the locomotor 
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pattern, such as the synchronous hindlimb activity resulting in hopping rather than 

alternating stepping behavior observed in other animal models (Boyce et al., 2012), yet we 

hypothesized it will sufficient to promote recovery of plantar weight-bearing stepping. 

Furthermore, the possibility of delivering a controlled dosage of BDNF through 

implantable and programmable mini-pump will overcome the drawbacks associated with 

delivery via cellular transplant, in particular the necessity of multiple invasive surgeries 

and the impossibility of quantifying the amount of BDNF delivered. This makes this study 

significant for future clinical application and the pathway for FDA approval easier. 

1.1.3 Specific aim 2: Evaluation of the safety and extent of BDNF diffusion using the 

intrathecal mini-pump delivery method 

1.1.3.1 Specific Aim 2a: BDNF diffuses from the delivery site along the lumbar spinal 

cord 

The ability of BDNF to be transynaptically transported is well known (Altar & DiStefano, 

1998; DiStefano et al., 1992). Furthermore, it has been shown that lumbar puncture 

delivered cells modified to express BDNF and NT-3 can migrate rostrally from the 

injection site (L7-S1) to the L5 spinal level and induce locomotor recovery (A. J. Krupka, 

2014). The cells have been mainly found to migrate along the dorsal aspect of the cord and 

to collect near the lumbar dorsal roots (A. J. Krupka, 2014). We hypothesize that BDNF 

will be internalized by the cells of the DRGs and will be transported from the delivery site 

along the lumbar segments, acting directly on the locomotor circuitry and inducing 

functional plasticity. The extent of BDNF diffusion will be measured via 

immunohistochemical analysis of the lumbar segments and BDNF accumulation in the 



5 

 

cells of the DRGs and of the grey matter will be evaluated via Image J analysis and 

quantified in terms of maximum florescence density.  

1.1.3.2 Specific Aim 2b: BDNF delivery via implantable and programmable mini-

pump is a safe and effective method to improve locomotor ability in complete-

SCI animal model 

Intrathecal delivery via pump has become a clinically accepted method for drug delivery. 

Safety, efficacy and cost-effectiveness of intrathecal pump delivery has been demonstrated 

in Phase III Clinical Trials for Baclofen delivery for the chronic treatment of severe 

spasticity of spinal cord origin (J. I. Ordia, Fischer, Adamski, & Spatz, 1996). We want to 

establish the safety of the delivery method. We hypothesize that the use of a programmable 

and implantable mini-pump for constant and controlled infusion of BDNF will reduced 

risks to the animal and their spinal cord (Lyn B. Jakeman et al., 1998; Martin Bauknight et 

al., 2012). We will measure the immune-histological reaction of the spinal cord to the 

implanted catheter via glial fibrillary acidic protein (GFAP) stain, and demonstrate the 

safety of pump delivery for complete SCI treatment.  

1.1.4 Specific Aim 3: Chronic intrathecal BDNF delivery to the lumbar spinal cord 

increases lumbar interneurons activity 

In-vivo recordings of spinal extracellular signals have located the neural networks 

responsible for the control of locomotion in the intermediate and ventral horn of the lumbar 

enlargement (Antri et al., 2011; S. A. Edgley et al., 1988; Kjaerulff & Kiehn, 1996; Langlet, 

2005; Norton & Mushahwar, 2010). Furthermore, results on locomotion in the adult cat 

revealed that caudal L3-L4 segments are vital for rhythmic activation of locomotor output 
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based upon a series of lesioning studies (Langlet, 2005). Studies conducted by our group 

showed that a large proportion of the interneurons from L3-L7 are significantly tuned to 

the locomotor step cycle and are active during either the flexion or extension phases of air-

stepping (Nicholas AuYong, Karen Ollivier-Lanvin, & Michel A. Lemay, 2011; C. 

McMahon, 2014). Furthermore, power spectral analysis revealed greater multiunit power 

in midlumbar segments L3-L5 during stepping (C. McMahon, 2014), supportive of the 

previously mentioned lesioning studies isolating lumbar rhythmic generating centers to 

these segments in the cat (Deliagina et al., 1983; Langlet, 2005; C. McMahon, 2014). 

Studies on rats conducted by Mendell’s group also showed that chronic BDNF expression 

increases the excitability of spinal cord neurons, leading to improved hindlimb locomotion 

(Boyce et al., 2012). In the hippocampus, BDNF has been shown to acutely modulate and 

enhances synaptic transmission (Levine et al. 1995, Levine et al. 1998, Kang and Schuman 

1995) and to rapidly and selectively enhances phosphorylation of N-methyl-D-aspartic acid 

(NMDA) receptors (Levine et al. 1998), which have been shown to play an important role 

in synaptic plasticity (Zhang et al. 2008, Hawasli et al. 2007). In line with these studies, 

we believe that in-vivo multiunits recordings will be an influential tool to study how 

locomotor behavior correlates to the neural mechanism. A mapping of the interneurons 

activity will give us a better understanding of how the interneurons of the mid-lumbar area 

relate to locomotion. The comparison of multiunit activities at different spinal segments 

will strengthen our hypothesis of the main involvement of the lumbar area in rhythm 

generation during stepping, thus reinforcing our decision to deliver to the lumbar spinal 

cord, rather than at the injury site. Consistent with previous results obtained in rats (Boyce 

2012), we hypothesize that chronic BDNF infusion will enhance synaptic connections and 
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increase lumbar interneurons activity, underling our hypothesis that BDNF-induced 

changes in interneuronal activity are likely involved in recovery of stepping ability after 

SCI.  

1.2 BACKGROUND 

1.2.1 Clinical outlook on SCI 

The National Spinal Cord Injury Statistical Center (NSCISC) 2015 report estimates that 

276,000 people are currently living in the United States with some level of spinal cord 

injury (SCI). Given the current population size of 313 million people in the U.S., it is 

estimated that the annual incidence of SCI is approximately 40 cases per million people or 

approximately 12,500 new SCI cases each year. The average age at the time of injury has 

increased from 29 years during the 1970s to 34.9 years currently, with nearly half of all 

injuries occurring between the ages of 16 and 30 (48.5%). Overall, 80.7 percent of all 

reported spinal cord injuries occurred among males. Vehicle crashes are currently the 

leading cause of injury (38%), followed by falls (30%), acts of violence (primarily gunshot 

wounds) (14%), sports/recreation activities (9%), and medical/surgical errors (5%). 

Incomplete tetraplegia is the most frequent neurological category with a 45% incidence 

followed by incomplete paraplegia (21%). Complete injuries are less common with 

complete paraplegia occurring in 20% of the cases, and complete tetraplegia in 14% of the 

cases. Less than 1% of persons experienced complete neurological recovery by hospital 

discharge. Lifetime costs are estimated to range from one million dollars for a 50-year-old 

patient with incomplete injury to over four million dollars for a 25-year-old with a high 

cervical injury (2015 NSCISC Data Sheet). These statistics highlight the necessity to 

develop treatments to improve patients’ motor functions, as well as minimize the expenses 
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for both the patients and the medical system. Any damage to the spinal cord can result in a 

loss of sensory and/or motor functions below the level of injury. For example, an injury to 

the thoracic or lumbar area may cause motor and sensory loss of the legs and trunk. An 

injury to the cervical area may cause sensory and motor loss of the arms and legs (Figure 

1-1). 

 Insult to the spinal cord generally results in the death of several cells at the injury site, as 

well as loss of descending and ascending neuronal tracts, with consequent formation of a 

scar at the injury site that may expand over time, inducing further loss of function. Physical 

and physiological traditional treatments, as well as cellular and molecular approaches have 

been proposed to help affected people in the recovery of daily life functions (Figure 1-2) 

(Thuret, 2006).  

The anatomical and physiological description of the human spinal cord presented below 

will allow us to better understand the deficits, their causes, and the rationale behind the 

proposed treatments. 

1.2.2 Anatomy of the human spinal cord 

The Central Nervous System (CNS) is the part of the nervous system consisting of the brain 

and the spinal cord. The brain and spinal cord are the main centers where correlation and 

integration of nervous system information occur. The brain is the major processing unit of 

the nervous system and contains more them 90% of the body's neurons. The spinal cord is 

continuous with and lies caudally to the brain. Projections of the peripheral nervous system 

connect from and to the spinal cord in the form of spinal nerves. The nerves connect the 
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spinal cord to skin, joints, muscles etc. and allow for the transmission of efferent motor as 

well as afferent sensory signals and stimuli.  

Anatomically, the human spinal cord consists of 33 segments, divided into five regions: 7 

cervical vertebrae, 12 thoracic vertebrae, 5 lumbar vertebrae, 5 sacral vertebrae, and four 

coccygeal vertebrae fused together (Figure 1-3) (Nógrádi A, 2000-2013). Thirty-one pairs 

of spinal nerves branch off the spinal cord. The spinal nerves carry information between 

the body and the spinal cord to control sensation and movement. The spinal nerves serve 

stereotyped regions of the body: high cervical nerves innervate the neck, while low cervical 

nerves control shoulders, arms, and hands movements. Thoracic nerves innervate the trunk, 

lumbar nerves most of the lower limbs, and the sacral nerves control the back of the legs, 

genital and anal regions. The adult spine has a natural S-shaped curve. The neck (cervical) 

and low back (lumbar) regions have a slight concave curve, and the thoracic and sacral 

regions have a gentle convex curve. The curves work like a coiled spring to absorb shock, 

maintain balance, and allow range of motion throughout the spinal column. Two 

enlargements of the spinal cord can be visualized: the cervical enlargement, which extends 

between C3 to T1; and the lumbar enlargement which extends between L1 to S2. These 

regions are widened areas of the spinal cord that contains the sensory and motor neurons 

serving the limbs.  

For comparison, the cat spinal cord of interest in this study has seven cervical vertebrae 

like almost all mammals, thirteen thoracic vertebrae, seven lumbar vertebrae, three sacral 

vertebrae, and twenty-two caudal vertebrae, which form the tail, used by the animal for 

balance control (Crouch, J.E. 1969). 
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1.2.3 Structure of the human spinal cord 

The spinal cord is composed of an inner core of gray matter, which is surrounded by an 

outer covering of white matter (Kandel E.R., 2013). The white matter is comprised of 3 

funiculi: posterior, lateral, and anterior. The posterior, or dorsal, funiculus contains mainly 

ascending tracts carrying sensory signals associated with touch, pressure, and 

proprioception. The anterior, or ventral, funiculus contains the descending tracts associated 

with maintenance of motor activities such as posture, balance, muscle tone, and visceral 

and somatic reflex activity. The lateral funiculus contains both ascending and descending 

tracts, and includes two major motor/descending pathways: the corticospinal and 

rubrospinal tracts which carry information associated with voluntary movement. The gray 

matter is seen on cross-section as an H-shaped pillar with anterior and posterior gray horns 

united by a thin gray commissure containing the small central canal. The gray matter 

contains the cell bodies and can be divided into ten laminae (Kandel E.R., 2013).  

The dorsal horn contains sensory projections from dorsal root ganglia to lamina I – VI. 

Laminae I and II, termed the marginal layer and the Substantia Gelatinosa, respectively, 

contain nociceptive neurons that receive ipsilateral pain input from small diameter primary 

afferent fibers from the periphery. Laminae III and IV run parallel to laminae I and II and 

receive ipsilateral synaptic input from non-noxious fibers. Neurons of lamina III and IV 

receive synaptic inputs from cutaneous afferent fibers. Axons in the dorsal column nuclei 

project from cells of lamina IV and V and send sensory information such as fine touch and 

proprioception to supraspinal areas. It is estimated that the feline adult spinal cord contains 

550-800 non-primary dorsal column pathway neurons in lamina III, IV and V of the lumbar 

enlargement (Snow, 1982). The intermediate zone is formed by laminae V through VII. 
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Lamina V and VI make up the neck of the dorsal horn and are situated at the border to the 

ventral horn. Lamina V neurons receive direct and indirect projections from primary 

afferent fibers while lamina VI neurons receive projections from muscles and joints. An 

abundance of primary afferent fibers terminates in lamina VI, which together with lamina 

VII are termed the intermediate zone. These laminae have been shown to receive direct 

input of arborized collaterals from Ib fibers of the Golgi tendon organs (Snow, 1982). The 

area between the dorsal horn (laminae I-IV) and the motor pools (lamina IX) are considered 

the ‘real interneuron system’ (Snow, 1982), and is vital for the production and adaptation 

of rhythmic movement behaviors such as swimming, scratching and locomotion and will 

be the focus of this study. 

The ventral horn is composed of laminae VIII and IX and consists of multiple islands of 

motoneuron pools. Ventral horn laminae VII and VIII respond to contralateral stimuli and 

contain polysynaptic connections of nociceptive input (pain, temperature, touch). Lamina 

VII contains Clarke’s nucleus and the intermediolateral nucleus at identified spinal 

segments. Clarke’s nucleus terminates caudally at approximately L4 and is known as the 

location for the second order neurons of the dorsal spinocerebellar tract (DSCT). The 

DSCT transmits proprioceptive information from ipsilateral muscle spindles and Golgi 

tendon organs via large tract neurons and small inhibitory interneurons of Clarke’s nucleus 

to the cerebellum (Snow, 1982). Lamina VIII is medially situated at the levels of limb 

enlargements and contains a diverse population of commissural interneurons whose axons 

project contralaterally and are thought to be centers vital to left-right communication. 

Lamina IX contains motor neurons whose axons directly innervate muscle fibers 

throughout the body and plays a significant role in the control of movement.  
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Lastly, Lamina X is a thin layer of cells that surrounds the central canal located between 

the left and right halves of the spinal column and is also involved in locomotion (Kandel 

E.R., 2013; Nógrádi A, 2000-2013; Snow, 1982).  

Thus, the spinal cord can be roughly divided into a dorsal half, which serves primarily the 

sensory functions, a ventral half, which serves the motor functions, and a region of inter 

neuronal connections that promote the transfer of information between the sensory and the 

motor centers, and contains the reflex pathways. The Dorsal Column-Medial Lemniscus 

Pathway (DCML) begins with cell bodies located in the Dorsal Root Ganglions (DRGs), 

ascends in the dorsal area of the spinal cord, and terminates in the somatosensory cortex, 

conveying localized sensations of fine touch, vibration, and proprioception from the skin 

and joints. The corticospinal system connects the frontal and anterior parietal lobes with 

the spinal gray matter. The corticospinal tract runs from the cortex through the white matter 

to the brain stem. Most axons of the corticospinal tract decussate from one side to the other 

in the lower brain stem and descend in the contralateral white matter of the cord as the 

lateral corticospinal tract. A small percentage of axons do not decussate and descend as the 

ventral corticospinal tract. These axons carry motor commands sent to the body and have 

as final target the intermediate and ventral grey matter of the spinal cord. The motoneurons’ 

axons form the peripheral nerves of the musculoskeletal system and innervate the muscles. 

A single motor neuron may innervate one or more muscle fibers. The motor neuron and all 

the muscles fibers to which it connects is a motor unit, the smallest unit of motor control 

(Kandel E.R., 2013). 

As previously mentioned, the spinal cord also contains the neural circuits responsible for 

the motor response to stimuli applied to peripheral receptors localized in muscles, joints, 
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and skin. Sherrington was among the first to propose the concept of reflexes as stereotyped 

movements produced by activation of peripheral receptors. A largely studied reflex is the 

stretch reflex, also known as knee jerk reflex. This monosynaptic reflex is associated to an 

increase in muscle activity after an acute stretch of the same muscle. The reflex tends to 

counteract the stretch, resisting postural perturbation and keeping muscle length stable. 

Muscle spindles, and in particular the Ia axon from this sensory receptor, promote 

contraction of its originating muscle and any synergists, as well as inhibit the motoneurons 

of antagonist muscles (Kandel E.R., 2013). A well-known reflex is also the flexion-

withdrawal reflex which arises when the limb is quickly removed from a painful stimulus 

(i.e. when the hand touches a hot stove). This is a polysynaptic reflex in which the 

originating stimulus is afferent cutaneous nociceptors (Kandel E.R., 2013). It is 

characterized by one excitatory pathway, which activates motoneurons that promote elbow 

flexor muscles activity, and another in which inhibitory interneurons act on motoneurons 

of the antagonist muscles ensuring their inhibition (Kandel E.R., 2013). Similarly, the 

crossed-extensor reflex ensures postural stability when the leg encounters a noxious 

stimulus. (i.e. when the foot is stepping on a nail). This is a contralateral reflex, which thus 

occurs on the side of the body opposite to the stimulus. It is a withdrawal reflex in which 

the ipsilateral side flexors contract and the extensors relax in order to lift the leg; vice versa, 

in the contralateral side the flexors relax and the extensor contract in order to stiffen the 

leg since it has to support the entire body weight and maintain balance (Kandel E.R., 2013).   

1.3 SPINAL LOCOMOTION 

It has been largely accepted that the mammalian spinal cord contains the necessary 

neuronal circuits to produce various kinds of locomotor behaviors (walking, running, etc.) 
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and that these circuits remain functional in the absence of central control by the brain, as 

occurs following spinal cord injuries. Research conducted in the early 20th century 

conducted on feline models reported that the intrinsic spinal cord locomotor circuitry below 

the level of the lesion, later termed the Central Pattern Generator (CPG), remained in fact 

functional after complete SCI (T. Graham Brown, 1911; C.S. Sherrington, 1910). 

The viewpoint in the early 1900s, credited to Charles Sherrington, was that the rhythm and 

pattern of stepping was attributed to a sequence of spinal reflexes contributing to the four 

phases of the step cycle (C.S. Sherrington, 1910; C.S Sherrington, 1910). Sherrington’s 

contemporary, Maurice Phillipson, supported this position by studying stepping in 

chronically maintained spinal dogs. Similarly, to Sherrington, he supported the idea that 

locomotor coordination is an exclusive function of the spinal cord, maintained by a 

sequencing of direct and crossed reflexes, activated by either direct contact with the ground 

or by the leg movement (Clarac, 2008).  

Contemporarily, Sherrington’s student, Thomas Graham Brown, demonstrated stepping 

ability in spinal preparation after chronic hind limb deafferentation, suggesting that 

locomotion may be a central rather than a peripheral phenomenon. Brown demonstrated in 

his pivotal work the capability of the spinal cord to generate rhythmic hind limb flexor-

extensor movement in the absence of descending or afferent inputs (T. Graham Brown, 

1911). He recorded the activity of the tibialis anterior and gastrocnemius muscles in a 

decerebrated and deafferented cat before and after complete injury to the spinal cord. He 

noticed a rhythmic alternation of the flexor-extension movement, leading to the conclusion 

that two opposing centers, one exciting flexors and inhibiting extensor, and the other with 

opposite functions, control stepping. He introduced the half center model, still recognized 
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today as the basis of the locomotor Central Pattern Generator (CPG). According to this 

model, each hind limb is driven by its own CPG. Each CPG consists of a flexor and 

extensor half-center that are coupled through mutual inhibition. Thus, rhythmic flexion-

extension movements are produced through the alternating activation of one half and 

inhibition of the other half.  

Brown’s findings remained quite out of focus until the mid-1900s when the Swedish group 

led by Andres Lundberg brought them to the forefront of the spinal locomotion research. 

Studies conducted with Elzbieta Jankowska demonstrated that intravenous administration 

of Levodopa (L-Dopa) in spinal cats could reveal networks with mutual reciprocal 

inhibition between spinal interneurons involved in the flexion-extension pathways (E. 

Jankowska, 1967). These results were suggested by Lundberg to be the cellular explanation 

to Brown’s half center hypothesis.  

Major contribution to studies on the intrinsic capacity of the spinal cord to induce 

locomotor behavior came from Lundberg’s PhD trainee, Sten Grillner and his colleagues. 

He discovered that administration of clonidine, a noradrenergic agonist, to acute spinal, 

decerebrated cats, as well as administration of L-Dopa in deafferented or curarized spinal 

cats, produced a rhythmic motor output even in the absence of descending or afferent input 

(H. Forssberg, Grillner, S., 1973; S. Grillner, 1979).  

These extensions of Brown’s findings provided the experimental substrate for examining 

the spinal locomotor mechanism and resulted in the concept of the locomotor Central 

Pattern Generator (CPG).  
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1.3.1 Structure of the Central Pattern Generator 

It has been widely accepted that the mammalian spinal cord contains a localized neural 

network called Central Pattern Generator (CPG) that is able to generate the rhythmic and 

coordinated muscle activities involved in locomotion even in the absence of rhythmic input 

from higher brain centers and peripheral sensory feedback (T. Graham Brown, 1911; S. 

Grillner, 2011; Orlovsky, 1999; Rossignol, 1996). Although different models have been 

proposed, the neuronal composition and organization of the CPG still remain unclear.  

The first CPG model was the classic “half-center model” proposed by Graham Brown (T. 

Graham Brown, 1911; T.G. Brown, 1914) where the locomotor rhythm in decerebrated 

cats was associated to the periodic excitation of two populations of excitatory interneurons 

and the reciprocal inhibition between them. In this model, a single network controls both 

the rhythm generation and pattern formation activity during locomotion. (Figure 1-4) 

Grillner extended Brown’s half-center model with his Unit Burst Generator (UBG) (S. 

Grillner, 2011). He proposed a model still centered on the idea of reciprocal inhibition 

between interneurons and motoneurons exciting agonist and antagonist flexor and extensor 

muscles, but based on a group of interacting networks that control single joints’ movements 

(Figure 1-4). 

According to McCrea and Rybak, these models fail to account for some important features 

of stepping. The basic half-center lacks the ability to reproduce multiphasic activity of 

select muscles, while the UBG cannot currently account for non-resetting deletions, i.e. 

periods of temporary missing of flexor or extensor activity that occur without alteration of 

the locomotor “clock” (Lafreniere-Roula, 2005; McCrea, 2008; Rybak, 2006). To 

overcome those deficiencies, McCrea and Rybak proposed a bilayer model of the CPG 
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respectively producing rhythm generation (RG) and pattern formation (PF). The RG layer 

defines the locomotor rhythm and durations of flexor and extensor phases via a PF layer 

that drives the activation of antagonist muscles pair (Figure 1-4).  

1.3.2 Localization of the locomotor CPG 

It has been shown that the lumbar spinal cord contains the neural networks necessary to 

produce the precise timing and activation of hind limbs muscles during locomotion. 

Grillner and Zangger first addressed the question about where the locomotor CPG is 

localized. Their studies on feline models showed that a good alternation of the ankle flexor 

and extensor muscles could be observed when the caudal lumbar cord (L6-S1) was isolated 

from the rest (S. Grillner, 1979, 2011). Subsequent studies conducted on rats, where the 

lumbar spinal cord was exposed to rhythmogenic drugs, localized the rhythmic activity in 

the upper lumbar enlargement (L1-L2) (Bertrand, 2002; Cazalets, Borde, & Clarac, 1995). 

The same study was then extended to cats with complete thoracic transection (T13) walking 

on a treadmill after extensive training and administration of clonidine. The animals’ ability 

to walk was lost after a second transection at the L4 level, leading to the conclusion that 

the mid-lumbar area (L3-L4) is fundamental for the expression of locomotion (Langlet, 

Leblond, & Rossignol, 2005). Studies conducted by Jankowska et al. have also evaluated 

the function and site of spinal interneurons involved in locomotion in the adult spinal cat. 

Results showed that interneurons of the mid-lumbar area which modulate excitation and 

inhibition of motoneurons from group II muscle afferents may be the constituents of the 

stepping network (S. A. Edgley et al., 1988). The leading opinion was that these segments 

contain the rhythm generating networks and the interneurons that directly control the hip 
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flexion/extension movements necessary for walking (S. A. Edgley, Jankowska, E., 1997; 

S. Grillner, Rossignol, S., 1978).  

Over the past decade, novel experimental approaches have started to decode the 

organization of the locomotor CPG using a combination of electrophysiology and genetics 

(Goulding, 2009; Jessell, 2000). Thomas Jessell and colleagues have genetically identified 

several classes of interneurons (V0-V3) in the embryonic mouse spinal cord that settle in 

the ventral cord in laminae VII and VIII and have been proposed as the constituent of the 

locomotor CPG (Jessell, 2000). Groups of Commissural Interneurons (CINs) that project 

their axons contralaterally have been proposed as the neural substrate for the bilateral 

activity in a mouse model (Lanuza, Gosgnach, Pierani, Jessell, & Goulding, 2004). In 

particular, V0 neurons are the major types involved in the left-right alternation and are 

divided in two subgroups: dorsally located inhibitory V0D and ventrally located 

glutamatergic/excitatory V0V neurons. It has been shown that the genetic ablation of these 

neurons highly affects locomotor coordination (Lanuza Gosgnach, Pierani, Jessell, & 

Goulding, 2004) and it does it in a speed dependent manner (Talpalar et al., 2013). Talpalar 

et al. showed that the V0D are essential for bilateral activity at slow speed, while their 

ablation has a low impact at higher speed. Conversely, V0V ablated mice showed normal 

left-right coordination at slow speed, but couldn’t maintain the alternation at higher speed 

(Talpalar et al., 2013). V1 and V2 neurons are a group of ipsilateral projecting interneurons. 

