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DAY1  5th September, 2008 

 
Session  I: Chronic spinal cord injury -- Chair: Mark Tuszynski 
 

Use of intraspinal microstimulation for restoring f unction after spinal cord injury: 
sites of action and long-term muscular adaptations 

Vivian K Mushahwar 

Department of Cell Biology and Centre for Neuroscience, Faculty of Medicine and Dentistry, University of 
Alberta, Edmonton, Alberta, Canada 

We have been developing the use of intraspinal microstimulation (ISMS) as a means for restoring 
standing and walking after spinal cord injury (SCI).  The technique entails the implantation of ultra-
fine wires in the spinal cord and passing electrical pulses through them to elicit movements in the 
legs.  The target region for the implant is the lumbosacral enlargement, a region that is 5 cm-long in 
humans, and 3 cm in our animal model, the adult cat.  This region contains cell bodies of 
motoneurons innervating all the muscles of the lower extremities as well as large proportions of the 
neuronal networks involved in locomotion.  

Our results to date have demonstrated that: 1) ISMS through some microwires produces single joint 
movements; 2) the generated forces are larger than one would expect from direct activation of 
motoneurons in the vicinity of the active tip; 3) the generated forces are graded with stimulus 
amplitude and are fatigue-resistant, suggesting a near-normal recruitment order of motoneurons 
based on their size; 4) stimulation through other wires produces coordinated multi-joint synergies, 
suggesting the activation of motoneurons in pools separated by distances larger than those 
accounted for by direct spread of current; 5) ISMS through microwires eliciting extensor synergies 
produces prolonged, weight-bearing standing; 6) patterned ISMS through microwires producing 
flexor or extensor synergies generates prolonged, bilateral weight-bearing stepping; and 7) tonic, 
non-patterned ISMS at sub-motor threshold levels delivered through a few closely positioned 
microwires produces rhythmic, locomotor-like movements in the legs, suggesting the activation of 
the full orchestration of locomotor networks within the lumbosacral enlargement. 

Collectively, these exciting results suggest that even though the tips of ISMS microwires are 
positioned within the region of the motoneuron pools in the ventral horn, the elicited responses 
cannot be fully explained by the direct activation of motoneurons.  In this talk, I will discuss our 
recent work in determining the sites and mechanisms of action of ISMS as we attempt to gain a 
better understanding of the functional outcomes obtained to date.  I will share our findings from 
electrophysiological recordings obtained from single neurons during ISMS, and discuss our plans to 
expand upon these findings using immunohistochemical approaches.  I will also present the most 
recent findings on the effect of long-term ISMS on muscle fibre-type transformation in adult rats with 
chronic SCI. 
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Respiratory function and chronic cervical spinal co rd injury (SCI)  

Paul J. Reier1, Michael A. Lane1, Todd E. White1, D.D. Fuller2 

1Department of Neuroscience and the McKnight Brain Institute, University of Florida and 2 Department of 
Physical Therapy, University of Florida, Gainesville, Fl., USA 