The former inhibitory and the latter including two subgroups: V2a excitatory and V2b 

inhibitory. The roles of V1 and V2b neurons in regulating the flexor-extensor alternation 

in the spinal cord has recently been demonstrated. Abrogation of the V1 and V2b 

neurotransmission resulted in a flexor-extensor synchrony (J. Zhang et al., 2014). On the 
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other hand, genetic ablation of V2a neurons resulted in changes similar to those produced 

by V0V ablation, with left-right coordination maintained at low speed and left-right 

synchrony at high speed (Crone et al., 2008). Lastly, the V3 class of interneurons are 

mainly excitatory and have been proposed to maintain a stable and symmetrical motor 

rhythm by distributing excitatory drive between both halves of the spinal cord (Y. Zhang 

et al., 2008). Silencing of these neurons have shown to severely perturb the regularity and 

robustness of the locomotor rhythm (Y. Zhang et al., 2008). However, as of today, the 

intrinsic neural properties involved in rhythm generation are still unknown. It has been 

suggested a contribution of the Hb9 interneurons in the maintenance of the locomotor 

rhythm (Kwan, Dietz, Webb, & Harris-Warrick, 2009). Kwan et al. studied the activity of 

Hb9 interneurons during fictive locomotion evoked by electrically stimulating the caudal 

tip of the mouse spinal cord. Although, most of them were rhythmically active during 

fictive locomotion, their activity was sparse and usually fall silent during a continuing bout 

of electrically stimulated fictive locomotion (Kwan et al., 2009). Thus, even though Hb9 

interneurons are likely to be involved in rhythm-generation, they cannot be the principal 

and only “pacemaker” cells of the CPG. It has been noticed that silencing of Shox2 

interneurons affects rhythmogenesis. In particular, it produces reduction in locomotor 

frequency, without affecting left-right alternation (Dougherty et al., 2013). These 

discoveries suggest that rhythm generation in the mammalian locomotor network may 

result from the combination of the action of several classes of neurons.  

These data provide significant insights into the organization of the CPG and the operation 

of the lumbar neural circuit during locomotion. However, further studies are needed to 

define these subgroups involved in locomotor rhythm. 
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1.4 LOCOMOTION AND LOCOMOTOR REHABILITATION AFTER SCI 

The understanding of the mammalian locomotor CPG is fundamental to improving clinical 

neuro-rehabilitation of patients with SCI and to the design of new therapies to improve 

their daily life. Over the past century there has been fast advances in knowledge and 

important notions have been understood in clinical and pre-clinical research though 

kinematic, cellular and pharmacological studies. 

1.4.1 Gait cycle and its phases  

Locomotion is composed by a functional unit referred as gait cycle, defined as the interval 

between two consecutive heel strikes of the same foot. It can be generally divided into a 

stance phase, in which the leg is extended, and the foot is in contact with the ground (from 

heel strike to toe off), and a swing phase, when the leg is flexed, the foot is off the ground 

and oscillates forward in order to start a successive stance phase.  

In the human gait, the stance phase can be divided into 5 sub-phases: 1 - Heel strike, in 

which the knee is slightly flexed to absorb the shock of the contact, the hip is about 30º of 

flexion and the ankle is in neutral dorsiflexion; 2 - Foot flat, the ankle is in 5-10º plantar 

flexion, the knee increases its flexion and the hip extensors start activating to guide the hip 

toward extension; 3 - Mid stance, the ankle slightly dorsiflex and the knee reaches full 

extension, the hip gets into neutral position while the hip extensors muscles are slightly 

active in order to stabilize the hip while the body is propelled forward; 4 – Heel off, the 

ankle is dorsiflexed to propel the body upward and forward while the knee starts to flex 

and the hip continues to extend; 5 – Toe off, the ankle is plantarflexed, the knee is highly 

flexed and the hip starts to flex. The swing phase is composed by three sub-phases and they 

include: 1 -  Early swing, the body accelerates forward, and the hip extends, the knee flexes 
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and the ankle reached neutral position; 2 – Mid swing, the ankle dorsiflex, the hip and knee 

flex; 3 – Terminal swing, or deceleration phase, begins with hip flexion, knee extension 

and ankle in neutral position (DeLisa, 1998).  

For feline models of interest in this thesis, the swing phase has been described as composed 

of a flexion phase (F), where flexion of all joints occurs, and an extension phase (E1), 

where the knee and ankle joints extend while the hip flexes (Kuhtz‐Buschbeck, Boczek‐

Funcke, Illert, & Weinhardt, 1994). The stance phase is characterized by two extension 

phases: E2, in which hip extension and knee and ankle flexion occur, and E3, in which all 

joints are extended and push the body forward (Kuhtz‐Buschbeck et al., 1994) (Figure 

1-5).  

1.4.2 Locomotor rehabilitation after SCI: Pre-Clinical studies 

The first experiments in locomotor rehabilitation were conducted by Grillner and his 

colleagues on kittens with compete thoracic transection at the T10-T12 spinal level. 

Animals underwent intensive treadmill training and were capable to step on the treadmill 

when weight and balance support was provided. Over time, kittens were able to 

independently perform weight bearing plantar steps and to adjust their speed of stepping 

accordingly to an increase of the treadmill speed (H. Forssberg, Grillner, & Halbertsma, 

1980). This suggested that the intrinsic spinal cord locomotor circuitry below the level of 

the lesion remains functional after complete SCI.  

The same experiments were then extended to adult cats. Eidelberg and colleagues reported 

that adult cats transected at the T6-T8 level did not show the recovery seen in kittens. 

Animals were trained on a treadmill at 0.2, 0.4 and 0.6 m/s up to 8 weeks after injury. 
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Animals recovered alternating stepping ability, but even after 8 weeks they were incapable 

of weigh bearing stepping and showed support only when continues perineal stimulation 

or tail pinching was applied (Eidelberg, 1980).   

A few years later, Barbeau and Rossignol published their key work on recovery of 

locomotion in adult spinal cats. Animals with complete thoracic transection at the T12-T13 

level achieved functional stepping following intensive locomotor training at a range of 

velocity between 0.2 and 1.2 m/s. A few days after injury, with manual perineal stimulation 

applied to initiate and maintain stepping, cats could evoke alternating hind limb 

movements, although plantar foot placement was absent, and they showed dorsal foot 

placement during stance (Barbeau & Rossignol, 1987). Over time, animals improved their 

weight support and stepping ability. After 3-4 weeks of daily treadmill training, they 

recovered alternating hind limb plantar stepping, which remained stable for several months 

(Barbeau & Rossignol, 1987; Lovely, Gregor, Roy, & Edgerton, 1986). Occasionally, 

perineal stimulation was still applied to initiate walking, but spontaneous locomotor 

activation was also observed. On the other hand, untrained spinalized cats did not have any 

ability to plantar step and tended to drag their hind paws on the treadmill (Lovely et al., 

1986). Despite the lack of voluntary control, the precarious balance and the absence of 

coordination between forelimbs and hind limbs, it was shown that both kinematic patterns 

and EMG activity remain similar before and after spinalization (Barbeau & Rossignol, 

1987; Belanger, Drew, Provencher, & Rossignol, 1996; H. Forssberg et al., 1980). These 

results proved that locomotor training improves the quality and speed of stepping and this 

recovery is thought to be due to reorganization and strengthening of the locomotor circuitry 

in the lumbar spinal cord (deLeon, 1998; V. Reggie Edgerton et al., 2001; Lovely et al., 
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1986). Edgerton’s group also demonstrated the use-dependent motor output of the injured 

spinal cord. Cats with complete transection at the thoracic level can re-learn to step and 

stand when trained for these specific tasks (V. R. Edgerton et al., 1997). This suggests that 

task-specific training induces a significant reorganization of the locomotor pattern 

generator circuitry.  

These results provided the premise to explore if the same reorganization and plasticity 

occurs in the human spinal cord and if a similar motor recovery can be obtained in SCI 

patients. 

1.4.3 Locomotor rehabilitation after SCI: Clinical studies 

Several approaches have been proposed in clinical trials to promote/improve locomotor 

recovery following SCI, including body weight support locomotor training (BWST) on a 

treadmill, functional electrical stimulation (FES), pharmacological approaches or 

combination of them to promote locomotor recovery in spinal cord injured patients.  

Significant motor recovery has been shown in incomplete SCI individuals who underwent 

BWST, with important improvement in over ground locomotion, testified by the reduction 

of body weight support needed. Several aspects of locomotion have been shown to 

improve, even in the motor complete SCI patients, such as enhanced EMG pattern and 

amplitude, recovery of reciprocal activation between flexor and extensor muscles, and 

better left-right alternation (Dobkin, Harkema, Requejo, & Edgerton, 1995; Forrest et al., 

2008). In patients with thoracic spinal transection, manually assisted stepping on a 

treadmill could elicit EMG burst which were synchronized to the swing and stance phase 

of the step cycle, and modulated by variation of the treadmill speed and the level of loading 
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(Dobkin et al., 1995; Susan J. Harkema et al., 1997). Furthermore, epidural stimulation of 

the upper lumbar spinal cord (L2) showed locomotor-like EMG activity and stepping 

movements. Trains of stimulus pulses delivered at 25-50 Hz were able to generate rhythmic 

locomotor activity with synchronized EMG discharges and repetitive flexor movements in 

the lower limbs (M. R. Dimitrijevic, Y. Gerasimenko, & M. M. Pinter, 1998). These 

findings suggested that the train of stimuli activates the neurons of the locomotor CPG and, 

once the locomotor circuit is activated, the system of spinal neurons coordinates 

movements of the lower limbs (M. R. Dimitrijevic et al., 1998). There are, thus, evidence 

for the existence of a CPG-like network in humans; however, there are still limitations in 

directly demonstrating its presence in men, mainly due to the impossibility of assessing 

and comparing the effects of invasive treatments on the spinal cord structure and 

physiology in patients with those observed in animal models (Cote, Murray, & Lemay, 

2016).  

It has been largely shown that patients with SCI respond to BWS locomotor training and 

that plasticity of the nervous system occurs following task-specific retraining of stepping 

(Dietz & Harkema, 2004; Field-Fote, 2001; Wernig, 1995). Two major factors influence 

recovery of walking after SCI: the severity of the injury and the time since the injury 

occurred (Barbeau, 2003). Obviously, the earlier the BWS locomotor training is started, 

the greater the recovery is. However, significant improvements were observed in patients 

with chronic injury (Sullivan, Knowlton, & Dobkin, 2002; Wernig, 1995). The most 

successful results of BWST locomotor training were observed in patients with incomplete 

SCI, who showed recovery of over ground walking ability. However, the same promising 

outcomes were never observed in individuals with clinically complete injury.  
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Locomotor training has been successfully used by Behrman’s group on a four and half 

years old boy with a chronic incomplete cervical injury at the C7 level. The boy was non-

ambulatory and crawled on his forearms, dragging his legs on the floor. One month and 76 

sessions of intensive locomotor training later, the child was able to independently ambulate 

with the support of a rolling walker. Locomotor training was performed using a BWS 

treadmill system, the Neuro II, with trainers manipulating the child’s legs and hip in order 

to assist him with correct foot placement and ensure balance control. Training sessions 

involved 20-30 minutes of treadmill training and 10-20 minutes of over ground walking. 

By the 76th session, the child showed independent ambulation with the support of a 

reversible rolling walker and an increase in his gait speed. The recovery seen was task-

dependent and voluntary movements were observed only in the context of stepping (A. L. 

Behrman, 2008). Follow-up studies after 2 years of locomotor training showed an increase 

in gait speed, as well as patterned leg movements such as tricycle pedaling, crawling, and 

stair climbing (E. J. Fox, 2010). Long-term effects of BWS locomotor training were 

observed also in adult patients with incomplete injury. Functional recovery was maintained 

years after the beginning of treadmill training, with improved abilities in over ground 

walking, coordinated stepping movements and increased activity of the extensor muscles 

(Andrea L. Behrman & Harkema, 2000; Wernig, Nanassy, & Muller, 1998; Wirz, 

Colombo, & Dietz, 2001).  

Locomotor training has been established to be an effective method for improving weight-

bearing stepping in individuals with incomplete SCI. However, the same results could 

never be accomplished in subjects with complete SCI. Case studies conducted by Andrea 

Behrman and Susan Harkema showed how patients with incomplete injuries, ranging in 



26 

 

the American Spinal Injury Association (ASIA) as grade C and D (Table 1-1), either 

significantly improved or recovered stepping ability following intensive treadmill training. 

On the other hand, patients classified as ASIA A, with a complete loss of motor and sensory 

functions, did not show significant improvements (Andrea L. Behrman & Harkema, 2000).  

For this reason, combination strategies have been proposed to enhance recovery in more 

severely injured patients. Several experiments reported the efficacy of electrical 

stimulation of the lumbar enlargement in inducing locomotor recovery in humans. It has 

been shown that ASIA A patients with chronic, complete paraplegia can elicit locomotor-

like EMG activity when bilateral or unilateral electrical stimulation is applied. As the 

stimulation amplitude was increased, the EMGs amplitude increased, as well as the 

frequency of the rhythmic activity (Milan R. Dimitrijevic, Yuri Gerasimenko, & Michaela 

M. Pinter, 1998). It was also shown that different frequencies of stimulation can lead to 

different physiological effects. Stimulation at 50-100 Hz can control spasticity, while 25-

50 Hz can induce step-like rhythmic movements in ASIA A patients (Milan R. Dimitrijevic 

et al., 1998). Gerasimenko et al. also demonstrated that L2 was the most effective electrode 

location to induce rhythmic activity, which persisted throughout the stimulation and for 1 

or 2 step cycles after interruption of the stimulation (Gerasimenko, Makarovskii, & Nikitin, 

2002). Harkema’s group proposed the use of epidural electrical stimulation in addition to 

treadmill training as combinatorial treatment for motor complete injured patients. The 

subject presented had a spinal injury at the C7-T1 level, with no motor function of the trunk 

and legs muscles, no bladder control, and loss of sensation below T1. He received 170 

sessions of BWS locomotor training prior to epidural spinal cord stimulation unit implant 

in the lumbar enlargement at the level of the L1-S1 spinal segments. Sessions with a 54 
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minutes average duration were performed. Stimulation duration varied from 40 to 120 

minutes, amplitude ranged between 0.5 and 10V and frequencies between 5 and 40Hz. 

Epidural stimulation (15Hz, 8V) applied to the L5-S1 level was sufficient to generate 

standing, even when minimal body support was provided. Higher frequency stimulation 

(30-40Hz) was necessary to generate locomotor patterns. When the patient received 

manual manipulation during stepping, a rhythmic EMG activity was elicited. The patient 

also recovered bladder control and sexual functions (S.J. Harkema, 2011). Following 

studies conducted by the same group extended this research to a larger number of patients 

and showed that epidural stimulation can modulate the spinal circuitry, allowing subjects 

to regain voluntary control of paralyzed muscles (Angeli, Edgerton, Gerasimenko, & 

Harkema, 2014). They attributed this improvement in performances to the excitation of the 

lumbosacral interneurons and motoneurons, which combined with the residual or newly 

formed supraspinal connections, may be sufficient to activate motoneurons.  

Pharmacological approaches successfully used to promote recovery of weight-bearing 

plantar stepping in spinalized animals were not as successful in humans. For example, 

administration of clonidine which, as stated previously in this chapter, promoted full 

weight bearing locomotion in complete injured cats, did not have the same effects in ASIA 

A patients and even depressed EMG activity during treadmill walking (Barbeau & Norman, 

2003). From a comparative perspective, similarities have been found in the structure of the 

spinal cord and locations of major intraspinal pathways of feline and non-human primate 

models (Pettersson, Alstermark, Blagovechtchenski, Isa, & Sasaski, 2007). However, 

fundamental structural and spinal circuitry differences may exist between the spinal cord 

of different species that may affect therapeutic/pharmacological outcomes (Ko, Park, Shin, 
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& Baek, 2004; Konya et al., 2008). There is also the need to assess differences in the human 

and animal pharmacological dynamics. Such issue has been reported in both stroke and 

SCI research in which methylprednisolone sodium succinate (MP) as well as other 

neuroprotective substances failed in clinical trials (Braeuninger & Kleinschnitz, 2009; 

Hall, Wolf, & Braughler, 1984). Analysis of the pharmacokinetics and pharmacodynamics 

of several substances for different animal species are still not available. It is thus possible 

that the key issue is the need for detailed pharmacological evaluations as a part of the 

overall preclinical design process. Many pharmacological approaches on acute SCI have 

simply extrapolated the cat doses without considering the fact that the pharmacokinetics 

and dose-response could be substantially different in these species (Braeuninger & 

Kleinschnitz, 2009). Thus, effective doses derived from preclinical studies in small/large 

animals may not be simply transferred to humans, even if adjusted for body weight. Dose-

response curves in laboratory animals and in humans can be helpful to address this 

problem.  

1.5 NEUROTROPHINS 

The idea that intensive exercise promotes neural plasticity by modulation of neurotrophins 

has been steadily gaining acceptance. Gomez-Pinilla et al. demonstrated that voluntary 

exercise induces an upregulation of BDNF and NT-3 mRNA in both the muscles and the 

spinal cord (Gomez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002). It was shown that 

following paralysis of the soleus muscle, the level of BDNF mRNA decreased in both 

tissues, suggesting that active muscle contractions are fundamental to control BDNF 

mRNA levels. These results also suggested the crucial role played by BDNF in neural 

plasticity. 
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1.5.1 Overview on neurotrophins 

Neurotrophins (NTFs) are a family of proteins involved in the differentiation and survival 

of motor and sensory neurons that were first discovered by Levi-Montalcini, Hamburger 

and Cohen (Levi-Montalcini, 1987). Developing neurons require the presence of one or 

more specific neurotrophins, which include nerve growth factor (NGF), BDNF, NT-3, and 

NT-4/5. The effects of neurotrophins are mediated by two types of receptor: a low affinity 

pan-neurotrophin receptor (p75) and a high affinity tyrosine receptor kinase (Trk) specific 

for each NTFs. In particular, NGF is activated by Trk-A, BDNF and NT-4/5 are activated 

by Trk-B and NT-3 is activated by Trk-C (Greene & Kaplan, 1995; Poo, 2001). Largely 

recognized is the role of these classes of protein in neuroprotection, neurogenesis, and 

neuroplasticity, as well as in facilitating long-term potentiation (LTP), a phenomenon 

involved in strengthening synaptic connections and reorganization, and endorsing dendritic 

growth and remodeling (Poo 2001, Johansson 2000). Attention is given to BDNF, which 

has been shown to be the permissive factor to induce, express and maintain LTP, as well 

as the major protein used in this dissertation. 

1.5.2 Neurotrophins modified expression in the injured spinal cord and their role in 

promoting axonal regeneration and sprouting 

Frisen et al. demonstrated an up-regulation of the Trk-B mRNA in the injured mammalian 

CNS. Neurotrophins and their receptors expression were evaluated via 

immunohistochemistry (IHC) analysis 10 days to 6 weeks after ventral or dorsal lesion of 

the spinal cord, respectively, in cats and rats (Frisen et al., 1992). Results showed an 

increase in Trk-B mRNA and immunoreactivity in the white-matter scar tissue formed at 

the lesion site in both animal species. This increase was also seen in large cell bodies, most 
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likely motor neurons, in the spinal ventral horn of the ventral-injured cats and the highest 

levels were observed at 3 and 6 weeks after injury. Interestingly, the area where the 

strongest magnitude of Trk-B labelling was observed, also presented with axonal sprouts, 

suggesting a role of NTFs in promoting axonal regeneration. Following studies conducted 

by Bregman et al. on adult rats showed the crucial role of exogenous application of 

neurotrophic factors to promote regrowth of mature neurons (Bregman, McAtee, Dai, & 

Kuhn, 1997; Coumans et al., 2001). Administration of BDNF or NT-3 into the transplant 

increased axonal regrowth within the transplant and the cord caudal to the lesion, with 

significant improvement in locomotion. Similar outcomes have also been obtained via 

NTFs administration to the transection site of injured rats via grafts of cells engineered to 

produce BDNF (Lyn B. Jakeman et al., 1998; Jin, Fischer, Tessler, & Houle, 2002). BDNF 

increased axonal regrowth; however, they approached the caudal end of the transplant, but 

only a few crossed the graft and extended beyond the injury site. Thus, neurotrophic factor 

delivery to the injury site stimulates axonal growth into and around the lesion site, but 

rarely beyond it (Cao & Shoichet, 2003; Paul Lu, Yang, Jones, Filbin, & Tuszynski, 2004; 

Taylor, Jones, Tuszynski, & Blesch, 2006). Results showed that delivery of growth factor 

gradients beyond the lesion site is not sufficient to promote long distance axonal growth 

(Taylor et al., 2006). In particular, lentiviral vectors expressing NT-3 were injected 

rostrally to the C3 lesion in a rat model of SCI. Although significant axonal growth beyond 

the lesion was observed in the animals that received NT-3 vectors compared to controls, 

the growth did not continue for long distances in the only presence of neurotrophic 

gradients (Taylor et al., 2006). Lu et al. tested whether a combinatorial approach of 

stimulating the neuronal cell body through Cyclic Adenosine Monophosphate (cAMP) 



31 

 

administration and the injured axon via neurotrophins injections within and beyond cell 

grafts placed into cervical spinal cord lesion site of adult rats would propel axonal growth 

into and beyond sites of spinal cord injury (Paul Lu et al., 2004). Results showed that cAMP 

stimulation of the cell body in the absence of neurotrophin treatment was not sufficient to 

promote axonal bridging through an autologous cell graft placed within the lesion cavity. 

Similarly, neurotrophin stimulation of the axon without concomitant cAMP administration 

was not capable of promoting substantial axon growth beyond the cell graft in the lesion 

cavity. Significant axonal growth and bridging beyond the lesion site was achieved only 

using combination strategies of somal stimulation with cAMP and axonal stimulation with 

neurotrophin. However, the observed axonal regeneration was not sufficient to support 

functional recovery (Paul Lu et al., 2004).  

Thus, even in the absence of significant axon regeneration, functional locomotor recovery 

was still observed, suggesting that neurotrophins can modulate hindlimbs movements by 

acting directly on the local circuitry and stimulating neurons below the level of the lesion 

(Lyn B. Jakeman et al., 1998; Jin et al., 2002). This is the idea that drove our group to 

explore more in details the ability of neurotrophins, and in particular of BDNF, to promote 

recovery of locomotor behavior and the background work in this area will be extensively 

reviewed below. 

1.5.3 Neurotrophins as treatment for SCI 

Neurotrophins have been demonstrated to have a crucial role in recovery after SCI and 

have been proposed as therapeutic treatment after traumatic brain or spinal cord injury. 

Animal studies demonstrated limited training-induced recovery after blocking BDNF 

synthesis in the CNS through pharmacological intervention (Ploughman et al., 2009). 
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Conversely, it has been shown that high-intensity locomotor training results in an increased 

BDNF gene expression and production that improves neuronal connectivity and recovery 

of stepping (Barbeau & Rossignol, 1987; Gomez-Pinilla, 2002).  

1.5.3.1 Neurotrophins can replace treadmill training as therapy after SCI 

Boyce and colleagues suggested that neurotrophin delivery alone may be sufficient to 

induce plasticity in the injured spinal cord and to restore locomotion. Their findings 

showed that transplantation of rat fibroblasts engineered to produce neurotrophins (BDNF 

and NT-3) at the injury site promoted recovery of stepping in untrained spinalized cats. 

Sixteen cats underwent complete thoracic transection at the T11-T12 level after baseline 

locomotor kinematics were evaluated during walking on a motorized treadmill at a range 

of velocity between 0.1-0.8 m/s. Kinematic parameters including stance length and swing 

height decreased with injury, but improved with neurotrophin or exercise treatment while 

control cats only showed dorsal foot placement during stance and walked only at very low 

velocity (0.1-0.2 m/s). Results showed that cats that received neurotrophins treatment 

performed as well as the cats that received daily treadmill training, recovering plantar 

weight-bearing stepping at all velocities (0.1-0.8 m/s). Neurotrophins grafts were also 

effective at promoting an earlier recovery of weight-bearing plantar stepping. Further 

evidence of the effectiveness of NTFs delivery came from the results in animals treated 

with a combination of treadmill training and cellular administration of BDNF and NT-3. 