Respiratory compromise can be a major consequence of SCI at any level of the spinal cord from 
high cervical to upper lumbar levels.  Injuries at C3 or higher are often especially detrimental due to 
impaired diaphragm function.  This outcome has been modelled in rats and other species by C2 
hemisection (C2HMx) which results in paralysis of the ipsilateral hemidiaphragm.  However, within 
days to weeks post-injury, some recovery of hemidiaphragm function occurs which has been 
attributed to neuroplasticity at the level of the phrenic nucleus.  We recently investigated the long-
term neurophysiological changes in ipsilateral phrenic motoneuron (ipsiPhMN) output and breathing 
behavior following C2HMx in adult rats.  Plethsymography was used to obtain repeated measures of 
ventilation in unanesthetized animals; ipsiPhMN output was determined in terminal 
neurophysiological studies of anesthetized rats.  For both outcomes, rats were studied during quiet 
breathing (i.e. baseline) and chemical challenge (i.e. hypercapnia or hypoxia).  The latter was 
employed since deficits in this model are more evident under demanding respiratory conditions.  
C2HMx caused predictable changes in the baseline breathing (increased frequency, reduced tidal 
volume).  Improvements in breathing patterns during both baseline and challenge were observed 
over the course of 2-12 weeks; however, deficits remained.  In particular, tidal volume in C2HMx rats 
remained significantly reduced, whereas frequency of breaths during hypercapnic challenge was 
similar between controls and injured animals. The ability to augment ipsiPhMN output during hypoxic 
challenge also showed progressive increases; however, ipsiPhMN output never approximated levels 
recorded from the contralateral phrenic nerve.  We also noted a C2HMx-induced differential onset in 
ipsi- and contralateral PhMN bursting.  Descending inspiratory drive to the PhMN pools are 
predominantly monosynaptic, and the onset of right-left phrenic bursting is synchronous.  The 
temporal difference noted in C2HMx animals, led to speculation that other neuronal populations may 
be recruited by injury.  To explore this consideration, we employed retrograde transneuronal tracing 
with pseudorabies virus (PRV) and complementary anterograde tracing methods.  PRV application 
to one side of the diaphragm in normal rats resulted in primary infection of the ipsiPhMN pool, as 
well as second-order labeling of a substantial population of cervical interneurons.  Anterogradely-
labeled terminals of physiologically-identified bulbospinal respiratory projections were also found in 
close proximity to some PRV-infected interneurons.  Similar labeling patterns were seen two-weeks 
post-injury in C2HMx rats.  Later post-injury times are currently being evaluated.  Our combined 
physiological and neuroanatomical results suggest that despite significant improvements in 
breathing behavior and PhMN neurophysiology, neuroplasticity associated with the sCPP is by itself 
insufficient to support an optimum degree of respiratory recovery over the course of three months.  
While not the typical clinical injury, C2HMx results in overall changes in breathing that resemble the 
general level of respiratory recovery often seen in chronic cervical SCI patients weaned from 
mechanical ventilation.  Our neuroanatomical studies have also revealed pre-phrenic interneurons 
some of which may be functionally recruited after injury and thus play important roles in modulating 
respiratory neuroplasticity after injury.  These findings provide an important foundation for testing the 
safety and efficacy of therapeutic strategies in this experimental model under acute and chronic 
injury conditions.  The data also establish an important frame of reference for our current 
characterizations of respiratory consequences of cervical contusion injuries in the rat. 

 

Supported by: NIH (PJR, DDF), the Craig H. Neilsen Foundation (MAL), and the Anne and Oscar Lackner Chair 
in Medicine (PJR) 
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Chronic spinal cord injury; overview and challenges  

James Guest 

Neurosurgery and the Miami Project to Cure Paralysis, University of Miami, USA 

Following the acute phase of traumatic spinal cord injury (SCI), the chronic stage ensues. The point 
at which the state of chronic spinal cord injury (CSCI) begins depends upon which aspect of injury 
and recovery is selected for focus. Examples include the clinical time point at which neurological 
recovery plateaus, or alternatively the biological time-point when axonal sprouting ceases.  

Clinical aspects of chronic SCI.  We know more about the clinical aspects of chronic SCI than 
several of the biological aspects. The neurological status of chronically injured patients is generally 
stable. Neural and muscle reorganization is associated with increased reflex tone, and changes in 
muscle properties and bladder dysfunction. Unique systemic conditions such as autonomic 
dysreflexia emerge.  Serial MRI studies show stable signal changes and a cavity during yearly 
monitoring except in those patients who develop syringomyelia or myelomalacia. Clinical 
complications of chronic SCI such as pressure sores can increase disability independent of neural 
changes. Autopsy studies have shown a variable extent of chronic axonal demyelination and severe 
die-back of the corticospinal pathway. Loss of motor neurons below the level of injury is not 
prominent. The extent to which the neuronal reorganization underlying chronic spasticity can be 
permanently reversed is unknown, this is a major challenge for repair strategies.  

Experimental.  Most repair-oriented SCI research has been conducted on acute injuries because 
the potential for acute neuroprotection exists. There may be more potential for favorable plasticity 
during the acute phase.  Aspects of the cellular response such as apoptosis and neuronal sprouting 
may also be altered by therapeutics. One benefit of experiments in chronic SCI is that a stable 
neurological baseline usually exists prior to the intervention. 