They showed the best stepping performances, with values of stance length and swing height 

comparable to pre-transection levels (Boyce et al., 2007). This recovery was not associated 

with any axonal regeneration through the graft, leading to the conclusion that regeneration 

is an unlikely mechanism for recovery (Boyce et al., 2007). The ability of NTFs to be trans-
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synaptically transported is well known (Altar & DiStefano, 1998; DiStefano et al., 1992) 

and it is most likely that neurotrophins were transported from the injury site (T11/T12) to 

the lumbar spinal cord, where the centers of locomotion are located, inducing structural 

and functional plasticity (Boyce et al., 2007). Boyce and colleagues first gave some insight 

into the mechanism of action of neurotrophins, speculating that exogenous neurotrophins 

delivery mirrors the increase in NTFs that results from training and exercise and may 

activate the same mechanisms for locomotor recovery (Boyce et al., 2007).  

Follow-up studies conducted by Boyce et al. in the Mendell laboratory were aimed at 

comparing the effects of virally administered BDNF or NT-3 at the transection site in rats 

with complete thoracic transection at the T10 level (Boyce et al., 2012). The enhancement 

of monosynaptic responses to dorsal root stimulation in motoneurons following NT-3 

administration would suggest that this class of neurotrophins may be primarily involved in 

recovery of locomotion (Boyce & Mendell, 2014; Seebach, Arvanov, & Mendell, 1999). 

However, Boyce et al. demonstrated that BDNF viral administration induced better 

recovery of plantar weight bearing stepping in spinalized rats during both treadmill and 

overground stepping. On the other hand, NT-3 treated rats needed continuous manual 

perineal stimulation to perform plantar stepping (Boyce et al., 2012). Furthermore, c-Fos 

staining of the lumbar cord showed a higher increase in activity for interneurons located in 

the proximity of the locomotor CPG in BDNF treated rats when compared to NT-3 treated 

rats (Boyce et al., 2012). Behavioral analysis showed that chronic viral BDNF delivery 

improved stepping ability, but at the same time had the detrimental effect of producing 

hopping rather than hindlimbs alternations, which was associated with spasticity (Boyce et 

al., 2012). The same study conducted on cats, revealed similar outcomes for the two groups 
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(BDNF versus NT-3 treated spinal cats) (Ollivier-Lanvin, Fischer, Tom, Houlé, & Lemay, 

2015). Moreover, they demonstrated that with either single (BDNF or NT-3) or dual 

(BDNF and NT-3) neurotrophins-producing graft, animals recovered plantar weight-

bearing stepping at all velocities tested (0.1-0.8 m/s). Treated cats did not show any of the 

previously mentioned adverse effects. Thus, BDNF results to be most likely involved in 

recovery of stepping. Although all neurotrophic factors are highly expressed in the CNS, 

BDNF has been shown to act on the broadest range of neuronal types including sensory 

neurons (Davies, Thoenen, & Barde, 1986; Lindsay, Thoenen, & Barde, 1985) and 

motorneurons (Oppenheim, Qin-Wei, Prevette, & Yan, 1992; Sendtner, Holtmann, 

Kolbeck, Thoenen, & Barde, 1992; Yan, Elliott, & Snider, 1992). Therefore, the 

generalization of the effectiveness of BDNF delivery in both animal species, as well as the 

BDNF wider distribution pattern, made BDNF the best option for our study. 

1.5.3.2 Effects of neurotrophins on motoneurons  

The key role played by neurotrophic factors in motor activity is unquestionable; however, 

the mechanism by which they promote recovery is still not clear. Mendell et al.  explored 

the effects of neurotrophins on the monosynaptic reflex pathway in cats. NT-3, NT-4/5, or 

vehicle were delivered via osmotic mini pump to the axotomized medial gastrocnemius 

nerve (Mendell, Johnson, & Munson, 1999). Delivery of neurotrophins promoted recovery 

of group Ia afferent, but did not show significant effects on injured motoneurons. Results 

showed that NT-3, and to a limited extent NT-4/5, significantly improved the conduction 

velocity of the axotomized Ia afferent compared to controls. NT-3 administration resulted 

not only in preventing the decline in EPSP (Excitatory postsynaptic potential) amplitude, 

but also in increasing the EPSP amplitude above the one calculated from intact afferents 
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when delivered for over 5 weeks. The outcome was further demonstrated by removing the 

NT-3 mini pump for an additional week. The absence of NT-3 resulted in a decline of EPSP 

amplitude to level comparable to the control group (Mendell, Johnson, & Munson, 1999).  

It has also been established the influence of locomotor training on motoneuron activity and 

the effects of BDNF and NT-3 on motoneurons properties (Boyce et al., 2012; Petruska et 

al., 2007).  Mendell’s group showed the different effects of AAV-BDNF and AAV-NT3 

treatment on the physiology of the ankle extensor motoneurons. Intracellular motoneurons 

recordings of the medial gastrocnemius and of the lateral gastrocnemius/soleus were 

performed 6 weeks after injury. Recordings of the AAV-NT3 treated rats showed a 

significant increase in the mean rheobase when compared to controls. On the other hand, 

the mean rheobase in AAV-BDNF treated rats was significantly reduced. These results 

indicate BDNF ability to increase the excitability of the ankle extensor motoneurons and 

the effect of NT-3, which instead decreases it. Other parameters measured in the 

motoneurons were affected by NT-3, but not by BDNF. The afterhyperpolarization (AHP) 

amplitude was significantly lower in NT-3 rats when compared to controls, while it was 

unaffected in BDNF rats. The authors concluded that these differential effects of NT-3 and 

BDNF on the ankle extensor motoneurons may results in differences in the ion channels 

that they affect, which may be useful to predict changes in motoneurons excitability and 

recovery of plantar stepping when it is expressed in the injured spinal cord (Boyce et al., 

2012).   

1.5.3.3 Delivery of neurotrophins via autologous fibroblast  

The transplant of cells from donor animals requires immunosuppression. Immunologic 

alterations have been shown to increase the risk of oncogenic infections, which are the third 
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most common cause of death after transplantation (Adami et al., 2003; Jensen et al., 1999). 

For this reason, the use of immunosuppressive drugs still remains controversial (Adami et 

al., 2003; Chapman, Webster, & Wong, 2013; Gallagher et al., 2010). For these reasons, 

our group explored the use of autologous fibroblasts, which do not require immune 

suppression, engineered to produce BDNF and NT-3 as treatment in complete spinalized 

cats. Krupka et al. demonstrated that grafts of autologous fibroblasts modified to produce 

BDNF and NT-3 implanted at the transection site promote recovery of stepping in spinal 

cats (A. J. Krupka, Fisher, I., Lemay, M.A., 2016). Their results also rebutted other animal 

studies that reported reduced motor recovery when treatment was delayed following injury 

(Norrie, Nevett-Duchcherer, & Gorassini, 2005; Shumsky et al., 2003). They showed that 

delaying grafting of neurotrophin-producing cells improved locomotor recovery in the 

chronic injured cats as well as in the acutely grafted cats (A. J. Krupka, Fisher, I., Lemay, 

M.A., 2016).  

Immunohistological analysis also showed no detectable production of neurotrophins 5 

weeks after graft implant. However, graft animals were still able to perform weight bearing 

plantar stepping at up to 0.8 m/s and even 12 weeks after grafting, results never obtained 

in complete injured animals with treadmill training alone (deLeon, 1999). Similarly, to 

Boyce et al., this study did not show any axon regeneration through the lesion, underlining 

that the mechanism of recovery is most likely due to the neurotrophins enhancing effects 

on synaptic efficacy (Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016). The 

non-regeneration dependent recovery led our group to investigate whether neurotrophin 

need to be delivered to the transection site to promote recovery. Preliminary results in two 

spinal cats in which the engineered fibroblasts were intrathecally delivered via lumbar 
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puncture (LP) suggest that direct delivery to the lumbar spinal cord is as efficient as 

delivery to the injury site. One cat was sacrificed one week after delivery for histological 

analysis. Results showed that cells delivered between the L7 and S1 spinal segments 

migrated up to the L4 spinal segment, without reaching the injury site. Kinematic 

evaluation was performed on the second cat which was sacrificed 5 weeks after lumbar 

puncture (LP). Recovery in the LP cat was comparable, and for certain variables superior, 

to the recovery in graft cats, supporting the hypothesis that neurotrophins need not to be 

delivered at the injury site to restore locomotion. This hypothesis was further tested in the 

present dissertation research. We hypothesize that constant intrathecal infusion of BDNF 

using an osmotic pump will promote locomotor recovery as effectively as delivery at the 

injury site via cellular or viral vectors delivery. Furthermore, cell delivery suffers from 

some drawbacks: first, the necessity of multiple invasive surgeries; second, the 

impossibility of delivering a controlled dosage of BDNF, and lastly the difficulty in 

tracking autologous fibroblasts in the spinal cord tissue, since grafted fibroblasts are 

indistinguishable from native fibroblasts. The use of an implantable and programmable 

pump will solve some of these complications and make the understanding of the 

mechanism of recovery easier. 

1.5.3.4 Delivery of neurotrophins via implantable mini-pump 

Administration of neurotrophins has been shown to be an alternative promising strategy to 

promote recovery after SCI. In particular, exogenous administration of BDNF has been 

shown to have neuroprotective actions on spinal cord neurons, enhance axonal sprouting, 

and play an important role in synaptogenesis and plasticity. Chronic intrathecal infusion of 

BDNF through an implantable osmotic pump was previously investigated as an axonal 
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regeneration approach where it was noted that the animals also displayed enhanced 

locomotor behavior (Lyn B. Jakeman et al., 1998). Jakeman et al. demonstrated the effects 

of direct delivery of BDNF at the injury level via osmotic mini-pump attached to a pre-

implanted intrathecal cannula. 50, 100, and 150 µg/day dosages of BDNF were 

administered in rats with contusion or complete transection for 28 days after injury and the 

pump was replaced 14 days after implant. Results showed that all treated animals were able 

to execute coordinated hindlimbs movements and this functional recovery occurred in the 

absence of axonal regeneration across the lesion site in the complete transected animals 

(Lyn B. Jakeman et al., 1998). Delivery of 1 µg/day dose of BDNF at the nerve insertion 

site via osmotic mini-pump was also studied as a method to promote nerve bridge axon 

regeneration following L1 hemisection in a rat model (Martin Bauknight et al., 2012). 

Along with the findings that delivery of BDNF significantly strengthens the connectivity 

of the peripheral nerve bridge, results also showed minimal catheter associated trauma as 

evidenced by the absence of GFAP staining, demonstrating the safety of the delivery 

method. Safety and effectiveness of drug delivery via programmable and implantable pump 

has also been demonstrated in Phase III clinical trials in amyotrophic lateral sclerosis 

(ALS) patients. Ordia et al. evaluated the effects of chronic intrathecal delivery of Baclofen 

as treatment for severe spasticity of spinal cord origin (J.I. Ordia, 1996). Phase I/II clinical 

trials also showed the effectiveness intrathecal delivery of ciliary neurotrophic factor 

(CNTF) or recombinant methionyl human brain derived neurotrophic factor (r-

metHuBDNF) into the lumbar subarachnoid for the treatment of ALS patients (Ochs et al., 

2000; Penn, Kroin, York, & Cedarbaum, 1997). Thus, intrathecal delivery has been largely 

accepted for clinical use and it may reduce the risk of infection compared to delivery via 
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cellular grafts. Furthermore, intrathecal delivery systems have been shown to decrease the 

side effects typically associated with oral or parenteral drug delivery, as well as allow for 

better safety and quality of life (Bottros & Christo, 2014). Also, with the continuously 

rising cost of health care, there have been intense studies about the cost effectiveness of 

interventional therapies. Several studies demonstrated that although there is an initial 

increased cost associated with intrathecal drug delivery, the maintenance cost over time is 

significantly lower than with conventional medical management (Bottros & Christo, 2014). 

For all these reasons, we believe that this dissertation thesis will be a major contribution to 

the treatment of complete SCI. Delivery of BDNF via implantable and programmable mini-

pump is clinically translational and overcomes the drawbacks associated with other 

delivery methods. The following chapters present the methods used to address specific 

aims 1, 2 and 3 and the respective results and discussion. In particular:  

 Chapter 2 - Specific aim 1: Lumbar intrathecal diffusion of BDNF restores locomotor 

behavior in untrained spinal cats will address the ability of BDNF delivered intrathecally 

to the lumbar spinal cord at promoting the recovery of stepping ability in spinalized cats in 

the absence of treadmill training.  

Chapter 3 - Specific aim 2: Evaluation of the safety and extent of BDNF diffusion using the 

intrathecal mini-pump delivery method will assess the extent of BDNF diffusion in the 

lumbar area of the spinal cord and the potential damage to the cord caused by catheter 

insertion, establishing the safety of the delivery method. 

Chapter 4 - Specific aim 3: Chronic intrathecal BDNF delivery to the lumbar spinal cord 

increases lumbar interneurons activity, improving locomotor recovery will evaluate how 
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locomotor behavior relates to neural mechanisms, making a step forward towards the 

understanding of the mechanisms of action of BDNF and how it modulates lumbar 

interneurons activity during locomotor behavior. 

Chapter 5 – Summary and Future Directions, will provide a summary of the findings of 

this study and directions for future analysis. 
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Figure 1-1: Spinal cord injury anatomy: Schematic representation of the deficits 

associated to different level of injury in the human spinal cord. Injury to the spinal cord 

leads to loss of motor and/or sensory functions of the body parts below the level of the 

lesion. Injury at the cervical level induces a paralysis of both the upper and lower limbs; a 

thoracic injury leads to paralysis of the trunk and the legs; injury to the lumbar area causes 

paralysis of the legs, as well as lack of bladder control 

(http://www.jouefct.com/anatomical-position-of-spinal-column-anatomy). 
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Figure 1-2: Intact vs. Injured spinal cord: Schematic showing the sagittal view of the 

human spinal cord before and after injury. Injury to the spinal cord interrupts many 

ascending and descending axons. Cells at the lesion site die immediately, as well as 

progressively after SCI, disrupting the spinal circuitry at the level of the lesion. (Thuret, 

2006). 
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Figure 1-3: Organization of the human spinal cord: The spinal cord is located in the 

vertebral canal which is formed by 7 cervical, 12 thoracic, 5 lumbar, 5 sacral and 4 fused 

coccygeal vertebrae. 31 pairs of spinal nerves branch off the cord and innervate different 

body parts. Sensory nerves roots enter the dorsal spinal cord, while motor roots emerge 

from the ventral aspect of the cord at each level 

(http://humananatomylibrary.com/anatomy-of-brain-and-spinal-cord) 
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Figure 1-4: Schematic representation of the CPG in a feline model: Circles represent 

interneurons populations and diamonds represent motoneurons. Arrows are excitatory 

connections and filled circles inhibitory connections. Figures A-C represent single-stage 

CPGs where a single network controls both the rhythm generation and pattern formation 

activity during locomotion. Locomotor rhythm is produced by the periodic excitation of 

two populations of excitatory interneurons and the reciprocal inhibition between them. 

Figure D-F describe two and three-levels CPGs with separate rhythm generation (RG) and 

pattern formation (PF) circuitry. The RG layer defines the locomotor rhythm and durations 

of flexor and extensor phases via a PF layer that drives the activation of antagonist muscles 

pair (McCrea, 2008). 
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Figure 1-5: Kinematic and electromyographic activity during one gait cycle recorded 

in a feline model: Locomotion can be divided into two phases: swing and stance phase. 

The swig phase initiate with a flexion of all joints (F), followed by an ankle and knee 

extension phase (E1), which continues until the foot reaches the ground to initiate the 

stance phase. The stance phase includes two extension phases (E2-E3). During E2, the hip 

extends while the knee and ankle flex. During E3, all joints are extended to propel the body 

forward (Kuhtz‐Buschbeck et al., 1994). 
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Table 1-1: ASIA Impairment Scale (AIS). The AIS describes the international standards 

for neurological classification of spinal cord injury 

AIS Grade Clinical state (below the level of injury) 

A Complete: No preservation of motor and sensory functions below the 

lesion, and no sacral sparing (S4-S5) 

B Sensory Incomplete: Sensory but not motor function is preserved 

below the lesion, including sacral segments (S4-S5) 

C Motor Incomplete: Motor function is preserved below the injury 

level and more than half of the key muscles functions have muscle 

grade ≤ 3 

D Motor Incomplete: Motor function is preserved below the injury 

level and at least half of the key muscles functions have muscle grade 

≥ 3 

E Normal: Motor and sensory functions are normal 

 

Muscle Grading Clinical state 

0 Total Paralysis 

1 Palpable or visible contraction 

2 Active movement, full ROM without gravity 

3 Active movement, full ROM against gravity 

4 Active movement, full ROM against gravity and moderate 

resistance in a muscle specific position 

5 Normal active movement, full ROM against gravity and full 

resistance in a functional muscle position 
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CHAPTER 2 

SPECIFIC AIM 1: 

LUMBAR INTRATHECAL DIFFUSION OF BDNF RESTORES LOCOMOTOR 

BEHAVIOR IN UNTRAINED SPINAL CATS 

2.1 INTRODUCTION 

The aim of this study was to expand previous work on neurotrophins delivery to the spinal 

cord, by demonstrating that intrathecal delivery of BDNF to the lumbar locomotor centers 

via implantable and programmable mini-pump restores stepping in a full transection model 

of SCI. We hypothesized that delivery of BDNF directly to the locomotor centers instead 

of at the injury site as in previous studies (Boyce et al., 2007; A. J. Krupka, Fisher, I., 

Lemay, M.A., 2016; Ollivier-Lanvin et al., 2015), would promote locomotor recovery after 

complete SCI as effectively as delivery at the transection site. We have previously 

demonstrated the benefits provided by delivery of BDNF and/or NT-3 via modified 

fibroblasts transplanted into the lesion site of spinal cats transected at the T11/T12 level. 

These studies have established that neurotrophins producing grafts promote recovery of 

stepping in the low spinal cat to levels comparable to the recovery obtained with body-

weight supported treadmill training (Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, 

M.A., 2016). However, grafting suffers from some drawbacks associated with the necessity 

of multiple invasive surgeries, the impossibility of delivering a controlled dosage of BDNF, 

and lastly the difficulty in tracking autologous fibroblasts in the spinal cord. Boyce et al. 

transplanted rats fibroblast engineered to produce BDNF (Fb-BDNF) and NT-3 (Fb-NT-3) 

into the transaction cavity of a feline model of complete SCI (Boyce et al., 2007). ELISA 
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analysis showed that the Fb-NT-3 cells produced a negligible amount of NT-3, leading to 

the idea that the restored locomotor outcome was attributed exclusively to BDNF. 

Although Boyce et al. demonstrated that a BDNF concentration as low as 3.32ng/106 

cells/24 hours could support locomotor recovery (Boyce et al., 2007), the Fb-BDNF cells 

produced different ranges of BDNF concentrations (from 3.32 to 18.43 ng of BDNF per 

106 cells in 24 hours), all leading to similar levels of locomotor performances (Boyce et al., 

2007). Therefore, the optimal concentration of NTFs required to promote locomotor 

recovery has still not being defined in the cat or any other species. Delivery of 

neurotrophins via osmotic pump avoids this complication and allows the determination of 

an effective dosage of BDNF necessary to elicit locomotor recovery. This is important in 

terms of defining standardized protocols for SCI treatment. The use of autologous 

fibroblast in (A. J. Krupka, Fisher, I., Lemay, M.A., 2016) resolved the issues associated 

with immunosuppression which has been shown to increase the risk of cancer in transplant 

recipients (Adami et al., 2003; Chapman et al., 2013; Gallagher et al., 2010). However, 

Krupka’s study still lacks the capability of delivering a defined BDNF dosage, since graft 

BDNF production appears to downregulate between the first and the fifth week post 

grafting (A. J. Krupka, Fisher, I., Lemay, M.A., 2016). Moreover, the inability to identify 

grafted cells 5/6 weeks after grafting (A. J. Krupka, Fisher, I., Lemay, M.A., 2016) makes 

it difficult to localize them at the moment of recovery, further complicating the 

understanding of the mechanism of recovery. Understanding the neural mechanisms 

involved in locomotor recovery is fundamental for future clinical applications. We show 

that the use of an implantable and programmable pump solves these complications and 

increases the translation potential of neurotrophins delivery as a clinical treatment for SCI 
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patients. Delivery of neurotrophins via osmotic pump has been largely investigated to 

promote axonal regeneration (Bamber et al., 2001; Xu, Guenard, Kleitman, Aebischer, & 

Bunge, 1995) as well as to strengthen connectivity of the peripheral nerve graft (Martin 

Bauknight et al., 2012). Furthermore, Jakeman et al. found that direct intrathecal delivery 

of BDNF stimulates hindlimb activity in air-stepping spinal rats, as well as promoting 

sprouting of cholinergic fibers (Lyn B. Jakeman et al., 1998). Three doses of BDNF (50, 

100 and 150 µg/day) were delivered intrathecally at the lesion site for 28 days after injury 

(Lyn B. Jakeman et al., 1998). A dose-dependent trend in the number of steps was 

observed. However, vigorous alternating hindlimb air-stepping was observed only with the 

highest BDNF dosage (150 µg/day) (Lyn B. Jakeman et al., 1998). It has also been pointed 

out by (Boyce et al., 2012) that spinal rats treated with viral administration of BDNF at the 

transection site recovered over-ground stepping ability. Electrophysiological recordings 

and c-Fos expression analysis suggested also that chronic BDNF expression raised 

interneurons excitability, improving locomotor performances. However, AAV-BDNF 

treated rats (but not AAV-NT-3 treated) developed synchronous hindlimb activity resulting 

in hopping rather than alternating stepping behavior, suggestive of spasticity (Boyce et al., 

2012).  

We delivered a significantly lower dosage of protein (50 ng/day) compared to previous 

studies (Lyn B. Jakeman et al., 1998), which most likely eliminated the stepping 

abnormalities observed in other animal models (Boyce et al., 2012), yet was sufficient to 

promote recovery of plantar weight-bearing stepping. We calculated our dosage based on 

Boyce et al. minimal BDNF concentration sufficient to induce locomotor recovery 

(3.32ng/106 cells/24 hours). A major novelty of our approach is the delivery site location. 



50 

 

The objective of this specific aim is in fact to evaluate if delivery of BDNF directly to the 

locomotor centers instead of at the injury site as in previous studies (Boyce et al., 2007; A. 

J. Krupka, Fisher, I., Lemay, M.A., 2016), promotes locomotor recovery after complete 

SCI as effectively as delivery at the transection site. This is the first study to directly 

targeted the lumbar locomotor circuitry with NTFs delivery. We believe that, chronic 

BDNF delivery to the lumbar spinal cord may increase lumbar interneurons excitability, 

improving locomotor recovery.  

2.2 SPECIFIC AIM 1: METHODS 

All animal care and procedures were performed according to the National Institute of 

Health guidelines, as well as to the USDA regulations for the use of felines in research, 

and were approved by the Institutional Animal Care and Use Committee of Temple 

University. 

2.2.1 Experimental design 

Fourteen adult female domestic shorthair cats (Liberty Research Inc. Waverly, NY) were 

used for this study (weight: 2.2-3.6 Kg). Animals were acclimated to walk on a motorized 

treadmill at a range of velocities between 0.3 and 0.8 m/s for up to 20 minutes/day for 3-8 

weeks prior to spinal transection. Once acclimated, locomotor kinematics were collected, 

and the animals were spinalized. A laminectomy was performed at the T11/T12 level. The 

dura was opened, and the cord transected between the T11 and T12 roots. In eight cats, a 

50 ng/day dose of BDNF (recombinant human BDNF, concentration: 1 µg/mL, flow rate: 

2 µL/h) was delivered intrathecally to the lumbar spinal cord for 35 days post-transection 

through a programmable mini-pump (iPrecio SMP-4200, MISZU, Tokyo) implanted 

subdermally. The catheter (32G, ReCathCo 220EO) was implanted within the lumbar 
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cisterna through the dura mater at the L7/S1 level. In two cats, it was inserted subdurally 

until reaching approximately the L3 spinal segment level (BDNF-L3), while it was 

tunneled until the L7 level in the other six cats (BDNF-L7). The remaining six animals 

underwent spinal transection and catheter/pump implant as well, but the pump was filled 

with 0.9% NaCl and those animals served as controls (CONTROLS). In three control 

animals, the catheter was run subdurally up to the L3 spinal segment, while in the 

remaining three until the L7 level.  

Kinematic evaluation was conducted before, 3 and 5 weeks after injury/pump implant. 

Time points post-injury were chosen based on previous results with cellular delivery of 

BDNF into the transection cavity (A. J. Krupka, Fisher, I., Lemay, M.A., 2016). Kinematic 

recordings were performed using the Vicon motion capture system (Vicon Motion System 

Ltd., Oxford, UK) and analyzed using custom Matlab scripts. Kinematic data 3 and 5 weeks 

post-injury were compared with pre-transection values to determine the effectiveness of 

intrathecal BDNF delivery. Values of stance length and swing height obtained with pump 

delivery in the BDNF treated cats were also compared to previous standards obtained with 

body weight support training (BWST) (Belanger et al., 1996; deLeon, 1998) and cellular 

neurotrophins delivery (Cell delivery) (Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, 

M.A., 2016).  

In six animals, four BDNF treated (BDNF-L7) and two controls, Ground Reaction Forces 

(GRFs) were measured 5 weeks post-transection during locomotion trials at 0.4 m/s. Five 

animals, four BDNF treated (BDNF-L7) and one control, were also evaluated during 

standing trials to assess the animals’ weight support ability.  
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Animals were euthanized 5 weeks after injury and histological analysis was conducted. 

Immunohistochemistry was conducted to evaluate the BDNF diffusion in the lumbar spinal 

cord. We also measured the potential damage caused by the catheter insertion through 

GFAP histochemistry. To assess the completeness of the transection injury, horizontal 

sections of the lesion site were stained using the Nissl-myelin staining protocol.  

A summary of the experimental design is shown in Figure 2-1. 

 

2.2.2 Surgical procedure: spinal transection and pump implant 

Both laminectomy and pump implant took place during the same surgery, performed under 

aseptic conditions. Cats were fasted 12 hours before surgery. Anesthesia was induced via 

intramuscular injection of ketamine (25 mg/kg, IM) followed by atropine sulfate (0.05 

mg/kg, IM) and was maintained throughout the surgery with 1-3% isoflurane flow 

delivered via endotracheal tube (3.0 mm). Intravenous fluids were administered at a rate of 

20 ml/h and vital parameters (core temperature, blood pressure, heart rate, end-tidal CO2, 

respiratory rate, arterial oxy-hemoglobin saturation) were recorded every 15 minutes 

throughout the procedure. A dose of antibiotics (Ampicillin, 15 mg/kg, SQ) was delivered 

subcutaneously prior to surgery, as well as a single dose of opioid medication 

(Buprenorphine, 0.01 mg/kg, IM) that was administered before the first incision. The 

incision area was shaved and deeply scrubbed with a three phases antiseptic wash including 

Betadine, Ethanol and Povidone. The surgical area was then covered with a sterile drape 

to maintain a sterile field. At the end of the surgery, the animal was extubated and 

monitored until sternal recumbency. 
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2.2.2.1 Laminectomy and spinal transection 

 Laminectomy and spinal transection are survival procedures and all animals were prepared 

as described in the previous paragraph. A midline incision was made between the T9 and 

L1 level. Muscles were detached from the dorsal aspect of the spinal column using a 

surgical spatula. Rongeurs were used to make a narrow laminectomy at the junction of the 

T11-T12 vertebrae. The dura was carefully opened and a local anesthetic (1% xylocaine) 

was injected into the spinal cord using a 25G needle to anesthetize the cord and eliminate 

possible injury discharge. The spinal cord was then completely severed at the T11-T12 

roots with microscissor, leaving a 3-5 mm gap in the cord. The dura was sutured closed 

with 7.0 Prolene, the muscles were closed in layers with 4.0 Prolene, and the skin incision 

with 5.0 Prolene. A second dose of antibiotic (Ampicillin, 15 mg/kg, SQ) was administered 

post-surgery and a fentanyl patch (25 µg/h, 72h) was applied to the lower back for pain 

relief.  

2.2.2.2 Pump implant 

Pump implant took place during the same surgery. A second incision was made between 

the L7 and S2 spinal segments. Brain derived neurotrophic factor (BDNF) was delivered 

intrathecally to the lumbar spinal cord through a catheter (32G, ReCathCo 220EO) 

implanted within the lumbar cisterna through the dura mater at the L7/S1 junction. The 

cannula was inserted subdurally and run rostrally until reaching approximately the L3 

spinal segment level in two cats, while it was pushed until the L7 level in the other six cats. 

Control animals underwent spinal transection and pump implant as well, but the pump was 

filled with 0.9% NaCl. The catheter was then connected to a mini-pump (iPrecio SMP-200, 

MISZU, Tokyo) implanted subdermally. The pump was programmed to deliver a constant 



54 

 

flow rate of 2 µL/h. The pump was filled with BDNF (Catalog#: H00000627-PO2, 

Abnova) diluted into 0.9% NaCl saline at a concentration of 1 µg/mL, thus delivering 50 

ng/day of BDFN to the treated animal. We calculated our dosage based on Boyce et al. 

study where the minimal BDNF concentration sufficient to induce locomotor recovery was 

calculated at 3.32ng/106 cells/24 hours. The pump was refilled approximately every 15 

days after implantation via percutaneous access to the pumps’ refill port.  

2.2.3 Postoperative care 

After surgery, animals were transferred to individual cages lined with a foam mattress to 

provide cushioning and warmth and with paper pads to absorb moisture. A dose of 

Ampicillin (15 mg/kg, SQ) was given twice a day for 10 days after injury. Additional 

Fentanyl patches and/or Buprenorphine were given if signs of pain were observed in the 

cats, usually guarding, vocalizing, or lack of appetite. Bladders were expressed manually, 

and bowel movement was initiated by tail twisting two times a day. The hindlimbs were 

moved throughout their entire range of motion to prevent orthopedic problems. 

Veterinarian’s prescribed c/d food and restriction to distilled water were given to reduce 

the incidence of bladder infections. If a bladder infection was diagnosed, antibiotics, 

usually Ampicillin (15 mg/kg, SQ), were administered for 10 days.  

2.2.4 Euthanasia and tissue preparation 

At the conclusion of the experiment, animals were euthanized and intracardially perfused 

with 0.9% cold saline flush followed by cold 4% paraformaldehyde in phosphate buffer. 

After fixation of the tissue, the thoracic and lumbar spinal cord were carefully retrieved 

and post-fixed in 4% paraformaldehyde. After 2-3 weeks, the tissue was then cryoprotected 

in 30% sucrose solution for at least one week. The spinal cord was then divided into small 
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segments, usually < 1 cm, embedded in M-1 e matrix medium, and frozen at -80 ºC. Frozen 

tissues were cut into 40 µm thick horizontal sections on a freezing microtome, mounted on 

charged glass slides and kept at -20ºC until immunohistochemistry and staining were 

performed. 

2.3 KINEMATIC AND KINETIC DATA COLLECTION 

2.3.1 Treadmill training 

Cats were acclimated to a motorized treadmill through 20 minutes/day sessions of 

quadrupedal walking at a range of speed between 0.3 and 0.8 m/s. The treadmill was 

enclosed in a Plexiglass frame to minimize lateral movements of the animals during 

training, and food rewards was given to entice the animal to walk forward. After 

transection, the forelimbs were kept stationary on a Plexiglas platform elevated 1 cm above 

the treadmill and a Plexiglas divider was placed between the hindlimbs to avoid scissoring 

of the limbs during bipedal hindlimbs locomotion.  

2.3.2 Kinematic data collection 

Locomotion was recorded using the Vicon motion capture system (Vicon Motion System 

Ltd., Oxford, UK). Three infrared cameras collected the positions of 11 reflective markers 

placed on the cat skin at the level of the ischium, femoral head, knee joint, lateral malleolus, 

metatarsophalangeal joint and the tip of the digits on the right hindlimb as well as on the 

humeral head, elbow joint lateral epicondyle, metacarpophalangeal joint and the tip of the 

digits on the right forelimb. Figure 2-2 shows the location of the reflective markers. 

Animal’s gait kinematics were evaluated, and the animal was considered able to step when 

capable of executing 10 consecutive plantar weight bearing steps after injury at the speed 

tested, and all the speeds below. The marker trajectories were exported to Matlab 
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(Mathworks, Naticik, MA) and analyzed with customized scripts. The slippage of the knee 

and elbow markers was corrected by triangulating their positions from the neighboring 

markers and bone segment lengths, obtained post-mortem. Quantitative analysis of the 

stepping parameters was conducted with IgorPro (Wavemetrics, Lake Oswego, OR) and 

then exported to SPSS (SPSS Inc., Chicago, IL) for statistical evaluation.  

2.3.3 Kinematic parameters  

Horizontal and vertical positions of each joint marker were exported into Matlab and used 

to calculate the stepping parameters, which included: stance length, calculated as the 

difference of the horizontal position of the right hindlimb foot marker between toe off and 

toe down; swing length, measured as the horizontal distance between toe-lift and touch-

down of the right foot marker; swing height evaluated as the maximal vertical displacement 

of the metatarsophalangeal joint during the swing phase; Da, the anterior displacement  of 

the foot marker relative to the horizontal position of the hip marker at toe-down; Dp, the 

posterior displacement  of the foot marker relative to the hip at toe-lift. We also measured 

the average height (mm) of the hip at each step, as well as the minima (º), maxima (º) and 

range (º) of the hip, knee and ankle joints angles. Locomotor recovery was assessed also in 

terms of stance onset, swing onset and step cycle duration. Also, the total number of plantar 

steps executed by both BDNF-treated and Control cats in a 30 seconds trial was calculated 

at 5 weeks post injury time point for the 0.4 and 0.8 m/s walking speeds. Raw numbers of 

plantar steps were compared in both groups between pre- and post-transection values. 

Number of plantar steps post-transection were also normalized to their respective pre-

transection values and indexes were compared between groups.  
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The stepping parameters were measured before transection and at 3 and 5 weeks post injury 

and the average values of stance length, swing length, swing height, Da, Dp, average hip 

height, stance onset, swing onset and step cycle duration were normalized to the averages 

of the pre-transection values.  

Kinematic parameters were then exported to SPSS (IBM Corp., Armonk NY) for statistical 

analysis. The average values for each parameter per trial was calculated in order to reduce 

the number of data points. A trial consisted of approximately 60 seconds of continuous 

stepping at one of the selected velocity. As reported in Chapter 2.4 KINEMATIC 

RESULTS, since control cats were not able to execute 10 consecutive plantar steps, 

statistical analysis was conducted exclusively for the BDNF group (N=6). For the two 

control animals who were able to perform random, non-consecutive plantar foot placement 

at 0.4 m/s, hip, knee and ankle angles, as well as the number of plantar steps were calculated 

and compared with pre-transection values to underline their incapability to recover 

stepping. For the treated cats, comparison was made between over 10, but more commonly 

between 15/20, plantar steps at medium (0.4 m/s) and high (0.8 m/s) walking speeds. Tests 

compared between values pre-transection and values at the two-time points after injury: 3 

and 5 weeks after spinalization. All values were reported as means ± standard deviation 

(SD). For all normalized measurements (stance length, swing length, swing height, Da, Dp, 

average hip height, stance onset, swing onset and step cycle duration), a One-Sample t-test 

was performed to compare indexes between values at 3 and 5 weeks post-injury with values 

pre-transection (100%). A paired sample t-test was performed at the 0.05 level of 

significance to compare joints angles for both BDNF and Control groups between the three-

time points: before, 3 and five weeks after injury. An independent sample t-test was 
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conducted to compare the raw number of plantar steps executed in a 30 seconds trial 

between pre- and 5 weeks post-transection in both Control and BDNF groups. Moreover, 

normalized values of the number of plantar steps were compared between groups at 0.4 

m/s via independent sample t-test at 95% confidence interval. Normalized values of the 

stance length and swing height obtained with pump delivery were also compared to 

previous results found with body weight support treadmill training and neurotrophins 

cellular delivery at 0.4 m/s, 5 weeks post-injury. A One-way ANOVA was conducted 

between the 3 groups: Pump, BWST and Cell delivery with a 95% confidence level to 

evaluate the efficiency of our delivery method. 

2.3.4 Ground reaction forces data collection and analysis 

Ground reaction forces (GRFs) were collected in six cats, two Controls and four BDNFs, 

5 weeks post-transection using an instrumented split belt treadmill mounted on two Kistler 

force plates (Kistler Instrument Corp., Winterhur, SUI) (Dimiskovski, 2016). Each force 

plate measures vertical, fore-aft and mediolateral (Fz, Fy, Fx) ground reaction forces of each 

hindlimb separately. The vertical components of the GRFs (Fz) were evaluated during 

locomotion at 0.4 m/s and during standing trials in order to estimate the animals’ ability to 

weight support. Stepping during locomotion trials, as well as upright position during 

standing trials, was initiated via perineal stimulation. The vertical force components under 

the right and left hind paws were evaluated. Data were collected at 960 Hz and were 

processed in Matlab (Mathworks, Naticik, MA) using customized scripts. The Kistler force 

plates readings were validated at each recording session by conducting a left and right gait 

simulation trial using a 1 lb. weight riding on the treadmill belt in order to ensure that the 

vertical component of the GRFs were accurate during actual trials.  
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Values of the vertical component of the force in Volts were first converted into Newton 

using the manufacturer’s conversion factor (Fz: 5 mV/N). A Butterworth filter with cut-off 

frequency of 10 Hz was applied to remove the treadmill associated noise from the 

locomotion data. The peak vertical forces were evaluated and averaged for each trial and 

then normalized for the cats’ weight at the time of the recording session. For the BDNF 

cats, we set a threshold of 2 N/kg, in order to keep only valid peaks that weren’t biased by 

the animal’s position being re-adjusted on the treadmill. The value of the threshold was 

lowered to 1 N/kg for control cats, since this group showed only few or no peaks higher 

than 2 N/kg. An independent sample t-test (p=0.05) was conducted to compare results 

between the two groups (Controls and BDNFs) during walking trial at 0.4 m/s 5 weeks 

post-transection. A One-sample t-test was also performed to compare the averages of the 

peak vertical forces under the right and left paw of each cat to the minimum force required 

for full weight bearing. According to results on able-bodied cats showing that the hindlimbs 

support about the 40% of the body weight during locomotion (Macpherson, 1988; 

MANTER, 1938), the vertical force necessary for full weight support is about 4 N/kg. The 

results during standing trials were compared in terms of intensity of the force and bouts of 

standing period between Controls and the BDNF-treated cats. During standing trials, the 

periods over which the averages were calculated are represented by the initial leg extension 

obtained via perineal stimulation; the cat is then left balancing without any external 

stimulation; the end of the standing period corresponds to the moment in which the cat 

collapses (force drops to zero) and perineal stimulation is applied again in order to induce 

another bout of leg extension. The average of the vertical force during each standing period 

was calculated using a customized Matlab script for each cat of each group and compared 
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to the standard 4 N/Kg via One-Sample t-test. A paired sample t-test was conducted 

between the mean of bouts of standing periods between the two groups with a 95% 

confidence interval.  

2.4 KINEMATIC RESULTS 

 

Figure 2-3 illustrates the kinematics of the right hindlimb for one exemplar step during 

locomotion for both groups: Controls and BDNF treated cats. Locomotor recovery was 

observed in most BDNF treated cats by 5 weeks post-transection. BDNF treated animals 

were capable of plantar weight-bearing stepping at all treadmill speeds tested (0.3-0.8 m/s). 

At 3 weeks post-transection, five BDNF treated animals executed plantar weight bearing 

stepping; and among them, three had recovered stepping abilities at all range of velocities 

by that time. Untreated spinal cats did not plantar step, especially at higher velocities. 

Although some could perform hindlimbs’ stance and swing phases at slow velocities (0.3-

0.4 m/s), they showed dorsal foot placement during stance, especially at higher velocities. 

One out of six control cats showed natural recovery of plantar stepping at all velocities 

tested 5 weeks post-transection and was considered an outlier. In this cat, 

immunohistochemistry showed a high GFP expression in the lumbar segments. The 

endogenously produced BDNF likely contributed to locomotor recovery. Two BDNF 

animals did not recover stepping ability at any of the tested velocities. One cat did not 

receive any intrathecal BDNF because a leak was found in the pump’s reservoir, which had 

become extremely encapsulated. The growth promoting property of BDNF helped the 

formation of a thick layer of tissue surrounding the pump; thus, BDNF was likely released 

subdermally. In the second cat, histology analysis did not show GFP expression 

meaningfully higher than background level at the delivery site, suggesting that either the 
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delivered protein was not active or did not infuse intrathecally. Both cats were excluded 

from statistical analysis.  

2.4.1 Specific stepping parameters analysis 

Consistent with previous results from (A. J. Krupka, Fisher, I., Lemay, M.A., 2016), at 

least 94% of the steps taken in a 30 second trial at 0.4 m/s and 93% of the steps at 0.8 m/ 

were plantar for BDNF treated animals (N=6). Only two out of five Control cats showed 

some ability to plantar step, performing rare, non-consecutive plantar placement of the foot. 

Only 38% of the steps were plantar in the control group (N=2) for a 30 second trial.  

Figure 2-7 shows both the raw number of plantar steps and the percentage of plantar steps 

during a 30 seconds walking trial after injury. The independent samples t-test showed a 

significant decrease (p=0.023) in the number of plantar steps between pre- and 5 weeks 

post-transection values in the Control group for walking speed of 0.4 m/s, while the 

differences were non-statistically significant in the BDNF treated cats both at 0.4 and 0.8 

m/s. Also, a statistically significant difference (p=0.000) was reported in the percentage of 

plantar steps between Controls and BDNFs at 0.4 m/s, 5 weeks post-injury, BDNF treated 

cats showed post-transection values of stance length and swing height comparable to pre-

transection levels. Average stance length and swing height indexes for the BDNF cats are 

shown in Figure 2-4 and Figure 2-5 for the 3 and 5 weeks post-injury time points while 

walking at medium (0.4 m/s) or maximum velocity (0.8 m/s). CONTROLS were incapable 

of reaching the minimum of 10 consecutive plantar steps and, thus, statistical evaluation 

was not performed on this group. On the other hand, although statistically lower then pre-

transection (p=0.042), BDNF treated animals recovered 74.7±22.9% of their stance length 

respect to pre-transection level when walking medium speed (0.4 m/s) 5 weeks post-
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transaction. Similarly, they recovered 82.4±9.9% of pre-transection values at the maximum 

walking speed tested (0.8 m/s), but again this difference was significant (p=0.017). 

Average swing height before injury was 3.5 ± 0.5 cm when walking at 0.4 m/s and 4.2 ± 

0.4 cm when walking at 0.8 m/s. Swing height indices post-transection were 87.3±28.8% 

of pre-transection value while stepping at 0.4 m/s and 73±21.2% while stepping at 0.8 m/s. 

Animals recovered swing height to pre-transection value when walking at 0.4 m/s, but they 

showed a statistically lower swing height when walking at 0.8 m/s (p=0.046).  

Stepping parameters (stance length, swing length, swing height, Da, Dp, average hip 

height, stance onset, swing onset, cycle duration, number of plantar steps) were, thus, 

reduced following injury, but recovered with treatment to values comparable to the ones 

obtained with treadmill training alone (Belanger et al. 1996, deLeon 1999, Boyce et al. 

2007) or cellular delivery (Boyce et al. 2007, Krupka 2016).  

Figure 2-6 shows the values of stance length and swing height indexes at 0.4 m/s, 5 weeks 

post injury for BDNF pump delivery (Pump), BWS treadmill training (BWST) (Belanger 

et al., 1996; Boyce et al., 2007; deLeon, 1999;) and NTFs cellular delivery (Cell) (Boyce 

et al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016). We compared the average stance 

length and swing height indexes calculated in this study for the 6 BDNF treated cats with 

the mean of the average values measured in the previously mentioned studies for BWST 

(N=3 studies) and cellular delivery (N=2 studies). One-way ANOVA was conducted to 

compare Pump, BWST, and Cell delivery values of stance length and swing height. Results 

with pump delivery were comparable to the means obtained with BWST (Belanger et al., 

1996; Boyce et al., 2007; deLeon, 1999) and Cell delivery (Boyce et al., 2007; A. J. Krupka, 

Fisher, I., Lemay, M.A., 2016) in terms of stance length, showing no significant difference 
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between mean values (Pump=72.7±20.6%, BWST=66.3±5.5%, Cell=76.5±9.2%). Pump 

delivery showed greater recovery in terms of swing height. Although the One-way 

ANOVA did not show any significant difference, likely due to the small number of subjects 

in both the BWST and Cell delivery groups compared to the Pump group, BDNF pump 

delivery showed a larger swing height index with a mean value of 87±28.4% versus 

59±2.8% of BWST and 58±5.6% of Cell. 

Data for Da, Dp indexes and average hip heights are shown in Figure 2-8. Da and Dp were 

evaluated to determine changes in the anterior and posterior paw placement at toe-

down/lift-off. All treated cats showed a trend of decreased Da and increased Dp 3 weeks 

post-injury. As noted by Belanger et al. in treadmill trained animals (Belanger et al., 1996), 

these changes suggest that the paw tended to be placed more posterior to the hip as well as 

not go as far forward after SCI. However, these parameters recovered 5 weeks after 

transection/pump implant with Da and Dp values at respectively 67±32.9% and 89±25.8% 

of pre-transection values at 0.4 m/s walking speed (p=0,057 and p=0.344 respectively) and 

67.4±20.2% and 98.4±17.7% at 0.8 m/s walking speed (p=0.023 and p=0.832 

respectively), indicating the ability of BDNF to induce similar recovery to treadmill 

training alone. 

In BDNF treated cats, average hip height values maintained values comparable to pre-

transection at both time points. In particular, it was 95.5±8.9% at 0.4 m/s and 90±10.2% at 

0.8 m/s, 5 weeks after injury (p=0.274 and p=0.095 respectively) (Figure 2-9).  
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2.4.3 Hindlimbs joints angles 

Paired sample t-tests between pre- and 5 weeks post-transection joint angles (walking 

speed 0.4 m/s) for the BDNF treated cats showed a statistically significant reduction of the 

hip maximal and minimal angles (max hip angle: 95.3 ± 12.6º Pre-Tx, 70 ± 12.7º 5 weeks 

Post-Tx; min hip angle: 44.4±7.6 Pre-Tx, 33.5±9.7 5 weeks Post-Tx). Hip ranges of 

excursion were within pre-transection parameters with no statistically significant 

differences. Similar outcomes were found for the knee angles (range, max and min) which 

underwent a significant reduction after injury. These results matched with the more 

crouched posture of the cat after SCI. On the other hand, the ankle joint was significantly 

more extended post-transection (Figure 2-10). 

 Joint angles in control cats did not appear to be as affected as the ones of BDNF cats, 

however they were evaluated only for N=2 cats that were able to perform random, non-

consecutive foot placements. Angles data are reported at 0.4 m/s. Hip and knee angles 

minima showed a statistically significant reduction between pre- and 5 weeks post-

transection. Although not-statistically significant, likely due to the small number of 

subjects in the group, the ankle angle range showed a substantial increase compared to pre-

injury values (35.7 ± 0.58 Pre-Tx, 114.1 ± 55.2º Post-Tx). These results confirm the dorsal 

foot placement in the control group. The high standard deviation is explained by the fact 

that only two out of five control cats were able to show random, non-consecutive plantar 

steps at 0.4 m/s, while the remaining three dragged their hind paws on the treadmill. 

2.4.3 Additional kinematic parameters 

Cycle duration as well as stance and swing onset indexes were also evaluated as measures 

of locomotor recovery. BDNF treated cats recovered percentage of step cycles comparable 
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to pre-transection values at both medium and high velocity, recovering 88.33±21.7% and 

108±20.9% of the respective pre-transection values (Figure 2-11). Stance and swing onsets 

were also recovered at medium velocity, respectively reaching 95.7±28.6% and 

95.8±28.8% of their pre-transection values. Values of stance and swing onset indexes at 

high velocity showed high variability with large SD amongst the BDNF group, although 

no statistically significant difference was found. On average, animals recovered 66±60% 

and 65.4±61.1% of the stance onset and swing onset pre-injury values (Figure 2-12). 

2.5 GRFs RESULTS 

The locomotor ability of BDNF treated cats was mainly evaluated through kinematic 

analyses. In line with the kinematic results, GRFs analysis supports the better weight 

bearing capability of BDNF treated animals. According to previous studies, the normalized 

average peak vertical force necessary for full weight support in intact cats is about 4 N/kg 

and this peak is reached at about 20% of the stance phase (Dimiskovski, 2016; Macpherson, 

1988; MANTER, 1938). We present below the average peak normalized vertical forces for 

the BDNF treated and control animals during walking and bouts of standing evoked via 

perineal stimulation.  