We have created a primate model of chronic incomplete SCI in which one medullary pyramid is 
severely damaged by stereotaxic radiofrequency (RF) causing hemiparesis with severe hand 
dysfunction. This RF lesion is similar to human SCI with a necrotic cavity and a penumbra 
containing spared demyelinated axons. We have tested autologous SC transplantation in this model 
at 2.3 years post-injury with encouraging effects on walking function.  
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Session  II: The influence of the innate immune system -- Chair: Ann 
Logan 
 

Bone marrow stem cells to the rescue of brain disea ses 

Serge Rivest 

Molecular Endocrinology, CHUL Research Center, Ste-Foy, PQ G1V-4G2 Canada 

Microglia are the immune cells of the central nervous system.  They patrol of the brain environment 
with their ramifications and they respond quickly in presence of pathogens and brain damages.  
Others and we have recently reported the existence of two different types of microglia, the resident 
and the newly differentiated microglia that derive from the bone marrow stem cells.  Of great interest 
is the fact that blood-derived microglial cells are associated with amyloid plaques and these cells are 
able to prevent the formation or eliminate the presence of amyloid deposits in mice that develop the 
major hallmark of Alzheimer’s Disease (AD).  These cells are also recruited in the brain of other 
mouse models of brain diseases and acute injuries.  They represent therefore a fantastic new 
vehicle for delivering key molecules to improve recovery, repair and elimination of toxic proteins.  
However recent studies have challenged this concept and raised concerns regarding the 
physiological relevance of bone marrow-derived microglia.  This lecture will present both sides of the 
story and why the models used to follow the phenotypic fate of these cells are so critical to reach the 
proper conclusion.  Blood-derived progenitors have the ability to populate the CNS, especially during 
injuries and chronic diseases.  However they do not do it in an efficient manner and such a lack of 
proper recruitment may explain the delay in recovery and repair after acute damages and 
accumulation of toxic proteins in chronic brain diseases. We will show new data regarding the very 
effective molecular strategies for modifying genetically microglial progenitors to be used as a cure 
for brain diseases and repair. 

Our work is supported by the Canadian Institutes of Health Research, grant # RMF 72554. 
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Inflammation in spinal cord injury 

Salvatore Cuzzocrea 

Department of Clinical and Experimental Medicine and Pharmacology, School of Medicine, University of 
Messina, Italy and IRCCS Centro Neurolesi "Bonino-Pulejo", Messina, Italy   

Acute traumatic spinal cord injury (SCI) represents one the most devastating injuries to afflict the 
human body. The injury has a high rate of prevalence in the younger population, creating physical, 
emotional, and economic burdens on both the individual and society. Medullar lesions represent one 
of most complex and invalidating pathologies. In the majority of human SCI, the mechanism of the 
primary injury is acute compression or laceration of the spinal cord (SC) due to displacement of 
bone or disc into the SC during fracture-dislocation or burst fracture of the spine. The development 
of a rational approach to the treatment of acute traumatic SCI in humans requires a standardized 
and reproducible animal model in which a quantifiable trauma stimulus can be correlated with 
functional recovery and morphology of the cord lesion. To mimic the majority of mechanical events 
that lead to various forms of human SCI, several experimental models have been developed. It has 
been hypothesized that there are two steps in the pathologic process leading to acute traumatic SCI: 
the primary mechanical injury and a secondary injury due to one or more additional damaging 
processes initiated by the primary injury. The injured environment during the acute phase of SCI is 
dominated by the presence of the pro-inflammatory cytokines TNF-a, IL-1 and IL-6. Macrophages 
produce pro-inflammatory cytokines like TNF-a, IL-1 and IL-6 which are released immediately after 
injury by microglia. Furthermore, within 15 min, its mRNA levels as well as those of TNF-a and IL-6 
are increased in most cellular components of the CNS. As both IL-1 and TNF-a can co-stimulate the 
expression level of each other, as well as that of IL-6, and the levels of all three cytokines increase 
rapidly. Binding of both TNF-a and IL-1 to their receptors causes them to induce the inflammatory 
response by signalling through the nuclear factor kB (NF-kB) pathway. An observed increase of the 
pathways end product, NF-kB, is observed in neurons, microglia and endothelial cells by 30 min 
post-SCI and persists for at least 72hrs. This is crucial as active NF-kB stimulates the production of 
inflammatory mediators such as ROS, cytokines, iNOS, prostaglandin (synthase-2, arachidonic acid, 
proteases and endothelial cell adhesion molecules (CAMs). As with most neurodegenerative 
conditions including SCI, therapies that use NOS, PARP and NF-kB inhibitors, antioxidants aimed at 
preserving the spared tissue after injury, along with blocking the ensuing inflammation and 
apoptosis, have shown profound beneficial effects on the behavioral outcome and recovery after 
injury, because these are able to suppress the acute inflammatory reactions and minimize secondary 
damage. 
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Anti-inflammation treatment of spinal cord 