2.5.1 Analysis of the vertical forces during walking trials 

Figure 2-13 shows the profiles of the normalized vertical component of the GRFs (Fz) 

under the right paw for one representative cat of the Controls and BDNFs groups. In line 

with (Dimiskovski, 2016) findings obtained with BWST cats, the vertical GRFs under the 

left and the right paws in spinal animals peaked at about 20% of the stance phase in the 

BDNF treated cats (Right paw=19%, Left paw=29%). According to results on able-bodied 

cats showing that the hindlimbs support about the 40% of the body weight during 
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locomotion (Macpherson, 1988; MANTER, 1938), the vertical force necessary for full 

weight support is about 4 N/kg. Our findings support the hypothesis that BDNF treated 

cats are capable of performing full weight-bearing plantar steps. The average peak vertical 

forces for the right and left hindlimb for BDNF treated and Control animals are shown in 

Table 2-1. The results for the control group are reported even though cats showed dorsal 

foot placement during stepping. The one-sample t-test conducted to compare the means of 

the peak vertical forces of each cat to the minimal force required for full weight bearing (4 

N/Kg) showed significant difference (p<0.05) for 2/4 and 3/4 BDNF-treated cats 

respectively for the vertical force under the right and left paws. Both control animals 

showed a statistically significant difference of the right and left vertical component of the 

GRFs (Figure 2-14 (A)). Furthermore, although the means of the peaks of the right and 

left vertical GRFs are lower than the theoretical minimum for full weight-bearing 

capability (BDNF Group: Right Fz: 3.01±0.47 N/kg; Left Fz: 2.89±0.33 N/kg), all BDNF 

treated cats showed bouts of locomotion where the average peak forces were equal or 

greater than 4 N/kg, demonstrating that intrathecal delivery of BDNF is sufficient to restore 

full weight bearing stepping. The independent sample t-test showed a statistically 

significant difference between the average normalized peak vertical forces between the two 

groups for both the right and left hindlimbs, further underlining the incapability of control 

cats to perform full weight support during locomotion (Control Group: Right Fz: 1.70±0.35 

N/kg; Left Fz: 1.8±0.38 N/kg) (Figure 2-14 (B)).  

2.5.2 Analysis of the vertical forces during standing trials 

Results for standing trials are reported for 4 BDNF-treated cats and one Control cat. Table 

2-2 shows the results of the average normalized peak vertical forces and standing periods 
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for the animals in this study. The control cat showed some weight support ability; however, 

it maintained a more crouched hindlimbs posture throughout the trial when compared to 

BDNF cats, signs of inadequate hip and knee extensors activity. Figure 2-15 shows the 

profiles of the normalized vertical forces under the right paw during standing trials for both 

BDNF (Figure 2-15 (A)) and Control (Figure 2-15 (B)) Groups. The periods over which 

the averages were calculated include the beginning of the standing period, in which the 

initial legs extension is obtained via perineal stimulation; the cat is then left balancing 

without any external stimulation; the end of the standing period is associated with the 

moment in which the cat collapses and the force drops to zero. Perineal stimulation is then 

applied again in order to induce another bout of legs extension and begin another standing 

period. The mean of the peak vertical forces during each standing period was calculated 

for each cat of each group: BDNF (N=4) and Control (N=1). Although the One-sample t-

test showed some statistically significant differences between the means and the minimum 

vertical force required for full weight-bearing (4 N/Kg), all BDNF cats were capable of 

extended periods of full weight bearing with peak vertical forces equal or greater than 4 

N/kg with minimal to no perineal stimulation. As previously stated, the body mass of spinal 

cats may be differently distributed due to weight loss and hindlimbs muscles atrophy. Thus, 

animals were able to stand even at forces lower than the 4 N/Kg which were calculated for 

normal cats (Macpherson, 1988; MANTER, 1938). They also showed longer bouts of 

weight support compared to control cats: BDNF treated cats were able to stand on their 

own when minimal balance control through tail-holding was applied (Mean of the standing 

bouts’ duration for all BDNF cats: 26.25±15.74 seconds). In comparison, the control cats’ 

peak vertical forces under the right and left hind paws were lower compared to the ones in 
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BDNF cats. Moreover, it was not capable of long standing period when minimal perineal 

stimulation was applied (12.27±6.07 seconds). The paired-sample t-test performed 

between mean of the bouts of standing periods between the two groups did not report any 

statistical significant difference, likely due to the small number of samples in the Control 

group (Figure 2-16).  

2.6 DISCUSSION 

The major findings of Specific Aim 1 are that 1) intrathecal delivery of BDNF to the lumbar 

spinal cord promotes the recovery of locomotor behavior in untrained spinalized cats that 

is 2) similar or better than the recovery obtained with cellular delivery at the transection 

site, and 3) stepping ability is regained at low dosage of protein, avoiding the side effects 

observed at higher dosage in other animal models.  

2.6.1 Effectiveness of intrathecal BDNF delivery 

This is the first study to report locomotor recovery using intrathecal delivery of BDNF to 

the lumbar spinal cord via a programmable and implantable mini-pump in a feline complete 

spinal cord transection model. Intrathecal delivery of BDNF via osmotic pump was 

previously used as an axonal regeneration approach, but it was noted that rats showed an 

enhanced locomotor behavior even in the absence of axonal regeneration across the lesion 

site (Lyn B. Jakeman et al., 1998). Recovery of stepping ability in the absence of axonal 

regeneration was also observed in previous studies with xenografts and autologous 

neurotrophin producing grafts (Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 

2016; Ollivier-Lanvin et al., 2015). However, the use of grafts brings drawbacks associated 

with the need for multiple invasive surgeries that produce additional damage to the spinal 

cord and the impossibility of releasing a constant and controlled dosage of neurotrophins. 
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Those drawbacks represent significant obstacles for clinical application. The features of 

the micro infusion pump, such as being programmable, subdermally implantable and 

percutaneously refillable, minimize the number of invasive surgeries and allow delivery of 

a constant and controlled dosage of BDNF, making this research project a viable clinical 

therapy.  

This study showed that BDNF treated cats could step at all range of velocities tested (0.3-

0.8 m/s), often at the first time point of 3 weeks post injury, and stepping was maintained 

for the entire duration of the experiment (5 weeks post-transection). Intrathecal delivery of 

BDNF is as effective as delivery via cellular grafts or BWS treadmill training alone in 

restoring locomotor functions. This is underlined by the similar or better recovery of stance 

length and swing height compared to data previously reported with NTF grafts or 

locomotor training (Belanger et al., 1996; Boyce et al., 2007; deLeon, 1999; A. J. Krupka, 

Fisher, I., Lemay, M.A., 2016). In the study of Dimiskovski et al., spinal cats trained on a 

treadmill showed bouts of locomotion with normalized peak vertical forces comparable to 

pre-transection. The efficacy of BDNF to promote a locomotor recovery similar to 

treadmill training alone has been demonstrated by the kinematic analysis. In line with the 

kinematic results, the analysis of the GRFs revealed an indisputable superiority of the 

BDNF treated cats when compared to non-treated animals with respect to weight support 

The BDNF treated cats were capable of performing full weight-bearing stepping during 

locomotion at medium speed (0.4 m/s) and had significantly longer bouts of weight support 

during standing trials. The statistically significant differences with the standard minimal 

force required for full weight bearing calculated for able-bodied cats (4 N/kg) may be due 

to a different weight distribution between fore- and hind-limbs in spinal cats. The 
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hindlimbs weight loss resulted from muscles atrophy may have reduced the minimum force 

necessary for full weight bearing, allowing BDNF treated cats to achieve full weigh support 

even at lower forces.  

Two of the treated cats were incapable of full plantar weight stepping. In one cat, the 

pump’s reservoir leaked, and it is most likely that BDNF was released subdermally rather 

than intrathecally. As a result of the growth promoting property of BDNF, a thick layer of 

tissue surrounded the pump in this animal. No such growth was observed in any of the 

other implanted pumps, which showed a thin encapsulation layer. In the other animal that 

showed no recovery, immunohistochemistry of the segment where BDNF was delivered 

showed poor GFP expression over background levels. We suspect that BDNF was not 

active or that no protein was delivered intrathecally. 

Most Control cats that received saline were incapable of plantar weight-bearing stepping, 

although one cat did at all velocities tested. Previous studies reported limited bipedal 

locomotion in untrained cats (Boyce et al., 2007), although Lovely et al. showed that 

untrained spinal animals were able to execute weight bearing plantar stepping 5-7 months 

after injury at low velocities (0.3-0.4 m/s) (Lovely et al., 1986). Immunohistochemistry of 

the L7-L6 lumbar segments showed high GFP expression in the cells of the DRGs and of 

the grey matter. It is possible that this one animal underwent spontaneous locomotor 

recovery associated to a higher production of endogenous BDNF.  

2.6.2 Effects of neurotrophins on the spinal circuitry 

Previous studies (Boyce et al., 2007; Lyn B. Jakeman et al., 1998; A. J. Krupka, Fisher, I., 

Lemay, M.A., 2016) that delivered neurotrophins at the injury site exploited NTFs ability 
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to be transynaptically transported (Altar & DiStefano, 1998; DiStefano et al., 1992) and 

thus have effects on the remotely located locomotor circuits. Our study went a step further 

and introduced neurotrophins directly at the level of the remote circuitry, instead of at the 

injury site, validating a more efficient method for neurotrophins delivery that was aimed at 

minimizing invasiveness and improve clinical appeal. Our results also emphasize a 

different mechanism by which BDNF promotes locomotor recovery after complete spinal 

cord injury. Prior reports on this topic concentrated on the effects of neurotrophins on 

axonal growth and sprouting or rescue of injured neurons (Lyn B. Jakeman et al., 1998; 

Kanno et al., 2014; Murray et al., 2002). However, because locomotor recovery occurred 

as early as 3 weeks after injury and was not associated with any axonal growth across the 

lesion site, regeneration of descending axons is an unlikely mechanism for recovery in 

BDNF treated cats. We can speculate that the mechanism by which this class of NTFs 

induces recovery may be similar to the mechanism by which BWS training promotes 

locomotor activity. As previously shown by Gomez-Pinilla et al., exercise induces up-

regulation of BDNF mRNA in the lumbar spinal neurons and skeletal muscles of complete 

spinalized rats (Gomez-Pinilla, 2002). In particular, studies have shown that, unlike other 

classes of neurotrophins, BDNF is released in an activity-dependent manner and exercise 

intensity modulates serum BDNF concentrations, which can provide important parameters 

for physical rehabilitation after injury to the CNS (Leech & Hornby, 2017; B. Lu, 2003). 

The increased locomotor activity obtained with training was correlated to the increase in 

BDNF concentration which would explain the higher performances of spinalized cats 

which underwent combination therapies in Boyce et al. study (Boyce et al., 2007). Animals 

treated with both locomotor training and neurotrophins producing grafts implanted at the 
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injury site showed the best results with values of stance length and swing height 

comparable to pre-transection (Boyce et al., 2007). It is likely that exogenous delivery of 

BDNF mirrors the increase in BDNF that results from training and exercise, activating the 

same mechanisms. This result has also been verified by simulation studies using a simple 

neuromechanical model of the cat hindlimb. The study showed that an increase of the 

strength of the synaptic connections of the neural locomotor model similar to the ones seen 

following neurotrophins administration are sufficient to restore locomotor capabilities 

(Markin et al., 2010).  

2.6.3 Dosage, delivery method and clinical trials 

Our results underline the ability of intrathecal delivery of BDNF via infusion pumps to 

bypass the complications associated with cellular grafts delivery, yet promoting a 

locomotor recovery comparable to it. Fibroblasts engineered to produce BDNF produced 

different ranges of BDNF concentrations, all leading to similar levels of locomotor 

performances (Boyce et al., 2007). Therefore, it was impossible to define an optimal dosage 

required to promote locomotor recovery. In this study, the use of an implantable and 

programmable mini-pump allowed delivery of a controlled dosage and the determination 

of an effective dosage of BDNF necessary to elicit locomotor recovery. This is important 

in terms of defining standardized protocols for SCI treatment, making this study clinically 

translational. We also delivered a significantly lower dosage of protein (50 ng/day) 

compared to previous studies (150 µg/day in (Lyn B. Jakeman et al., 1998)), which most 

likely eliminated the synchronous hindlimb activity observed in other animal models 

(Boyce et al., 2012), yet was sufficient to promote recovery of plantar weight-bearing 

stepping. Furthermore, studies on sheep evaluated the toxicity of chronic intrathecal BDNF 



73 

 

delivery at increasing dosages of 1.5 to 3.5 mg/day for 46-63 days (Dittrich et al., 1996). 

In this study, no behavioral abnormalities were observed at the lowest dosages of BDNF. 

First minor effects were experienced at higher doses of 2-2.5 mg/day with gait disturbances 

and reduction of food intake (Dittrich et al., 1996). At 3-3.5 mg/day somnolence and 

irritability were seen and one of the sheep started to vomit and died (Dittrich et al., 1996). 

We did not observe any dose-related behavioral abnormalities, such as the reduction of 

food intake observed in (Dittrich et al., 1996), or gait disturbances, such as the lack of 

hindlimb alternation observed in rats in (Boyce et al., 2012), underlining the ability of 

BDNF to promote stepping even at dosages without the adverse reactions shown in other 

animal models.  

Furthermore, lumbar intrathecal infusion of BDNF has already been used in Phase I/II 

clinical trials in patients with amyotrophic lateral sclerosis (ALS) (Ochs et al., 2000). Doses 

up to 150 µg/day were well tolerated; however, side effects including sleep disturbance, 

agitation, dry mouth, and gustatory abnormalities were reported at higher dosages (400 and 

1000 µg/day). These symptoms were easily reversible after dose reduction. Pump/catheter 

implant also reported events of minor severity, mainly post-surgical headache and local 

pain (Ochs et al., 2000).  

These results underline the reliability of drug infusion devices and the importance of 

defining an effective dosage of neurotrophic factor in order to avoid potential side effects, 

thus making our study a potential candidate for clinical trials.  
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Figure 2-1: Experimental design: 14 cats were acclimated to walk on a treadmill for up 

to 20 minutes/day, at a range of velocities between 0.3 and 0.8 m/s prior to complete spinal 

transection at the T11/T12 level. In eight cats, a 50 ng/day dose of BDNF was delivered 

intrathecally to the lumbar spinal cord for 35 days post-transection through a 

programmable mini-pump implanted subdermally. In two cats, the catheter was inserted 

subdurally until reaching approximately the L3 spinal segment level (BDNF-L3), while it 

was inserted at the L7 level in the other six cats (BDNF-L7). The remaining six animals 

underwent spinal transection and pump implant as well, but the pump was filled with 0.9% 

NaCl and those animals served as controls (Controls). Kinematic evaluation was conducted 

before, and 3 and 5 weeks after injury/pump implant. GRFs were assessed 5 weeks post-

transection during locomotion at 0.4 m/s and standing trials. Animals were euthanized 5 

weeks after injury and the cord was retrieved for histological evaluation.   
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Figure 2-2:Experimental setup: Drawing of the location of the reflective markers and 

kinematic parameters diagram. Markers were placed on the cat over the humeral head (A), 

the elbow joint lateral epicondyle (B), the lateral carpal joint (C), the metacarpophalangeal 

joint (D) and the tip of the digits (E) on the right forelimb, as well as on the level of the 

ischium (F), femoral head (G), knee joint (H), lateral malleolus (I), metatarsophalangeal 

joint (J) and the tip of the digits (K) on the right hindlimb. Some kinematic parameters are 

also represented: stance length, swing height, hip height, Da, Dp and hip, knee and ankle 

angles.  
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Figure 2-3: Kinematic of the right hindlimb: Stick figures represent the stance and swing 

phase of one step for a representative cat from each group pre-transection and 5 weeks 

post-injury at 0.4 m/s. The arrow indicates the direction of forward progress. Control cats 

showed dorsal foot placement during stance, while BDNF treated cats were able to execute 

plantar weight bearing stepping at all the velocities tested (0.3-0.8 m/s). 
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Figure 2-4: Mean stance length index: Values of the stance length index 3 and 5 weeks 

post-transection at medium (0.4 m/s, black bars) and maximum (0.8 m/s, grey bars) 

velocity for the BDNF group. The red line indicates pre-transection performance (100%). 

The dotted orange and green lines represent values obtained with treadmill training alone 

(Belanger et al., 1996; deLeon, 1998) and with neurotrophins cellular delivery (Boyce et 

al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016) respectively. The values are 

reported as mean ± SD. Significant difference between stance length indexes and pre-

transection value (100%) is indicated by (*).  
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Figure 2-5: Mean swing height index: Values of the swing height index 3 and 5 weeks 

post-transection at medium (0.4 m/s, black bars) and maximum (0.8 m/s, grey bars) 

velocity for the BDNF group. The red line indicates pre-transection performance. The 

dotted orange and green lines represent the values obtained with treadmill training alone 

(Belanger et al., 1996; deLeon, 1998) and with neurotrophins cellular delivery (Boyce et 

al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016), respectively. The values are 

reported as mean ± SD. Significant difference between swing length indexes and pre-

transection value (100%) is indicated by (*).  
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Figure 2-6: Comparison of stance length and swing height indexes between BDNF 

Pump Delivery (Pump, N=7), BWS Treadmill Training (BWST, N=3 studies) and 

NTFs cellular delivery (Cell, N=2 studies): The data compare values of the stance length 

index (A) and swing height index (B) between our results with BDNF pump delivery and 

previous results obtained with BWST (Belanger et al., 1996; Boyce et al., 2007; deLeon, 

1999) and Cell delivery (Boyce et al., 2007; A. J. Krupka, Fisher, I., Lemay, M.A., 2016) 

at 0.4 m/s, 5 weeks post-transection. Results for stance length recovery with pump delivery 

are comparable to the ones obtained with either BWST or Cell delivery 

(Pump=72.7±20.6%, BWST=66.3±5.5%, Cell =76.5±9.2%). The One-way ANOVA 

showed no statistically significant differences. Swing height recovery was best with BDNF 

pump delivery, although the differences with swing height indices for BWST or Cell 

delivery were not significant. (Pump=87±28.4%, BWST=59±2.8%, Cell=58±5.6%).  
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Figure 2-7: Number of plantar steps (#) and percentages of steps taken that are 

plantar (%) in a 30 seconds trial: BDNF treated animals (N=6) almost always took 

plantar steps post-transection (94% at 0.4 m/s and 93% at 0.8 m/s of the steps taken were 

plantar). Only two out of five Control cats performed rare, non-consecutive plantar 

placement of the foot (only 38% of the steps were plantar). The independent sample t-test 

showed a statistically significant difference (*) between Controls and BDNFs at 0.4 m/s 5 

weeks post-injury between the percentage of steps that were plantar. The independent 

sample t-test conducted on raw number of plantar steps in both Control and BDNF groups 

showed a statistical significant difference between Pre- and Post-transection values at 0.4 

m/s in the Control group. No significant difference was reported for the BDNF group at 

both medium and high velocity, underlining the ability on BDNF cats to recover stepping 

at level comparable to pre-transection. 
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Figure 2-8: Mean Da and Dp indexes: Distance Anterior and Distance Posterior indexes 

for the BDNF group 3 and 5 weeks post-injury at 0.4 m/s (black bars) and 0.8 m/s (grey 

bars). The red line indicates pre-transection performance. Significant difference between 

Da and Dp indexes and pre-transection value (100%) is indicated by (*).  
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Figure 2-9: Average hip height index (%): (%): Average values of the hip height indexes 

for the BDNF group at 0.4 and 0.8 m/s at 3 weeks and 5 weeks post-transection. Values 

were slightly reduced after injury, but recovered by 5 weeks with values comparable to 

pre-transection levels (Red line at 100%). No significant differences were found between 

average hip height indexes and pre-transection values (100%). 
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Figure 2-10: Hindlimbs joints angles: Average values of the hip, knee and ankle joints 

angles for both Control and BDNF cats during walking at 0.4 m/s for all time points. The 

black bars represent the hip, knee and ankle angles range, the light grey bars the joints 

maximum angle and the grey bars show the values of the minimum joints angle. A paired 

sample t-test was performed to evaluate the changes pre- and post-transection at a 0.05 

level of significance. Significant differences are indicated by asterisks (*). In BDNF cats, 

we observed a significant reduction in both the hip max and min angles; however, hip range 

of excursion remained within pre-transection values. The knee angles range, max and min 

were significantly reduced post-injury, as a result of the more crouched posture of the cats 

after SCI. The ankle joint was consistently more extended, with significant increase of both 

the angles’ range and maximum values. Joints angles in Control cats seem to be less 

affected, however statistical evaluation was run on only two cats and on random, non-

consecutive steps. Both hip and knee minima angles were significantly reduced post-

transection in the non-treated group. Asterixis (*) indicate statistically significant 

differences between joints angles pre-transection and at the two-time points after injury (3 

and 5 weeks). 
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Figure 2-11: Mean cycle duration index: Average values of the cycle duration index for 

the BDNF group at 0.4 m/s (black bars) and 0.8 m/s (grey bars) at 3 and 5 weeks post-

transection. The red line indicates pre-transection performance. Step duration was 

unaffected by injury. 
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Figure 2-12: Stance and Swing onset indexes: Stance and swing onset indexes for the 

BDNF group for walking at 0.4 m/s (black bars) and 0.8 m/s (grey bars) at 3 and 5 weeks 

post-transection. The red line indicates pre-transection performance. Both parameters were 

reduced after injury, but recovered to pre-transection values by 5 weeks after injury/pump 

implant.  
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Figure 2-13: Profiles of the normalized peak vertical GRFs: Normalized vertical GRFs 

of the right hindlimb over multiple steps in an exemplar 10 seconds period for one 

representative cat of each group, BDNFs (A) and Controls (B). Although the average peak 

vertical forces during a trial were lower than 4 N/kg (red horizontal line), BDNF treated 

cats were capable of full weight bearing stepping over some of the stepping period. On the 

other hand, Control cats did not display any ability to full weight support during the trial, 

with peaks of the vertical forces lower than 2/2.5 N/kg. 
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(A)  BDNF cat 

 

(B)  Control cat 
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Figure 2-14: Mean ± SD of the normalized peak vertical forces: (A) The histogram 

shows the mean ± SD of the peak vertical forces normalized for the animals’ weight at the 

moment of the recordings under the right and the left paws. The black bars refer to BDNF 

treated cats (N=4) while the grey bars to the Control group (N=2). The red line represents 

the minimum required vertical force needed for full hindlimb weight support (about 4 

N/kg). The BDNF treated cats showed significantly higher weight support when compared 

to Control cats. (B) Mean ± SD of the normalized peak vertical forces for each cat of each 

group under the right and left paw. Results are compared to the 4 N/kg necessary for full 

weight bearing and significant differences with this value are indicated with asterisks (*). 
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(A)  Mean ± SD of the normalized peak vertical forces under the right and left paw 

compared between BDNF (N=4) and Control (N=2) groups 
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 (B) Mean ± SD of the normalized peak vertical forces for each cat of each group       

compared to the minimum required vertical force needed for full hindlimb weight 

support (about 4 N/kg) 
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Figure 2-15: Profiles of the normalized peak vertical GRFs during standing trials: 

Normalized vertical GRFs of the right hindlimb for one representative cat of each group, 

BDNFs (A) and Controls (B). The vertical lines represent the periods over which the 

averages were calculated: the green line shows the initial legs extension obtained via 

perineal stimulation; the cat is then left balancing without any external stimulation; the red 

line represents the moment in which the cat collapses (force drops to zero) and perineal 

stimulation is applied again in order to induce another legs extension. Although the average 

peak vertical forces were lower than 4 N/kg (red horizontal line), BDNF treated cats were 

capable of periods of full weight support. On the other hand, Control cats produced little 

weight support.  
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(A) BDNF cat 

 

(B) Control cat 
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Figure 2-16: Mean of the normalized peak vertical forces and duration of the standing 

periods during standing trials: (A) The bars show the mean ± SD of the peak vertical 

forces normalized to the animals’ weight at the moment of the recordings for each cat in 

each group BDNF (N=4) and Control (N=1) group. Results have been compared to the 

minimum required vertical force needed for full hindlimb weight support (about 4 N/kg) 

and significance differences are reported with asterisks (*) (B) Mean ± SD of the standing 

period duration. We used the right paw as refence to calculate the standing period in both 

BDNFs and Controls. Statistical evaluation did not report any significant difference 

between the two groups. Results are compared to the 4 N/kg necessary for full weight 

bearing and significant differences with this value are indicated with asterisks (*). 
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(A)  Mean ± SD of the peak vertical normalized forces for each cat in each group 

compared to the minimum required vertical force needed for full hindlimb weight 

support (about 4 N/kg) 
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(B)  Mean ± SD of the standing period using the right paw as reference leg 
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Table 2-1: Average normalized peak vertical GRFs under the right and left hindlimb for 

the BDNF treated (N=4) and Control (N=2) cats during walking trials at 0.4 m/s. All GRFs 

are normalized to the weight of the cat at the time of the recording session. 

Average Normalized Peak Vertical GRFs (N/kg) 

BDNFs Controls 

Right Fz Left Fz Right Fz Left Fz 

3.77 3.45 1.54 1.59 

3.08 2.86 2.03 2.24 

3.10 2.70   

3.18 2.65   

 

Table 2-2: Average normalized peak vertical GRFs under the right (R) and left (L) 

hindlimb and standing periods for the BDNF treated (N=4) and CONTROL (N=1) cats 

during standing trials. All GRFs are normalized to the weight of the cat at the time of the 

recording session. 

BDNFs Controls 

Fz (N/kg) Standing Period (s) Fz (N/kg) Standing Period (s) 

R L  R L  

2.44 1.81 19.47 1.78 1.6 11.44 

1.8 1.9 14.14    

2.54 1.79 25.54    

2.13 1.63 24.28    
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CHAPTER 3 

 SPECIFIC AIM 2:  

EVALUATION OF THE SAFETY AND EXTENT OF BDNF DIFFUSION USING 

THE INTRATHECAL MINI-PUMP DELIVERY METHOD 

3.1 INTRODUCTION 

In this chapter, we present the extent of BDNF diffusion within the lumbar spinal cord and 

the potential damage to the cord caused by catheter insertion and long-term implant, with 

the goal of establishing the safety of the delivery method. Previous studies have shown that 

neurotrophins can be transynaptically transported from muscles in sensory afferents and 

motor axons, dependably with the expression of their receptors (DiStefano et al., 1992; 

Duricki et al., 2016; Petruska et al., 2010; Sheard, Musaad, & Duxson, 2002). Previous 

works on intrathecal BDNF delivery and NTFs viral vectors administration to the lesion 

site showed a limited transport far from the site of administration (Jakeman et al. 1998, 

Boyce et al. 2012). These authors reported that neurotrophins delivery at the T9-T10 spinal 

level in rats resulted in BDNF-immunoreactivity detected at the injury level that did not 

extend further then the upper lumbar segments (L2) in rats receiving higher BDNF dosages 

(Jakeman et al. 1998, Boyce et al. 2012). Duricki et al. demonstrated that intramuscular 

delivery of NT-3 into the triceps and biceps brachii can induce sensorimotor recovery in 

adult and elderly rats treated 24h after cortical ischemic stroke. ELISA was performed to 

explore the biodistribution of NT-3 in both the serum and the spinal cord. Results showed 

that NT-3 levels were elevated in both the serum and in the cervical DRGs ipsilateral to 

the injected muscles, concluding that NT-3 was distributed from muscles via axonal 

transport and bloodstream (Duricki et al., 2016). It was speculated that since the 
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vasculature at the DRGs is highly fenestrated (Jimenez-Andrade et al., 2008), 

neurotrophins molecules can enter, bind their receptors, and be retrogradely transported to 

the cell of the DRGs (DiStefano et al., 1992).  

Studies on amyotrophic lateral sclerosis (ALS) have demonstrated poor to no penetration 

of the blood-brain-barrier by BDNF, thus systemic application has not resulted in 

significant penetration into the spinal cord to produce action on motoneurons (Collard, 

Cote, & Julien, 1995). Intrathecal delivery avoids these limitations. Pre-clinical studies on 

adult sheep with lumbar intrathecal BDNF delivery (L5-L6) have shown that BDNF 

accumulates in spinal motoneurons, likely via retrograde axonal transport after uptake from 

spinal roots (Dittrich et al., 1996). Studies on sheep (Dittrich et al., 1996) as well as in 

humans (Ochs et al., 2000) showed that the levels of BDNF in the cerebrospinal fluid (CSF) 

were proportional to the intrathecally delivered BDNF dosage. They show that BDNF can 

diffuse retrogradely against the CSF flow and be retrogradely transported to the neurons in 

the dorsal root ganglions (DRGs) (Dittrich et al., 1996).  

To add to the clinical utility of these study, we were also interested in evaluating the safety 

of the delivery method. Chronic intrathecal infusion has been proven safe and effective for 

Baclofen delivery for spasticity treatment (J.I. Ordia, 1996) and morphine delivery for pain 

treatment (Onofrio & Yaksh, 1990) in clinical trials. Lumbar intrathecal pump delivery has 

also been used in Phase I/II clinical trials for BDNF delivery in ALS patients receiving five 

different dose levels: 25, 60, 150, 400, and 1000 µg/day (Ochs et al., 2000). Patients 

reported events of minor severity due to pump/catheter implant that mainly consisted of 

post-surgical headache and local pain (Ochs et al. 2000). Side-effects such as sleep 
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disorders, irritability, dry mouth, and gustatory abnormalities were strictly dose-dependent 

and were only observed at the higher doses of 400 and 1000 µg/day (Ochs et al., 2000).  

On these basis, we hypothesized:  

Specific Aim 2a) BDNF delivered in the lumbar cisterna at the L3 or L7 level is internalized 

by the cells of the DRGs and retrogradely transported from the delivery site along the 

lumbar area of the spinal cord, acting directly on the locomotor circuitry.  

Specific Aim 2b) Minimal to no catheter-related trauma and a reduction of the risks to the 

animal and their spinal cord, underlining the safety of BDNF delivery through implantable 

mini-pump for complete spinal cord injury treatment. 

3.2 SPECIFIC AIM 2a: METHODS 

3.2.1 Immunohistochemical BDNF staining 

Immunohistochemistry was conducted to evaluate BDNF distribution in the lumbar spinal 

cord in 7 cats, 4 BDNT-treated and 3 Controls. Tissue was prepared as described in 2.2.4 

Euthanasia and tissue preparation. Frozen sections of the lumbar area (L3-L7) were cut 

into 40 µm thick horizontal sections on a freezing microtome, mounted on charged glass 

slides and kept at -20ºC until immunohistochemistry (IHC) was performed. IHC was 

performed on sections distributed across the whole thickness of the spinal cord in order to 

evaluate potential differences in BDNF distribution from the ventral to the dorsal aspect. 

Slides were left at room temperature for 10-15 minutes and the tissue was surrounded with 

either rubber cement or hydrophobic pen in order to contain the antibody solutions. Tissues 

were rehydrated and permeabilized in 0.1% Triton X-100 in Phosphate Buffer Solution 

(PBS). After blocking for 30 minutes in 10% Normal Goat Serum (NGS) at room 
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temperature, tissue sections were incubated overnight at 4º C with primary antibody diluted 

in 1% BSA in PBS (1:500, BDNF purified MAXPab mouse polyclonal antibody (B02P), 

Abnova). On the second day, sections were rinsed in 0.1% Triton X-100 in PBS for 10 

minutes and were incubated in secondary antibody diluted in 1% BSA in PBS for one hour 

at room temperature in the dark (1:1000, Goat Anti-mouse Alexa Flour 488). The slides 

were then rinsed with three 5-minutes washes in PBS and cover slipped in aqueous 

mounting media (Vectashield Antifade mounting medium, Vector Laboratories).  

Lumbar sections from L3 to L7 were then examined using fluorescence microscope at 5x 

and 10x magnification to identify the BDNF spreading along the lumbar spinal cord in the 

BDNF treated animals. In Control cats, sections were examined only at the delivery site 

since no significant GFP expression over background level was observed in this area, and 

they were used as negative Control group.  

BDNF accumulation in the cells of the DRGs and of the grey matter was quantified using 

Image J (Image processing and Analysis in Java) and it was assessed in terms of maximum 

fluorescence density. The maximal fluorescence density was measured via the Image J 

software in sixteen horizontal sections distributed across all the levels of the spinal cord, 

from the dorsal to the ventral aspect, for each cat. Sections with damage from tissue 

processing were excluded. We averaged the maximum fluorescence density values for both 

the cells of the DRGs and of the grey matter in both BDNF and Control groups. Data were 

then exported to SPSS for statistical evaluation. A paired sample t-test was used to compare 

results between the two groups in both the cells of the DRGs and grey matter at the delivery 

site with significance set at p < 0.05.  
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3.3 SPECIFIC AIM 2b: METHODS 

3.3.1 Catheter associated trauma verification 

To investigate trauma caused by catheter insertion, we stained for Glial Fibrillary Acidic 

Protein (GFAP). Staining was performed on eight animals, 5 BDNF (2 with L3 delivery 

and 3 with L7 delivery) and 3 Controls (two with L3 delivery and one with L7 delivery) 

on horizontal sections taken from the catheter entry zone’s segment (L7/S1) to the segment 

where the tip of the catheter was found post-mortem. We also stained the transection site 

of four cats (3 BDNF and 1 Control) to serve as control/reference. Since the catheter tip 

was found on the ventrolateral aspect of the cord in all cats, staining was performed on 

ventrally located sections.  

Horizontal sections were left at room temperature for 10-15 minutes and tissue was 

surrounded with hydrophobic pen. Sections were rehydrated with three 5-minutes rinses in 

PBS and blocked with 5% NGS in dilution buffer for one hour at room temperature. The 

dilution buffer included Tris-HCl pH 7.2 (25 mM), NaCl (300 mM), 0.3% Triton X-100, 

BSA (0.5 mg/ml) and 0.01% Thimerosal diluted in 100 ml PBS. Tissues were then 

incubated in primary antibody in buffer solution overnight at 4º C (1:500, Polyclonal rabbit 

antibody Anti-GFAP, Dako). The day after, sections were rinsed with one 2-minute wash, 

followed by four 5-minutes washes in PBS and incubated in secondary antibody diluted in 

buffer solution for two hours at room temperature in the dark (1:200, Alexa Flour 590 

conjugated AffiniPure Goat Anti-rabbit IgG (H+L)). Sections were rinsed as previously 

described and coverslipped with a glycerol-based liquid mounting medium (ProLong 

Diamond Antifade Mountant, ThermoFisher Scientific). Mounted slides were observed 
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under fluorescence microscope at 5x and 10x magnification and compared with stained 

slides from the transection area. 

3.4 VERIFICATION OF LESION COMPLETENESS  

Lesion completeness was verified using Nissl-myelin staining. The Luxol Fast Blue Stain 

(Myelin Stain) from Abcam was used to identify the basic neuronal structure in the spinal 

cord. Staining was performed on five cats and chosen sections were distributed over 

different depth levels of the spinal cord in order to evaluate lesion completeness on the 

entire thickness of the cord.  

Sections were rehydrated in distilled water and incubated in Luxol Fast Blue solution for 

24 hours at room temperature. Slides were rinsed thoroughly in distilled water and then 

differentiated by dipping in Lithium Carbonate Solution for up to 20 seconds. 

Differentiation was completed by dipping in Alcohol Reagent until the grey matter was 

colorless and the white matter remained blue. Slides were rinsed in distilled water and 

incubated in Cresyl Violet for 2-5 minutes at room temperature. Tissues were quickly 

rinsed in distilled water and then dehydrated in 3 changes of absolute alcohol. Slides were 

mounted in synthetic resin and examined under the microscope at 100x magnification. 

3.5 RESULTS 

IHC was aimed at evaluating BDNF diffusion in the lumbar spinal cord via GFP staining. 

Eight cats were evaluated at this purpose: five BDNF treated and three Controls animals. 

Catheter-insertion associated trauma was assessed via GFAP staining. Eight cats were 

stained for GFAP: four BDNF-L3, in which sections between L3 and L7 were observed, 

and four BDNF-L7. Nissl-myelin stain was performed at the transection site of five animals 
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to verify lesion completeness. Intrathecally delivered BDNF diffused along the lumbar 

area, extending from L3 to L7 independently from the delivery site. Minor to no catheter 

related trauma was observed along the lumbar sections. Nissl-myelin stain through the 

lesion site confirmed the absence of myelinated fibers across the transection area, 

indicating that the lesion was complete in all animals. 

3.5.1 BDNF diffuses along the lumbar spinal cord 

Staining of the lumbar area of the spinal cord (L3-L7) is shown in Figure 3-1.  Horizontal 

frozen sections were stained for BDNF distribution. Immunohistochemistry (IHC) of the 

lumbar segments shows higher BDNF accumulation in the cells of the dorsal root ganglions 

(DRGs), with BDNF IHC extending from L3 to L7 in all treated cats. BDNF was also 

found within a few cells of the grey matter, although in much lower density than in the 

DRGs (Figure 3-1 (A)). BDNF appeared around the nucleus of the cells of the DRGs and 

grey matter, but the nucleus itself was free of BDNF. IHC conducted on Control cats 

showed low GFP expression, especially in the cells of the grey matter (Figure 3-1 (B)). 

Quantification of BDNF accumulation calculated at the delivery site via Image J in both 

groups supported these findings.  

Figure 3-2 shows the average maximum fluorescence density at the delivery site in both 

the cells of the DRGs and of the grey matter for both groups. BDNF cats showed a 

significantly higher fluorescence level then Control cats in both the cells of the DRGs and 

of the grey matter.  
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3.5.2 GFAP stain reveals minimal damage to the cord 

After sacrifice, the cord was retrieved from each animal. Gross examination of the spinal 

cord did not show any damage due to catheter insertion. The GFAP staining confirmed this 

result, underlining the safety of intrathecal BDNF delivery through implantable mini-

pump. We compared the catheter insertion area, L7 for the BDNFs-L7 group and from L7 

to L3 for the BDNFs-L3 group, to the transection site, which served as our control. GFAP 

is expressed by astrocytes in the CNS. Upon injury to the spinal cord, astrocytes fill up the 

space to form a glial scar. High GFAP expression, i.e. high inflammation, was found in the 

tissue surrounding the lesion. No significant accumulation above background levels was 

observed at the cannula insertion area as well as in the cord from the entry point to the site 

of BDNF delivery, indicating minimal catheter-associated trauma (Figure 3-3).  

3.5.3 Nissl-myelin stain verifies injury completeness  

Transection sections were stained with Nissl-myelin to assess the completeness of the 

injury and potential growth across the lesion. As previously shown by (Boyce et al., 2007; 

A. J. Krupka, Fisher, I., Lemay, M.A., 2016), no axonal regeneration was detected across 

the lesion, indicating that the lesion was complete in all animals. Figure 3-4 shows a 

horizontal section of the transection site in a representative cat. 

3.6 DISCUSSION 

3.6.1 BDNF diffuses along the lumbar spinal cord 

Previous studies on BDNF delivery via grafts of autologous cells implanted at the injury 

site revealed a downregulation of neurotrophin production 5 weeks after grafting (A. J. 

Krupka, Fisher, I., Lemay, M.A., 2016). These authors attempted to locate the grafted cells 

and regions with increase in GFP after sacrifice, 5 weeks after injury/graft implant. 
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However, no significant accumulation above background level was observed. Many cells 

within the graft were found unlabeled, likely due to a downregulation of the expression of 

receptor genes (Krupka 2016). Furthermore, BDNF conformational integrity is 

fundamental for the molecule to bind its receptor (Radziejewski, Robinson, DiStefano, & 

Taylor, 1992); however, BDNF half-life has been shown to be relatively short (about 10 

minutes in the blood stream (Sakane & Pardridge, 1997)). Studies conducted by Callahan 

et al. showed Sodium Chloride (NaCl) to be a storage enhancer and conformational 

stabilizer for BDNF (Callahan, Narhi, Kosky, & Treuheit, 2001). Data suggests that the 

absence of salt promotes dissociation and the monomer state is definitely less stable then 

the dimer state. Since BDNF exists as a dimer, its integrity is important for binding to its 

receptor. Also, the same study showed that addition of NaCl to formulation buffers resulted 

in an increase in BDNF thermal denaturation (Callahan et al., 2001). Thus, addition of 

NaCl minimizes degradation and improves conformational and thermodynamic stability. 

Our decision of diluting BDNF in saline solution (0.9% NaCl) may have prevented the 

denaturation of the protein, improving its shelf-life.  

Previous experiments conducted by Krupka et al. with lumbar puncture delivery of 

autologous fibroblast engineered to produce BDNF and NT-3, showed that cells were able 

to migrate rostrally from the delivery site (L7/S1) up to the L5 spinal segment. GFP 

immunofluorescence found the cells to migrate on the dorsal aspect of the spinal cord and 

to accumulate in the dorsal roots of the lumbar segments (Krupka 2014). Similarly, in our 

study, immunohistological analysis showed high BDNF accumulation in the cells of the 

dorsal root ganglions (DRGs), with BDNF IHC extended from L3 to L7 in all treated cats. 

BDNF was also found in some cells of the grey matter, although in much lower density. 
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Furthermore, BDNF immunoreactivity appeared around the nucleus of the cells of the 

DRGs and grey matter, but the nucleus itself was free of BDNF, which is similar to what 

was found by (Dittrich et al., 1996) in spinal motoneurons. The same study showed that 

after intrathecal application, BDNF diffuses against the cerebrospinal fluid (CSF) flow and 

is retrogradely transported to the neurons of the DRGs via axonal uptake in the spinal roots 

(Dittrich et al., 1996). We can, thus, speculate that intrathecally delivered BDNF diffuses 

in the CSF flow, gets uptaken by the axons of the dorsal roots and transported to the cells 

of the DRGs. Duricki et al. confirmed elevated levels of NT-3 in the cervical DRGs 

ipsilateral to the muscles injected with adeno-associated viral vector (Duricki et al., 2016). 

They assumed that NT-3 was distributed from the injected muscles via axonal transport 

and since the vasculature of the DRGs is highly fenestrated (Jimenez-Andrade et al., 2008), 

it accumulated in the DRGs, binding its receptor (Duricki et al., 2016). Being Trk receptors 

highly expressed in the DRGs neurons, (S. B. McMahon, Armanini, Ling, & Phillips, 1994; 

Mu, Silos-Santiago, Carroll, & Snider, 1993), it is fair to assume in our study that a relevant 

concentration of BDNF bound to a sufficient number of high-affinity receptors in the DRGs 

neurons, promoting biological responses.  

In our study BDNF was delivered intrathecally in the lumbar cord at either the L3 or L7 

spinal segment. The two groups did not show any significant difference in performances, 

recovering weight-bearing plantar stepping at all range of velocities tested. In both cases 

immunohistochemistry of the lumbar segments revealed that BDNF diffused along the 

lumbar spinal cord from L3 to L7, highlighting the fact that the location of delivery is not 

critical for locomotor recovery.  



108 

 

3.6.2 Intrathecal BDNF delivery is safe for SCI treatment  

Gross examination of the spinal cord retrieved at 5 weeks post-injury showed no damage 

to the cord or the roots. Delivery to the lower lumbar cisterna is minimally invasive and 

the additional intrathecal space at that level reduces the risk of potential damage to the 

spinal cord. GFAP stain confirmed the visual and microscopic examination results, 

showing minimal trauma and inflammation due to catheter insertion and establishing the 

safety of the delivery method. Chronic intrathecal BDNF delivery has been proven safe 

and effective in clinical trials for Baclofen delivery for spasticity treatment (J.I. Ordia, 

1996) and morphine delivery for pain treatment (Onofrio & Yaksh, 1990). Lumbar 

intrathecal pump delivery has also been used in Phase I/II clinical trials for BDNF delivery 

in ALS patients where the catheter was inserted in into the spinal subarachnoid space at 

the L3-L4 level and advanced cranially to the L1-T12 level. Patients reported events of 

minor severity following pump/catheter implant. These events mainly consisted of post-

surgical headache and local pain (Ochs et al. 2000). 

Furthermore, the features of the micro infusion pump, such as being programmable, 

subdermally implantable and percutaneously refillable, minimize the number of invasive 

surgeries and thus the risks for the animals and their spinal cords. Thus, the minimal 

invasiveness along with the possibility of delivering a constant and controlled dosage of 

BDNF through the mini pump makes this research project clinically appealing as a 

treatment for SCI and should facilitate FDA approval. 

3.6.3 Regeneration is an unlikely mechanism for locomotor recovery 

As previously reported in (Boyce et al., 2007), (Ollivier-Lanvin et al., 2015) and (A. J. 

Krupka, Fisher, I., Lemay, M.A., 2016), Nissl-myelin stain showed no axonal regeneration 
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across the lesion cavity, leading to the idea that the locomotor recovery observed was not 

associated to axonal regeneration. Prior reports on this topic concentrated on the effects of 

neurotrophins on axonal growth and sprouting to promote recovery of stepping ability (Lyn 

B. Jakeman et al., 1998; Kanno et al., 2014; P. Lu, Jones, & Tuszynski, 2005; Murray et 

al., 2002). Studies on marrow stromal cells modified to express BDNF and implanted at 

the injury site (C3) of a rat model of SCI, showed some axonal regrowth into the graft 1 

month after surgery (P. Lu et al., 2005). In our study, since locomotor recovery occurred 

as early as 3 weeks after injury and was not associated with any axonal sprouting across 

the lesion site, regeneration of descending axons is an unlikely mechanism for recovery in 

BDNF treated cats. We instead suggested, as extensively discussed in 2.6.2 Effects of 

neurotrophins on the spinal circuitry, that locomotor recovery can be attributed to the 

BDNF-induced plasticity within the lumbar spinal cord. Simulation studies with a basic 

neuromechanical model of the cat limb has shown that increases in synaptic strength like 

the ones seen with delivery of neurotrophins are sufficient to restore locomotor capabilities 

(Markin et al., 2010). Furthermore, electrophysiological studies conducted by Mendell’s 

group showed that chronic BDNF or NT-3 delivery quickly enhances functional 

connectivity to motoneuron in the neonatal rat, and it does it as early as after 6 hours of 

treatment (Victor L. Arvanian, Horner, Gage, & Mendell, 2003; V. L. Arvanian & Mendell, 

2001; Mendell et al., 1999). Thus, the strengthening of synaptic connections between the 

interneurons of the lumbar spinal cord remains a potential mechanism by which NTFs 

restore locomotion in animal models of complete SCI.  
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Figure 3-1: BDNF accumulation in the lumbar spinal cord: (A) BDNF accumulation 

in the lumbar segments of the spinal cord in one representative BDNF-L3 cat. BDNF IHC 

diffuses from the delivery site all along the lumbar spinal cord (L3-L7). (B) Representative 

cat of the Control group. No significant accumulation above background levels were 

observed at the delivery site of any of the Control animals.  
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Figure 3-2: Average Max Fluorescence density: in the cells of the DRGs (A) and of the 

grey matter (B) at the catheter tip/delivery site: Averages were taken across all the levels 

analyzed. As expected, BDNF accumulation was significantly higher in the BDNF-treated 

cats’ DRGs and grey matter cells.  
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Figure 3-3: GFAP expression at the lesion site (A) and at the catheter insertion area 

(B): Staining was performed on eight animals, 5 BDNF (2 with L3 delivery and 3 with L7 

delivery) and 3 Controls (two with L3 delivery and one with L7 delivery) on horizontal 

sections taken from the catheter entry zone’s segment (L7/S1) to the segment where the tip 

of the catheter was found post-mortem. We also stained the transection site of four cats (3 

BDNF and 1 Control) to serve as control/reference. (A) The staining at the lesion site of 

BDNF-treated cat, going from rostral (R) to caudal (C) of the lesion, indicates 

inflammation of the tissue surrounding the injury. (B) Catheter insertion area of a BDNF 

cat. The catheter was found on the ventrolateral aspect of the cord in the L7 segment (red 

arrow). We did not find any evidence (indentation or staining) on the cord of the exact 

location of the catheter tip, indicating that no damage to the cord was caused by catheter 

insertion. GFAP staining confirms this result: minimal to no evidence of over background 

GFAP levels occurs at the catheter insertion area. In (B) the higher red expression observed 

at the limit between white and grey matter (white arrows) is an “edge effect”, a common 

artifact found in fluorescence staining. Also, the indentation of the cord was due to an error 

while cutting the section at the microtome.  
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(A) Lesion site  

  

(B) Catheter insertion area: L7 Delivery  
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Figure 3-4: Nissl-myelin stain: Verification of lesion completeness was assessed via 

Nissl-myelin stained performed at the transection site (T11/T12). Myelinated fibers are 

stained in blue (blue arrows). No axonal regeneration was observed across the lesion, 

indicative that all lesions were complete.  
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CHAPTER 4  

SPECIFIC AIM 3:  

CHRONIC INTRATHECAL BDNF DELIVERY TO THE LUMBAR SPINAL 

CORD INCREASES LUMBAR INTERNEURONS ACTIVITY 

4.1 INTRODUCTION 

To advance therapeutic interventions for spinal cord injury, it is fundamental to understand 

both the mechanisms of action of our therapeutic interventions as well as the activation 

patterns within the spinal cord. In this third specific aim, we are addressing the difference 

in lumbar interneuronal firing between BDNF treated and non-treated animals during 

locomotor behavior. In-vivo extracellular recordings, aimed at evaluating activity patterns 

in both groups, were conducted using two 64-channels electrodes arrays. One electrode 

array was statically placed at L3, while the other array was successively inserted in the 

intermediate/ventral laminae (1500-3000µm) from L7 to L4. Analysis of multiunits 

activity allows for a descriptive approach to a large-scale activation patterns and 

comparisons between neural activity in different behaviors. Previous studies have located 

the segments of the lumbar enlargement fundamental for rhythm generation of the 

hindlimbs at the L3-L5 spinal level in the adult cat (Butt, Lebret, & Kiehn, 2002; Deliagina 

et al., 1983; Kjaerulff & Kiehn, 1996). Consistent with previous reports, non-published 

studies by our group aimed at comparing relative multiunit activity power at each lumbar 

segment in the intact cat, found more multiunit power in midlumbar segments L3-L5 

during stepping (C. McMahon, 2014). Interneurons of the lumbar area are, in fact, 

constituent of the locomotor circuit and are intrinsically capable of modulating and 

maintaining stepping behavior. Previous studies in both rodents and cats have isolated 
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segments L2 to S1 as the ones containing the active interneurons responsible for flexion-

extension as well as left-right alternation of the hindlimbs (Butt & Kiehn, 2003; Cazalets 

et al., 1995; Cowley & Schmidt, 1997; Deliagina et al., 1983; Elzbieta Jankowska & 

Lundberg; Kjaerulff & Kiehn, 1996; Kremer & Lev-Tov, 1997; Langlet, 2005; Orlovsky, 

1999; Shefchyk, McCrea, Kriellaars, Fortier, & Jordan, 1990). Based upon previous studies 

conducted in our laboratory on the activity of laminae V-VI interneurons in the adult cat, 

as well as studies in rats on interneurons of the intermediate and ventral laminae of the 

lumbar spinal cord, laminae VI, VII, VIII, and X of the intermediate and ventral horns have 

been implicated in the rhythmic output during both phases of locomotion (Antri et al., 

2011; Nicholas AuYong et al., 2011; N. AuYong, K. Ollivier-Lanvin, & M. A. Lemay, 

2011; Baev, Degtiarenko, Zavadskaia, & Kostiuk, 1979; Butt & Kiehn, 2003; Dai, Noga, 

Douglas, & Jordan, 2005; Kjaerulff & Kiehn, 1996; Shefchyk et al., 1990).  