J. Regino Perez-Polo 

Dept. Biochemistry and Molecular Biology, Sealy Center for Molecular Medicine, Shriner’s Hospital for Children, 
University of Texas, Medical Branch, Galveston, Texas, 77555-1072, USA 

Spinal cord injuries (SCI) can result in long term bilateral loss of volitional motor control, insensibility 
to sensory stimulation and chronic central pain. Associated with the loss of function, there are 
neuronal and glial losses in the cord characterized by an initial onset of inflammation with molecular 
and cellular features common to the immune response to trauma outside the nervous system that is 
likely to result from the SCI-induced disruption of the blood brain barrier. SCI triggers early increases 
in the levels of the inflammatory cytokine interleukin 1�  (IL-1b). IL-1�  binds to interleukin 1 receptors 
(IL-1R), which in turn stimulate selective NF-� B transcriptional induction of inflammatory genes: 
cytokines, chemokines and cyclooxygenase-2 (COX-2) and nitric oxide synthase (iNOS). This latter 
two generate free radicals and further cell death. We characterized the SCI-induced molecular 
cascade acting via IL-1R and developed interventions to diminish neuronal death and optimize 
locomotor recovery and diminish neuronal hypersensitivity, a major contributor to chronic central 
pain. Our overall hypothesis was that selective intervention in this inflammatory pathway would 
ameliorate locomotor dysfunction after SCI.  

We focused on IL-1-mediated cell death after SCI and the blockade of IL-1R–mediated events after 
SCI with endogenous IL-1R antagonist (IL-1ra, Kineret) and subsequent downstream transcriptional 
regulation by NF-kB of COX-2 and iNOS in a rodent SCI contusion model that best approximates 
human SCI. We also blocked p50/p65 NF-kB DNA promoter binding using synthetic double 
stranded “decoy” deoxyoligonucleotides containing the COX-2 promoter NF-kB binding consensus 
sequence. Blocking SCI–induced IL-1 signaling attenuated SCI-induced several components of SCI-
induced neuronal death. Blocking NF-� B activation with decoys targeted to p50/p65 NF-� B 
attenuated SCI-induced increases in COX-2 and iNOS, neuronal losses and improved locomotor 
recovery while diminishing neuronal hypersensitivity measured as mechanical allodynia. 

Supported by NINDS and Mission Connect.  
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Session  III: NRB student presentations -- Chair: Peter Ellaway 
 
Targeting ROCKII inhibition following spinal cord i njury 

Phil Duffy  

King’s College London, UK 

ROCKII is a downstream effector of RhoA in the Nogo signalling cascade, and is involved in the 
inhibition of neurite outgrowth after injury through influencing actin growth cone dynamics (Fournier 
et al., 2003). ROCK inhibition with Y-27632 promotes neurite outgrowth in vitro and negates the 
inhibitory effects of myelin and CSPGs as substrates (Jalink et al., 1994; Fournier et al., 2003). The 
Clostridium botulinum C3 exoenzyme was observed to promote neurite outgrowth in culture (Jalink 
et al., 1994), and promotes re-growth of optic nerves (Lehmann et al., 1999) and CST axons 
(Dergham et al., 2002) in vivo. Administration of the ROCK inhibitor, Y-27632 in vivo after SCI has 
also shown efficacy in promoting anatomical and functional recovery (Dergham et al., 2002).  The 
interpretation of pharmacological inhibition with Y-27632 has limitations.  The compound inhibits 
both the major brain isoform ROCKII and the ubiquitous isoform ROCKI.  In addition, Y-27632 
blockade may be partial and may include off-target effects. For example, Y-27632 has been shown 
to inhibit PRK2, which has a role in regulation of the actin cytoskeleton (Davies et al., 2000; Flynn et 
al., 2000) and could thus play a part in neurite extension and elongation after SCI.  