Comparison of multiunits activity in the lumbar area between the BDNF and Control 

groups will give us a better understanding of the mechanism of action of BDNF on the 

spinal interneurons and how the interneuronal activity of the mid-lumbar area relate to 

locomotion. Results from this specific aim will strengthen our hypothesis about 

involvement of the lumbar area in rhythm generation during stepping in the injured cat, 

thus reinforcing our decision to deliver neurotrophins to the lumbar spinal segments, rather 

than at the injury site. We also hypothesized that intrathecal delivery of BDNF to the 

lumbar spinal cord raises the excitability of spinal interneurons of the intermediate and 

ventral laminae, strengthening synaptic connections and promoting locomotor behavior. In 

the hippocampus, BDNF has been shown to acutely modulate and enhances synaptic 

transmission (Kang & Schuman, 1995; Levine, Crozier, Black, & Plummer, 1998; Levine, 
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Dreyfus, Black, & Plummer, 1995) and to rapidly and selectively enhance phosphorylation 

of N-methyl-D-aspartic acid (NMDA) receptors (Levine et al., 1998), which have been 

shown to play an important role in synaptic plasticity (Hawasli et al., 2007; Y. Zhang et 

al., 2008). Moreover, studies on rats emphasized the NMDA receptors mediated interaction 

of BDNF on synaptic transmission in motoneurons in the neonatal spinal cord (Arvarian-

Mendell 2001).  

In the present study, we will use a point-process generalized linear model (PP-GLM) to 

quantify correlations among spinal interneurons. The model developed by the Emery 

Brown laboratory, is a statistical framework of the neuronal firing based on linearly 

weighted firing of neighboring neurons and the neuron’s past firing history with the 

weights describing the strength and types (excitatory or inhibitory) of connections between 

neurons (Truccolo, Eden, Fellows, Donoghue, & Brown, 2005). This approach has been 

developed and used extensively to quantify the discharge of cortical neurons (Aljadeff, 

Lansdell, Fairhall, & Kleinfeld, 2016) and we will be the first to incorporate its use to 

quantify the connectivity between spinal interneurons. Evaluating the strength of synaptic 

connections within the lumbar spinal interneurons and the extent of the BDNF-induced 

increase in interneurons activity will help elucidate the mechanism by which BDNF 

restores locomotion in animal models of complete SCI. 

4.2 SPECIFIC AIM 3: METHODS 

4.2.1 Animals preparation 

Six adult female cats were used in this study, 3 BDNF-L7 and 3 Controls. After 

injury/pump implant and kinematic/GRFs recordings at 3 and 5 weeks post-transection, 

animals underwent a terminal experiment to evaluate lumbar interneuronal firing and EMG 
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activity during air-stepping. Cats were initially injected with atropine (0.05 mg/kg IM) and 

anesthetized with isoflurane. Vital parameters were monitored every 15 minutes and IV 

fluids enriched with Sodium Bicarbonate (3.4g/L) and Sucrose (25g/L) were administered 

throughout the experiment. Dexamethasone (2 mg/kg, IV) was given prior to the 

laminectomy in order to reduce spinal swelling. A spinal laminectomy was performed, and 

the cord was exposed at the lumbar level between the L3 and L7 spinal segments. Muscles 

of the upper and lower hindlimb were exposed to evaluate EMG activity. Bifilar electrodes 

(AS 633; Cooner Wire, Chatsworth, CA) were implanted into the body of seven hindlimb 

muscles bilaterally: Soleus (SOL -Ankle extensor), Gastrocnemius Medialis (MG - Ankle 

extensor), Tibialis Anterior (TA - Ankle flexor), Vastus Lateralis (VL - Knee extensor), 

Sartorius Anterior (SA – Hip flexor/ Knee extensor), Biceps Femoris Anterior (BFA – 

Knee extensor), Biceps Femoris Posterior (BFP – Knee flexor/Hip extensor). Electrodes 

were implanted into the body of the muscles and proper electrode placement was verified 

by stimulation of the electrode and observation of the resulting muscle’s twitches.  

Following laminectomy and EMGs electrodes implant, animals were transferred to a 

stereotaxic frame where the spinal vertebrae were securely clamped to the frame. The pia 

was opened in order to facilitate electrode insertion. Decerebration was performed in order 

to discontinue anesthesia, which has been shown to affect the activity of the spinal circuitry 

(Jinks, Atherley, Dominguez, Sigvardt, & Antognini, 2005).  

4.2.2 Extracellular neural and muscle activity recordings and processing 

One hour after decerebration, clonidine (500 μg/kg) was administered IV in order to induce 

air-stepping. Clonidine is an α-noradrenegic agonist which has been shown to promote and 

improve recovery of stepping following SCI in cats (Barbeau & Rossignol, 1991; H. 
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Forssberg, Grillner, S., 1973). Once air-stepping was controllably inducible through 

perineal stimulation, in-vivo recordings of spinal extracellular signals were conducted 

using two 64 channels microelectrode arrays (model A8x8-5mm-200-200-177, 

Neuronexus, Ann Arbor, MI) inserted at the dorsal root entry zone to either ~3000µm or 

~1500µm depth in two lumbar segments. The planar 8 shaft arrays were inserted sagittally, 

i.e. in the rostrocaudal direction, so that the recording sites covered a range of 1450µm 

rostrocaudally and 1450µm dorsoventrally (from ~1500-3000µm deep) for each array. In 

the experiment, the rostral electrode array was statically placed at L3 while the caudal array 

was successively moved from L7 to L4. On some occasions the caudal array could not be 

installed at L4 while the rostral array was at L3. In those cases, the rostral array was moved 

to L4 and additional recording with the caudal electrode moved from L7 to L5 were 

conducted. The walking trials at each location and depth involved 5 seconds resting period, 

followed by 50 seconds of air-stepping induced by perineal stimulation and a final 5 

seconds period of rest.  

Neural and muscles activity were recorded using the Tucker Davis Technologies RZ2/RS4 

system with 128 channels capability for recording of multiunit activity and 14 analog 

channels for EMGs activity. Extracellular and muscles activity were processed with 

customized Matlab scripts (The Mathworks, Natick, MA). EMGs voltages were amplified 

and band-pass filtered between 10-1000 Hz. We tested the quality of stepping in terms of 

rhythmic left/right hindlimbs alternation and alternation of the flexor/extensor muscles 

during air-stepping trials. Raw multiunit data from the RS4 was first band-pass filtered 

between 300 Hz and 4000 Hz. Filtered data were then processed through the 

UltraMegaSort2000 Matlab toolkit, which contains Matlab codes for spike sorting of 
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extracellular neurophysiological data (Hill D.M., 2010). The spike sorting process included 

4 major steps: format the data set, detection of spike forms and clustering, manual spike 

inspection and correction, and quality metrics. In the software, the process starts with an 

automated algorithm that converts filtered data into sorted spikes. The algorithm 

subsequently split the waveforms into mini-clusters that are likely to contain a subset of 

waveforms coming from one neuron. The mini-clusters are then recombined in clusters 

containing all the waveforms belonging to each neuron. At this point, manual inspection is 

fundamental to fix possible errors in waveforms/clusters aggregation and to evaluate the 

quality of the sorted clusters. We evaluated the quality of the clusters using the criteria 

depicted in Figure 4-1: 

1) How well-separated a cluster is from the threshold for spike detection. A cluster is 

well separated when its distribution is far from the threshold, fixed at -1 (Figure 

4-1a). 

2) The number of refractory period violations (RPVs). If the spike waveform in 

question is indeed a single unit, then there should be no inter-spike interval less 

than the absolute refractory period, which has been set to 2ms. A neuron cannot fire 

during its absolute refractory period, represented in Figure 4-1b by the red vertical 

band. Neuronal spikes were chosen when they had a number of refractory period 

violations (RPVs) ≤ 5% of the number of units (N).  

3) Firing frequency and spikes amplitude (Figure 4-1c). Spikes were chosen when 

characterized by a stable firing frequency ≥ 5 Hz and amplitude ≥ 50 mV. 

Subsequently, unusual spikes assigned to the clusters can be eliminated via the outlier tool, 

which results in the clean final sorted spike.  
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4.2.3 Spike train analysis 

Relationship between spikes trains and connection strengths was evaluated via the nSTAT 

Matlab toolbox (Cajigas, Malik, & Brown, 2012). It uses point process generalized linear 

models (PP-GLMs) for spike train signals, providing a statistical framework for processing 

signals recorded from ensembles of single neurons. Neuronal spike activity can be 

represented as a point process (PP), which takes 1 at the time of the action potential and 0 

otherwise. Generalized linear models (GLMs) can be used in association with PP to ensure 

an efficient framework for spike train analysis. In the last decade, PP-GLMs frameworks 

have been successfully applied to a broad range of physiological problems (Barbieri et al., 

2004; Eden, Truccolo, Fellows, Donoghue, & Brown, 2004; Frank, Brown, & Stanley, 

2006; Frank, Eden, Solo, Wilson, & Brown, 2002; Frank, Stanley, & Brown, 2004; 

Schwartz, Pillow, Rust, & Simoncelli, 2006; Truccolo et al., 2005; Vidne et al., 2012). The 

model developed by Cajigas et al. uses object oriented programming (OOP) which 

simplifies the use of PP-GLMs models making it more accessible to the scientific 

community and allowing users to easily manipulate data.  

The model was developed in order to take into account the three covariates that influence 

neural activity: extrinsic covariates such as sensory stimuli and behavior, the neuron past 

activity, and the simultaneous activity of multiple single neurons (Cajigas et al., 2012; 

Truccolo et al., 2005). Thus, it introduces a statistical modeling framework to analyze the 

simultaneous effects and relative importance of extrinsic covariates, spiking history, and 

concurrent neural ensemble activity on each neuron to be modeled. This PP likelihood 

analysis can be conducted by representing the logarithm of the point process conditional 

intensity function (λ) as a linear combination of the covariates’ general functions and then 
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using a discrete time PP likelihood function to fit the model to spike train data using the 

GLM framework (Cajigas et al., 2012; Truccolo et al., 2005). Hence, the conditional 

intensity function can be modeled as: 

𝜆(𝑡𝑘|𝑁1:𝑘
1:𝐶 , 𝑥𝑘+𝜏, 𝜃) =  𝜆𝐼(𝑡𝑘|𝑁1:𝑘, 𝜃𝐼)𝜆𝐸(𝑡𝑘|𝑁1:𝑘

1:𝐶 , 𝜃𝐸)𝜆𝑋(𝑡𝑘|𝑥𝑘+𝜏,, 𝜃𝑋) 

where 𝜆𝐼(𝑡𝑘|𝑁1:𝑘, 𝜃𝐼) is the component of the intensity function conditioned on the spike 

history 𝑁1:𝑘, 𝜆𝐸(𝑡𝑘|𝑁1:𝑘
1:𝐶 , 𝜃𝐸) is the component related to the ensemble history, and 

𝜆𝑋(𝑡𝑘|𝑥𝑘+𝜏,, 𝜃𝑋) is the component related to the extrinsic covariates, with τ an integer time 

shift and 𝜃 = {𝜃𝐼 , 𝜃𝐸 , 𝜃𝑋  } is the maximum likelihood estimate of the model parameters.  

The spiking history component can be modeled as an autoregressive process: 

𝜆𝐼(𝑡𝑘|𝑁1:𝑘, 𝜃𝐼) = 𝑒𝑥𝑝 {𝛾0 +  ∑ 𝛾𝑛∆𝑁𝑘−𝑛

𝑄

𝑛=1

} 

where Q is the order of the autoregressive process, 𝛾𝑛 are the autoregressive coefficients, 

and 𝛾0 represents the background level of activity. 

The ensemble contribution can be modeled as a regression model: 

𝜆𝐸(𝑡𝑘|𝑁1:𝑘
1:𝐶 , 𝜃𝐸) = 𝑒𝑥𝑝 {𝛽0 +  ∑ ∑ 𝛽𝑟

𝑐∆𝑁𝑘−𝑟
𝑐

𝑅

𝑟=1𝑐

}  

with R order of the regressive model, 𝛽𝑟
𝑐 are the regressive coefficients, and 𝛽0 represents 

the background level of activity. The first summation is calculated over the ensemble of 

cells except the neuron that has been modeled; thus, the model contains R × (C-1) elements, 

plus 𝛽0. 
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The extrinsic covariate contribution, i.e. the background activity, is modeled depending on 

the specific applied stimuli.  

A Kolmogorov-Smirnov (KS) test at the 95% confidence interval is then performed on 

time rescaled interspike intervals (ISIs) to assess the extent to which a chosen model 

describes the data. The time-rescaling theorem (E. N. Brown, Barbieri, Ventura, Kass, & 

Frank, 2002) is applied in order to transform a point process like spike train into continuous 

measures suitable for goodness of fit assessment. The KS test is used to compare how close 

the empirical distribution of rescaled spike time is to a reference distribution. If the 

candidate model is correct, the point on the KS plot lie on a 45º line.  

 In our model, we used a bin size of 5 ms to limit the number of bins with no spiking 

activity. We obtained good fit for our neuron spike train using a neuron self-history of four 

bins, i.e. going back 20 ms, an ensemble history of 1 bin, i.e. going back 5 ms, and a 

background activity, µ. In the analysis, we only took into consideration the effect of the 

ensemble history on the modeled neurons; we did not report the neuron self-history and the 

background activity.  

Consistent with previous studies conducted by our group (C. McMahon, 2014), single units 

had to meet the following criteria to be considered for analysis: 1) greater than 300 spikes 

in a trial 2) greater than 5 spikes per step 3) does not go silent for more than 1.5 seconds 

during the walking period 4) contain less than 5% refractory period violations for a 

refractory period of 2 ms 5) signal-to-noise ratio (SNR) greater than 1.5 (Joshua, Elias, 

Levine, & Bergman, 2007).  
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The GLM model returned a map of the average β coefficients significantly different than 

zero in the model of the neuronal spike train. The average coefficient describes the extent 

to which spiking activity in a given neuron is related to concurrent ensemble spiking 

activity, i.e. the influence of neuron i (x axis on the map) on neuron j (y axis on the map). 

On the x and y axes are the single good units found in each trial for each animal. Positive 

values, corresponding to the warm colors (yellow and red) in the scale, indicate excitatory 

influence; Negative values, indicated by the cool colors (shades of blue) in the scale, 

indicate an inhibitory effect. Green indicate no correlations (Figure 4-2).  

Along with the connectivity strength between the neurons of the lumbar spinal cord, we 

were also interested in evaluating differences between spiking activity between the BDNF 

and Control groups. For this purpose, we calculated the average of the average firing rate 

(Hz), signal to noise ratio, and number of units active during each air-stepping trial at each 

electrode locations in both groups.  

4.2.4 Statistical evaluation  

Processed data were transferred to SPSS for statistical evaluation. Statistical analysis was 

performed in order to evaluate differences in interneurons activity between the BDNF and 

Control groups at both recording locations: rostral, i.e. the averages over the L3/L4 spinal 

segments, and caudal, i.e. the averages of the variables over the L4/L7 or L5/L7 segments. 

Thus, our analysis grouped all the rostral and caudal locations as single locations. 

Recordings from both 1500 µm and 3000 µm electrode depths were also grouped as a 

single depth. We were also interested in evaluating differences between the two recording 

locations to assess differences in interneuronal activity between rostral and caudal 

segments. To reduce the number of data points, average firing rate, signal to noise ratio, 
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and number of good units were averaged for each trial and the means of those variables 

over all the trials for the BDNF and the Control groups were taken. The average 

connectivity strength between units per trial was also measured for each cat. Connectivity 

was evaluated using the β values of the GLM fit as indicators of the strength of interactions 

between spike trains/neurons. Average excitatory (average positive β) and inhibitory 

activity (average negative β) were evaluated and averaged among groups in order to define 

differences in neurons connectivity between BDNFs and Controls. An Independent sample 

t-test was performed at the 95% confidence interval to evaluate statistically significant 

differences between the average values of the average firing rate, signal to noise ratio, and 

number of good units, as well as the average positive and negative β values between the 

BDNF and Control cats at each electrode location (rostral and caudal). A linear mixed 

model (p≤0.05) was conducted to evaluate statistical differences of the average values of 

the average firing rate, signal to noise ratio, and number of good units between the two 

recording locations (rostral vs. caudal electrode location). 

4.3 RESULTS 

Data from six spinal cats, three that received BDNF intrathecally for 5 weeks, and three 

that received saline, were collected over 108 air-stepping trials (58 trials in BDNF treated 

cats, 50 trials in Control cats), at two recording locations, for a total of 216 recordings from 

the two multielectrode arrays. All recordings took place between lumbar segments L3-L7 

at the dorsoventral depth of 1500 µm or 3000 µm from the dorsal surface of the spinal cord. 

We observed superior locomotor activity in the BDNF treated animals during terminal 

experiments, with two out of three treated cats spontaneously stepping for part of the 

session and all exhibiting bouts of locomotion lasting about 50 seconds/trial when perineal 
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stimulation was applied. We compared connectivity strength between neurons (average 

positive β and average negative β), average firing frequency, SNR, and number of good 

units between BDNF and Control animals and between recording locations. All variables 

values are reported as Mean ± SD. 

4.3.1 BDNF increases spinal interneurons activity in spinal cats 

We observed higher interneuronal activity in the BDNF treated animals. As mentioned in 

the summary section, 2 out of the 3 BDNF treated animals spontaneously locomoted 

following clonidine administration. In these cats that showed spontaneous locomotor air-

stepping, we looked for periods of alternation in left/right and flexor/extensor muscle 

activity during the air-stepping trials. The muscular activity recorded showed alternation 

in the flexor/extensor activity within each hindlimb, and left/right alternation between the 

two hindlimbs. Although the flexor and extensor activity alternated, the agonist and 

antagonist muscles often co-contracted (Figure 4-10). These spontaneous bouts of 

locomotion often lasted over 50-60 seconds and we were able to record respectively 6 trials 

and 2 trials of spontaneous activity in the 2 BDNF treated cats that showed this 

phenomenon. We never observed spontaneous locomotion in the Control cats. 

In addition, BDNF treated animals showed increase interneuronal activity during air-

stepping trials. On average, the BDNF group showed a significantly higher (p=0.006 

rostral, p=0.023 caudal) number of units active during air-stepping trials at both recording 

locations: rostral (L3/L4) and caudal (L4/L7 or L5/L7).  

Figure 4-6 shows the average number of active units per trials in both BDNF-treated and 

Control animals at both electrode locations (rostral and caudal). BDNF treated cats showed 
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means of 22.60±12.12 active units/trials in the upper lumbar segment and 23.84±11.77 

active units/trials in the caudal segments. Non-treated animals showed a significantly lower 

number of active units: 16.9±8.4 active units/trials in the rostral and 18.3±13.1 active 

units/trials in the caudal regions. Similarly, units in BDNF treated cats demonstrated higher 

average firing frequency compared to units in control cats. The average firing rate was 

26.12±7.61 Hz for rostrally located units and 24.42±5.0 Hz for caudally located units in 

BDNF cats and those frequencies were significantly different that the ones found in control 

cats (p=0.000 Rostral, p=0.004 Caudal) whose firing rates were: 17.80±4.97 Hz rostrally 

and 21.2±6.43 Hz caudally (Figure 4-4). The average units’ SNR was significantly higher 

in the control group (1.94±0.54) compared with the BDNF group (1.65±0.56), but only for 

the caudal locations (Figure 4-5).  

4.3.2 Spinal interneurons activity between recording locations 

We evaluated the differences in the firing parameters of units recorded at rostral location 

and caudal locations. Although our analysis grouped all the rostral and caudal locations as 

a single location, we did observe some significant differences in the number of good units, 

average firing rate, and SNR in both Control and BDNF groups between the two recording 

locations. These results suggest a different strength of activity between the upper and lower 

lumbar area. Two out of three BDNF cats showed a significant difference in the average 

firing frequency between units of the rostral and caudal sites (33.31±2.76 Hz rostrally and 

23.11±2.75 Hz caudally; 23.8±0.84 Hz rostrally and 27.01±0.84 Hz caudally; p=0.015 and 

p=0.011 respectively), and one BDNF cat also showed significant differences for the units’ 

SNR (2.28±0.09 rostral locations and 1.37±0.09 caudal locations; p=0.000) (Figure 4-7, 

Figure 4-8). Three out of three control animals had significantly different units’ SNR 
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between the two locations (2.38±0.098 rostral and 1.86±0.098 caudal; 2.14±0.077 rostral 

and 1.64±0.077 caudal; 1.23±0.12 rostral and 2.3±0.103 caudal; p=0.001, p=0.000, 

p=0.000 respectively), and one control animal also showed a different average firing 

frequency between the locations (13.95±1.02 Hz rostral locations and 20.37±1.02 Hz 

caudal locations; p=0.000 (Figure 4-7, Figure 4-8). No significant differences were found 

in the number of active units/trials for the caudal and rostral locations in BDNF treated 

animals, but differences were found in two of the saline treated animals (15.47±2.05 active 

units/trials rostrally and 22.74±2.05 active units/trials caudally; 12.25±1.03 active 

units/trials rostrally and 6.37±0.89 active units/trials caudally; p=0.017 and p=0.000 

respectively) (Figure 4-9). 

4.3.3 BDNF does not enhance multiunit connectivity in the lumbar segments  

Visual observation and comparison of the connectivity maps between BDNF and Control 

animals did not show an evident superiority of the BDNF treated group in terms of 

interneuronal connectivity strength. Contrary to our hypothesis, intrathecal delivery of 

BDNF did not produce an increase in interneuronal connectivity (Figure 4-2(A)). 

Although we observed a lower number of units firing in the non-treated animals, 

connections strength appeared to be significantly higher for the Control group (Figure 

4-2(B)). Mean excitatory activity (Positive β values) for the control group was 0.18±0.05 

versus 0.14±0.02 for the treated cats; Mean inhibitory activity (Negative β values) was -

0.12±0.03 and -0.15±0.04 for the BDNF and Control groups respectively. Both positive 

and negative β values were significantly lower in the BDNF treated cats, with p=0.000 

(Figure 4-3). 
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4.4 DISCUSSION 

This study analyzed spinal multiunit activity and interconnection strength during air-

stepping in both BDNF treated and non-treated animals to uncover differences in lumbar 

interneurons firing and characterize the patterns of activation along the lumbar spinal cord. 

This was the first study addressing BDNF-induced changes in lumbar interneurons activity 

in a model of complete SCI. In our study, BDNF has been found to increase activity of the 

neurons in the lumbar locomotor circuit, which is reminiscent of previous studies based on 

c-Fos expression in interneurons located in the vicinity of the locomotor CPG (Boyce et 

al., 2012). The increase in lumbar interneurons activity found in our study was evidenced 

by the significantly higher average firing frequency, signal-to-noise ratio, and number of 

units active during air-stepping trials in the BDNF group, indicative of a major involvement 

of the BDNF-induced changes in interneurons activity in locomotor recovery.  

Furthermore, based on previous reports on feline models that support the idea that treadmill 

training induces plasticity within the CPG, as well as in the reflex pathways (Côté & 

Gossard, 2004; Côté, Ménard, & Gossard, 2003; Gossard et al., 2015), we believed that 

chronic BDNF infusion would have affected synaptic connection to the same extent as 

training. On the contrary, we found weak connection strengths between lumbar spinal 

interneurons, which was weaker in the BDNF treated cats. Our findings suggested a larger 

involvement effect of BDNF on interneuronal activity, rather than connectivity.  

4.4.1 Model limitations 

PP-GLMs frameworks have been successfully applied to a broad range of physiological 

problems, including neurophysiology (Barbieri et al., 2004; Eden et al., 2004; Frank et al., 
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2006; Frank et al., 2002; Frank et al., 2004; Schwartz et al., 2006; Truccolo et al., 2005; 

Vidne et al., 2012). In this study, PP-GLM was successfully used (Côté et al., 2003) to 

evaluate BDNF-induced modulation of the lumbar spinal interneurons. However, we 

believe that a more in-depth analysis of the BDNF effect on synaptic connections would 

be crucial to better elucidate the mechanism through which BDNF induces locomotor 

recovery.  

Our analysis on interneurons connection strengths was performed as an average per trial 

for each group. However, as our results showed, BDNF treated cats showed a significant 

higher number of active units in the lumbar circuitry. Thus, we can expect that connections 

between neurons are more spread out and, on average, this may have contributed to lower 

the connectivity strength in the BDNF group. An alternative analysis would be to either 

normalize both the positive and negative β values for the number of units or, more 

effectively, to select the 10 largest positive values and 10 largest negative values and 

evaluate if those selected βs are higher in the BDNF treated cats.  

We also have to point out that the β values we found were particularly low with respect to 

the ones obtained in other applications by Cajigas et al (β≈1). We wonder to what degree 

a difference of 0.04 for the positive β and 0.03 for the negative β is physiologically 

significant, especially since these averages were calculated for a significantly different 

number of active units. Based on Côté et al. study (Côté et al., 2003) about how the increase 

in afferent pathways strength between trained and untrained cats is reduced after 

administration of clonidine, it is possible that injection of clonidine may have elevated 

synaptic strength in both sets of animals, masking differences in connectivity.  



131 

 

In our analysis, we only took into consideration the influence of the ensemble spiking 

activity. However, it is possible that the influence of the neuron’s self-history is actually 

non-negligible and may affect interneurons connectivity. An analysis of the self-history 

coefficients will allow a better understanding of the results. 

Our analysis on neurons connectivity was also done as an average of the β values measured 

at two different recording depths: 1500 µm and 3000 µm from the dorsal aspect of the 

spinal cord.  However, an evaluation of the connections strength of neighboring neurons 

would be meaningful. A depth-dependent analysis would be significant to assess influences 

between interneurons located in the same laminae and to evaluate if in this condition the β 

values will be higher in the BDNF treated cats. 

It has also been shown that BDNF induces complex modulation of afferent synaptic 

transmission in the neonatal rat spinal cord. There is an initial tendency to facilitate, then 

suppress monosynaptic responses in motoneurons (V. L. Arvanian & Mendell, 2001). We 

considered a bin history of 5 ms, which mainly describes the effect of BDNF on short-

latency response. Since BDNF may affect also long-latency responses, it could be crucial 

to address this analysis on a longer time scale, although longer time scale gave poorer fit 

for our GLM models. 

Further analysis to better address this specific aim is needed. However, these findings 

constitute the first significant step towards understanding the mechanisms through which 

BDNF induces locomotor recovery. 
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Figure 4-2: Maps of interneuronal connectivity for a representative cat of the BDNF 

(A) and the Control (B) groups: PP-GLM analysis of spike trains produces maps of the 

GLM coefficients representing connectivity strength and describing how the spiking 

activity of a given neuron is influenced by the concurrent ensemble spiking activity. β 

positive values, represented by warm colors (towards red), indicate excitatory influence; β 

negative values, represented by cool colors (towards blue), indicate an inhibitory effect. 

Green indicates no correlation. BDNF treated cats showed a significant higher number of 

units active during air-stepping, however not as strongly connected as for the Control 

group. Each column in the map presents the influence or average β of neuron i (x axis) on 

neuron j (y axis). 
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Figure 4-3: Average negative and positive β values: Average negative and positive β 

values were calculated for the valid units and averaged per trial for both BDNF-treated and 

Control cats. The averaged values per group were compared and showed a significantly 

higher connectivity in the Control group (p=0.000).  
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Figure 4-4: Average firing rate (Hz) of the interneurons of the lumbar spinal cord at 

both rostral and caudal recordings locations: Firing frequency of the isolated units was 

averaged per trial in both rostral and caudal recording locations in both groups. Mean ± SD 

for each group was calculated. Average firing rate was significantly higher in the BDNF 

treated cats at both electrodes locations (26.12±7.61 Hz rostrally and 24.42±5.0 Hz 

caudally) when compared to controls (17.80±4.97 Hz rostrally and 21.2±6.43 Hz caudally) 

(p=0.000 rostral, p=0.004 caudal). This increase in firing rate is a sign of enhanced 

interneuronal activity. 
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Figure 4-5: Average Signal to Noise Ratio (SNR) of the interneurons of the spinal cord 

at both rostral and caudal recordings locations: Signal to noise ratio (SNR) of the units 

isolated was averaged per trial in both rostral and caudal recording locations for both 

groups. Mean ± SD for each group was calculated and compared. Average SNR was 

significantly lower in the BDNF treated cats at the caudal locations (Controls: 1.94±0.54, 

BDNF 1.65±0.56). 
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Figure 4-6: Average number of good units in the lumbar spinal cord at both rostral 

and caudal recordings locations: The total number of active units per trial was averaged 

for both rostral and caudal recording locations in both groups. Mean ± SD for each group 

(BDNF and Control animals) was compared between the groups. Average number of good 

units was significantly higher in the BDNF treated cats, sign of an increase in interneuronal 

activity (BDNF: 22.60±12.12 active units/trials rostrally and 23.84±11.77 active 

units/trials caudally; Controls: 16.9±8.4 12 rostrally, 18.3±13.1112 caudally).  
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Figure 4-7: Average firing rate (Hz) of the interneurons of the lumbar spinal cord at 

both rostral and caudal recordings locations for each cat of each group: Firing 

frequency of the isolated units was averaged per trial in both rostral and caudal recording 

locations for each cat. 2/3 BDNF treated cats, as well as 1/3 Control, showed significant 

differences between rostral and caudal interneuronal activity.  
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Figure 4-8: Signal to Noise Ratio (SNR) of the interneurons of the spinal cord at both 

rostral and caudal recordings locations for each cat of each group: Signal to noise ratio 

(SNR) was averaged per trial in both rostral and caudal recording locations for both groups.  
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Figure 4-9: Average number of good units in the lumbar spinal cord at both rostral 

and caudal recordings locations for each cat of each group: The total number of active 

units per trial was averaged for both rostral and caudal recording locations in each cat. 
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Figure 4-10: Alternation in the ankle flexor/extensor activity within each hindlimb 

during spontaneous locomotion: The figure shows the muscular flexor/extensor activity 

of the soleus (in red) and tibialis anterior (ta-in blue) recorded within each hindlimb, and 

left/right alternation between the two hindlimbs during spontaneous locomotion in one of 

the two cats that showed this phenomenon. Although the flexor and extensor activity 

alternated, the agonist and antagonist muscles often co-contracted. 
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CHAPTER 5  

SUMMARY AND FUTURE DIRECTIONS 

 

5.1 SUMMARY 

The goal of this work was to validate the efficacy and of intrathecal BDNF delivery to the 

lumbar spinal cord via an implantable and programmable mini-pump in a feline complete 

spinal cord transection model and to evaluate how BDNF modulates lumbar spinal 

interneuronal activity and connectivity to promote locomotor recovery.  

5.1.1 Specific Aim 1: Lumbar intrathecal diffusion of BDNF restores locomotor 

behavior in untrained spinal cats 

Our first specific aim explored the efficacy of intrathecal BDNF delivery to the locomotor 

centers, instead of at the injury site as in previous studies (Boyce et al., 2007; A. J. Krupka, 

Fisher, I., Lemay, M.A., 2016), at promoting locomotor recovery after complete SCI. 

The three major findings from Specific Aim 1 include: 1) intrathecal delivery of BDNF to 

the lumbar spinal cord promotes recovery of locomotor behavior in untrained spinalized 

cats that is 2) similar or better than the recovery obtained with locomotor training alone or 

with cellular delivery at the transection site, and 3) stepping ability is regained at low 

dosage of protein, avoiding the gait abnormalities observed at higher dosages in other 

animal models (Boyce et al., 2012). In Chapter 2 we have demonstrated that intrathecal 

delivery of BDNF is as effective as delivery via cellular grafts or Body Weight Supported 

treadmill training at restoring locomotor functions. Both kinematic and GRFs analysis 

showed the superiority of BDNF treated cats with respect to control animals at performing 

weight bearing plantar stepping at all velocities tested (0.3-0.8 m/s), often at the first time 
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point of 3 weeks post injury. That stepping was maintained for the entire duration of the 

experiment (5 weeks post-transection). In line with the kinematic results, the analysis of 

the GRFs revealed an indisputable dominance of the BDNF treated cats when compared to 

non-treated animals in the amount of weight support during walking. The BDNF treated 

animals were able to perform full weight-bearing stepping during locomotion at medium 

speed (0.4 m/s) and had significantly longer bouts of weight support during standing trials. 

Our results underline the ability of intrathecal delivery of BDNF via infusion pumps at 

avoiding the complications associated with cellular grafts delivery, and yet promoting a 

locomotor recovery comparable to that obtained with training or BDNF producing cellular 

graft. We also delivered a significantly lower dosage of protein (50 ng/day) compared to 

previous studies (Lyn B. Jakeman et al., 1998). We did not observe any dose-related, 

underlining the ability of BDNF to promote stepping even at dosages without the adverse 

reactions. Finding from this specific aim underline the reliability of drug infusion devices 

and the effectiveness of our delivery method. 

5.1.2 Specific Aim 2: Evaluation of the safety and extent of BDNF diffusion using 

the intrathecal mini-pump delivery method 

The second Specific Aim of this work was to determine BDNF diffusion within the lumbar 

spinal cord and investigate the safety of the delivery method.  

Our results showed that BDNF diffuses along the lumbar spinal segments in both BDNF-

L3 and BDNF-L7 cats, highlighting the fact that the location of delivery is not critical for 

locomotor recovery. Immunohistological analysis showed high BDNF accumulation in the 

cells of the dorsal root ganglions (DRGs) and lower, but still over background level density 

within cells of the grey matter. BDNF IHC extended from L3 to L7 in all BDNF treated 
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cats. BDNF immunoreactivity was evident around the nucleus of the cells of the DRGs and 

grey matter, but the nucleus itself was free of BDNF. We concluded that BDNF diffused 

to the spinal neurons of the DRGs via axonal uptake in the dorsal roots and, since TrkB 

receptors are highly expressed in the DRGs neurons, we can assume that a relevant 

concentration of BDNF bound to a sufficient number of high-affinity receptors in the DRGs 

neurons to promote biological responses. 

Furthermore, GFAP staining revealed minimal to no trauma and inflammation due to 

catheter insertion, establishing the safety of the delivery method. Delivery to the lower 

lumbar cisterna is minimally invasive and the additional intrathecal space at that level 

reduces the risk of potential damage to the spinal cord. Furthermore, the features of the 

micro-infusion pump, such as being programmable, subdermally implantable and 

percutaneously refillable, minimize the number of invasive surgeries and thus the risks for 

the animals and their spinal cords. Thus, the minimal invasiveness along with the 

possibility of delivering a constant and controlled dosage of BDNF through the mini pump 

makes this research project clinically appealing as a treatment for SCI and should facilitate 

FDA approval. 

5.1.3 Specific Aim 3: Chronic intrathecal BDNF delivery to the lumbar spinal cord 

increases lumbar interneurons activity 

In Specific Aim 3, we explored the effects of intathecal BDNF delivery on neurons’ 

synaptic connectivity and activity within the lumbar spinal cord during air-stepping trials. 

Our study focused on the lumbar spinal cord from segments L3-L7, roughly spanning from 

lamina V to lamina VII (from ~1500-3000µm deep). Based upon established findings 

showing that segments L3-L5 are mainly responsible for rhythmic generation in the cat 
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(Langlet, 2005), and that chronic BDNF expression increases the excitability of spinal cord 

neurons (Boyce et al., 2012) and acutely modulate and enhances synaptic transmission in 

the hippocampus (Levine et al., 1998; Levine et al., 1995), we hypothesized that chronic 

intrathecal BDNF infusion within the lumbar spinal cord would increase interneuronal 

activity and connectivity. In-vivo extracellular recordings , aimed at evaluating 

interneuronal activity patterns in both BDNF and Control groups, were conducted using 

two 64-channels electrodes arrays. One electrode array was statically placed at L3, while 

the other array was successively moved from L7 to L4 in the intermediate/ventral laminae 

(1500-3000µm). A PP-GLM was used to establish interneurons connectivity within the 

lumbar spinal segments. Neurons activity was calculated in terms of number of identified 

units, average firing rate (Hz), and signal to noise ratio. Single units had to meet the 

following criteria to be considered for analysis: 1) greater than 300 spikes in a trial 2) 

greater than 5 spikes per step 3) does not go silent for more than 1.5 seconds 4) contain 

less than 5% refractory period violations for a refractory period of 2 ms 5) signal-to-noise 

ratio (SNR) greater than 1.5 (Joshua et al., 2007).  

Contrary to our original hypotesis, infusion of BDNF in the lumbar segments did not induce 

an enhancement in interneuronal connection strenght. We found significantly higher 

intereuronal connectivity in the Control animals, though the average intersynaptic strength 

was particularly low in both groups when compared to previous analysis (Cajigas et al., 

2012; Truccolo et al., 2005). On the other hand, interneurons appeared to be significantly 

more active in the BDNF treated animals, with recruitment of a significantly higher number 

of units firing at significantly higher frequencies at both rostral and caudal recording 

locations. The units’ SNR was significantly lower in the caudal regions for the BDNF 
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treated animals when compared to the control group. These findings led us to the 

conclusion that locomotor recovery after BDNF delivery results from an increase in that 

lumbar interneurons activity, rather then from an increase in synaptic connectivity.  

5.2 FUTURE DIRECTIONS 

5.2.1 Neurotrophic factors 

Brain derived neurotrophic factor (BDNF) has been shown to promote recovery of stepping 

in different animal models of SCI, and using widely different delivery methods (Boyce et 

al., 2012; Boyce et al., 2007; Lyn B. Jakeman et al., 1998; A. J. Krupka, Fisher, I., Lemay, 

M.A., 2016). Whether BDNF is the only neurotrophic factor that has that effect is still an 

unanswered question. Previous studies using viral delivery of neurotrophins in spinal rats 

showed much better recovery with BDNF than NT-3 (Boyce et al., 2012). Furthermore, 

ELISA analysis of gafted cells engineered to produce NT-3 and BDNF implanted at the 

injury site of complete spinalized cats, showed a negligeable production of NT-3, 

concluding that the restored behevioral locomotor outcome was due exclusively to BDNF 

(Boyce et al., 2007). However, following studies conducted by our group  on the individual 

contribution of each neurotrophin to recovery in cats, showed that both BDNF and NT-3 

can independently promote locomotor recovery (Ollivier-Lanvin et al., 2015). Moreover, 

as poined out in Boyce et al. 2007, it is possible that although extremely low, the 

concentration of NT-3 contributed to the observed locomotor behavior recovery (Boyce et 

al., 2007). Both classes of neurotrophins have been shown to contribute to fiber sprouting 

and modification of the efficiency of synapic trasmission, which have been implicated in 

recovery of stepping (Côté & Gossard, 2004; Côté et al., 2003; Markin et al., 2010). While 

NT-3 enhances monosynaptic transmission to motoneurons, it tends to reduce polysynaptic 
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responses; BDNF tends to initially facilitate, but then suppress monosynaptic responses, 

while increasing polysynaptic ones (Victor L. Arvanian et al., 2003; V. L. Arvanian & 

Mendell, 2001).  

It has also been shown that spinal cord BDNF is involved in the generation and 

maintenance of chronic neuropathic pain. Exogenous administration of BDNF to the rat 

spinal cord has been shown to decrease the nociceptive threshold and, thus, enhance 

neuronal sensitiveness to painfull stimuli (Constandil et al., 2011). On the other hand, NT-

3 has been shown to have an “analgesic” effect on chronic pain, reducing over expression 

of specific sodium channels linked to neuropathic pain (Wilson-Gerwing, Stucky, 

McComb, & Verge, 2008). Intrathecal delivery of NT-3, but not BDNF, also promotes 

growth of large sensory axons associated with proprioception in the rat spinal cord, crushed 

at the T6 level (Bradbury et al., 1999).  

For these reasons, future experiments aimed at exploring the extent of locomotor recovery 

obtained with intrathecal infusion of NT-3 in the lumbar spinal cord will be beneficial to 

determine the contribution of each classes of neurotrophins in locomotor recovery and their 

effects on the lumbar locomotor circutry.  

In this study, we also observed that a significant lower dosage of BDNF than used in 

previous studies (Lyn B. Jakeman et al., 1998; Martin Bauknight et al., 2012) is able to 

restore locomotion in untrained spinal cats in the absence of the stepping abnormalities, 

such as the hopping observed in other animal models (Boyce et al. 2012). However, a dose-

response curve may be necessary to optimize doses of neurotrophins necessary to 

contribute to locomotor recovery. Although sufficient for cats, it may not simply transfer 

to humans, even if adjusted for body weight. Performing a dose-response curve in pre-
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clinical studies may be beneficial for future clinical applications. The features of the pump, 

such as being programmable, implantable and refillable via percutaneous access to the 

septum allows different administration protocol, yet remain minimally invasive. In this 

study, we delivered neurotrophin immediately after injury, using an instant/constant flow. 

The option of programming the pump with a variable infusion mode and refilling the pump 

via percutaneous access to the septum, allows neurotrophins delivery at different time 

points and with different flow rates, start times and durations.   

5.2.2 Combination of therapies 

Previous studies have shown the most significant improvement of recovery from 

combination therapy. Significant axonal growth and bridging beyond the lesion site was 

achieved using combination strategies of somal stimulation with cAMP and axonal 

stimulation with neurotrophin (B. Lu, 2003). Boyce et al. showed the most drastic 

improvement in locomotor recovery when combination of neurotrophins producing grafts 

implanted at the injury site and body weight supported treadmill training were applied 

(Boyce et al., 2007). In this study, cats received only intrathecal BDNF delivery. An 

expansion of this study that include intrathecal neurotrophins delivery associated with 

exercise and training will validate the effectiveness of combination therapy and facilitate 

the path to clinical applications.   

5.2.3 Delayed neurotrophins delivery 

It has been demostrated that the timing between injury and beginning of treatment is 

crucial. Extended delays before the beginning of the treatment have reported reduced 

recovery of motor capability, negatively impacting the efficacy of the treatment in chronic 

injured rats (Norrie et al., 2005; Tobias et al., 2003). Similarly, De Leon et al. showed that 
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after extended period of inactivity (12 weeks without treadmill training), locomotor 

recovery declines in feline models of SCI (deLeon, 1999). Recently, our group showed 

surprising results obtained with 6 weeks delayed grafting, with cats retaining locomotor 

recovery up to 12 weeks post-grafting (A. J. Krupka, Fisher, I., Lemay, M.A., 2016). These 

are incredible steps toward the treatment of chronic SCI patients. Evaluation of the efficacy 

of delayed intrathecal neurotrophins delivery, along with the clinically translational 

potential of the use of mini infusion pumps, will make the path for FDA approval easier 

and provide the basis to design clinical studies for patients suffering from chronic SCI.  

5.2.4   Elucidating neurotrophins effects on lumbar locomotor circuits 

Although the mechanisms by which neurotrophins promote locomotion still remain 

uncertain, this study provides a first important step towards understanding the effects of 

chronic BDNF infusion on the lumbar locomotor circuitry. The effects of neurotrophins on 

interneuronal circuit have been assessed with regards to motoneurons (Boyce et al., 2012); 

however, until this study, little was done to address NTFs-induced changes in interneuronal 

activity. Further exploration of the current dataset could expand our interpretations about 

the activity and organization of the locomotor CPG. A first step would be to strenghten our 

comparison between the neural activity between lumbar segments. It would be interesting 

to address how BDNF selectively increase interneurons activity in the single lumbar 

segments to evaluate changes in the topography of responsiveness and to further define the 

main lumbar segments involved in locomotor recovery. Extracellular recording procedures 

offer limited  capabilities to specifically identify the recorded interneurons. Genetic 

identification of spinal interneurons would allow for greater characterization between cell 

type, firing pattern, and rhytmic behavior, as already shown by (Crone et al., 2008; Jessell, 
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2000; Lanuza et al., 2004). Furthermore, a more in depth analysis of the BDNF effect on 

synaptic connections would be crucial to elucidate the mechanism through which BDNF 

induces locomotor recovery. Our analysis on interneurons connection strengths was 

performed as an average on the total number of good units found for each group. However, 

as our results showed, BDNF treated cats showed a significant higher number of active 

units in the lumbar circuitry, which may have contributed to lower the overall connectivity 

strength in the BDNF group. An alternative analysis would be to take into account only the 

10 higher positive β values and 10 higher negative β values and evaluate if in this condition 

treated cats will show stronger connectivity.  

Our analysis on neurons connectivity was also done as an average of all the β values 

calculated at two different electrode depths: 1500 µm and 3000 µm from the dorsal aspect 

of the spinal cord. However, an evaluation of the connections strength of neighboring 

neurons would be meaningful. It would be crucial to perform a depth-dependent analysis 

to assess influences between interneurons located in the same laminae and to evaluate if in 

this condition connectivity will be higher in the BDNF treated cats. 

We have also speculated that BDNF may activate the same mechanisms of recovery 

induced by locomotor training. It would be of great interest to determine the effects of both 

interventions on lumbar interneurons activity and their benefits on recovery of locomotor 

functions. 

5.3 CONCLUSIONS 

Significant advancements on SCI treatments have been made in the past decades and the 

aim of developing clinically transferrable protocols is still research’s number one priority. 

By succesfully using intrathecal neurotrophin delivery via an implantable and 
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programmable mini-pump in a large animal model of SCI, we have determined the 

fesibility of this approach to be clinically applicable to SCI patients.  

This is the first work to report the efficacy and safety of neurotrophins delivery to the 

lumbar spinal cord via implantable infusion pump. This work confirmed that the spinal 

circuit below the level of the lesion remains functional following spinal cord injury and 

untrained spinal cats can recover stepping at levels comparable to BWS training or cellular 

delivery at the injury site. These findings raise the possibility of using neurotrophins in 

clinical settings, demonstrating that the lumbar locomotor circuit can be re-engaged by 

constant neurotrophins delivery and that this occurs in the absence of axonal regeneration. 

We have also shown that the location of delivery within the lumbar spinal cord does not 

alter the extent of locomotor recovery. BDNF has been shown to mainly accumulate in the 

cells of the DRGs, likely via retrograde axonal transport after uptake from spinal roots, and 

to diffuse along the lumbar cord, acting directly on the locomor circuitry and promoting 

functional plasticity. 

Furthermore, although these findings did not establish the expected BDNF-induced 

enhancement of synaptic connections in the neurons of the lumbar network, they confirmed 

the major involvement of BDNF in increasing the activity of the spinal interneurons 

involved in locomotion, opening the door to further investigating the mechanism through 

which neurotrophins induce recovery of locomotion. 
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