To assess complete and specific ROCKII loss of function, we studied mice null for the ROCK II 
gene. At baseline, mild alterations in cortical dendrites and reduced rotarod performance were 
observed.  These mice underwent separate hemisection and rhizotomy injuries, and anatomical and 
functional recovery was assessed. Anterograde corticospinal tract tracing did not reveal growth of 
axons past the lesion site in any group. However, there were significantly more CST axons 
approaching and at the lesion perimeter of rockII-/- animals, indicative of an increased axon growth 
phenotype. Raphespinal tract growth was observed in rockII-/- animals. Serotonergic axon length 
was increased in rockII-/- animals caudal to the lesion. RockII-/- mice did not recover to a significantly 
greater extent or more rapidly than control littermates by BMS score.  Functional and anatomical 
recovery was observed in rockII-/- mice after quadruple C5,6,7,8 rhizotomy. CTB-, SPRR1A- and 
CGRP-positive fibres were observed growing through the damaged DREZ in rockII-/- mice. RockII-/- 

animals recovered use of the injured fore limb more rapidly in the spontaneous exploration test than 
did rockII+/- and rockII+/+ littermates.  Thus, genetic experiments confirm a specific role for ROCKII in 
limiting axonal growth and functional recovery after adult mammalian CNS trauma. 

 

Investigating the effects of constitutively active Ras and dominant negative MEK1 on 
regeneration and functional recovery following cerv ical spinal cord lesion 

Milan Makwana 1, Patrick N. Anderson2, Mariya Hristova1, Ahad Rahim1, Freda D. Miller3, David 
Kaplan3, Rolf Heumann4, Gennadij Raivich1,2 

1Centre for Perinatal Brain Protection and Repair, Dept of Obstetrics & Gynaecology, University College 
London, London,UK  2Department of Anatomy, University College London, London, UK  3University of Toronto, 
Sick Children Hospital, Toronto, Ontario, Canada  4Department of Neurobiochemistry, Ruhr-University Bochum, 
Germany 

The extracellular signal-regulated-kinase cascade is important in neuronal survival and plasticity. To 
determine the function of neuronal Ras and MEK in axonal regeneration, we generated constitutively 
active Ras (Ras+), dominant-negative MEK1 (MEK1dn) and Ras+xMEK1dn double mutant (DM) 
transgenic mice.  Studies in these mutants have shown extensive collateral sprouting of 
corticospinal tract (CST) axons, rostral to the lesion in the grey and white matter on the ipsilateral 
side in Ras+, MEK1dn and DM animals compared with wild-type (WT) controls. Rearing and grid-
walk tests were used to test functional recovery over a period of 28 days following a unilateral left 
dorsal hemisection (DH) at C4, followed by labelling of the CST with biotinylated dextran amine to 
assess the sprouting response.  Ras+ and MEK1dn groups performed significantly better in left 
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forepaw use than WT in the rearing test at day 14 (35.0%±9.0%; 45.0%±7.0% versus 9.0%±5.0%; 
mean±SEM respectively; **p<3%). The DM group did better at a later stage, with significant 
improvement at day 28 (50.0%±9.0%; **p<3%) compared with WT (13.0%±5.0%) and Ras+ 
(25.0%±3.0%).  Similarly, Ras, MEK1dn and DM animals showed significantly less footslips on the 
left forepaw compared with WT at day 28 (11.0%±2.0%; 10.0%±1.0%+/-; 12.0%±1.0%; 
19.0%±2.0%; respectively. **p<2%.  In left-hindpaw use, both Ras and DM mutants also showed a 
significant improvement at day 28 compared with WT (14%±1%; 9%±2%; 12%±1%; 8%±1%; 
1%±1%) for WT, Ras, MEK1dn, DM, sham respectively. **p<2%). Hence, neuronal expression of 
MEK1dn enhances CST sprouting below the injury site. Furthermore, the combination with Ras+ 
also enhances functional recovery following C4 DH. 

Keywords:  spinal cord; sprouting; MAP kinase  
 
 

Use of repetitive transcranial magnetic stimulation  in incomplete spinal cord injury 

Nicolas KK King 1, Anna Kuppuswamy1, Ebba M Bergstrom2, Ali Jamous2, Peter H Ellaway1 

1Department of Clinical Neuroscience, Division of Neuroscience, Imperial College London, London W6 8RP, 
and 2National Spinal Injuries Centre, Stoke Mandeville Hospital, Aylesbury HP21 8AL, UK. 

Introduction:  After a spinal cord injury (SCI) in addition to the changes at the spinal level, cortical 
reorganisation takes place and plays a part in motor recovery.  In this cross-over study, the 
therapeutic application of repetitive transcranial magnetic stimulation (rTMS) as a non-invasive 
technique to modulate post-injury cortical plasticity is investigated.   

Methods:  With local ethics approval, ten subjects with chronic incomplete SCI (median time of injury 
= 4.7 years, range = 1.5-16 years) at the cervical level were recruited.  After a lead-in period, 
subjects were randomised to receive either real or sham rTMS for one hour daily on 5 consecutive 
days.  The rTMS delivered consisted of paired-pulses sub-threshold for the thenar muscles 100ms 
apart and repeated every 10s (Belci et al. 2004) and targeted the weaker side.  Assessments were 
performed at the end of treatment, and at weeks 1, 4 and 8 post-rTMS. The washout period was at 
least 8 weeks.   

Results:  Motor cortical excitability as assessed using motor evoked potential was increased 
following real rTMS by an average of 52.8% (over the four post-rTMS assessments) relative to sham 
(F=5.5 , P=0.02).  Real rTMS also caused a significant decrease of 14% (F=3.1, P=0.02) in the time 
required to complete a 9-hole pegboard test from baseline compared to 7% (P>0.05) for sham 
rTMS.  There were no significant changes for the cortical silent period, simple reaction time and 
American Spinal Injuries Association motor score in the targeted limb.   

Conclusion:  These would suggest that direct modulation of cortical plasticity, even after chronic 
injury, with one week of rTMS can lead to a lasting increase in cortical excitability which is 
associated with an improvement in the performance of a dexterity task.  The findings will need to be 
replicated in a larger study.  

 

References: 

Belci M et al. (2004). Spinal Cord 42,417-9. 
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Session  IV: Cell-based therapies -- Chair: Geoffrey Raisman 
 
OECs use different mechanisms to stimulate dendriti c branching and axonal 
elongation of regenerating corticospinal tract neur ons 

Jane Roskams 

Department of Zoology, Brain Research Centre and ICORD, University of British Columbia, Vancouver, BC, 
V6T-1Z3 Canada 

In our previous ISRT-supported work, we found it was incredibly challenging to grow enough human 
LP-OECs in culture to be effective in transplantation. However, in parallel, we set out to determine if 
OECs could, under stringent conditions, stimulate the regeneration of functionally important spinal 
tracts. To do this, we have used Thy1.1 transgenic mice expressing YFP in postnatal corticospinal 
projection neurons, as a source for culturing CST neurons at postnatal day 8, after they have 
established synapses in the spinal cord. This allows us to assess the efficacy of factors that 
influence survival and neurite outgrowth on mature, axotomized neurons. Following culture, YFP-
positive corticospinal neurons represent an enriched neuronal population over other glia and 
interneurons, survive, and extend processes over time.   

YFP-positive corticospinal neurons also continue to express combinations of corticospinal markers, 
CTIP2 and Otx1, over time in culture. CST neurons display different degrees of axon extension, 
dendritic branch length and elaboration, and neurite elongation if response to NT-3 and CNTF, and 
an inhibitory outgrowth response when cultured on Myelin associated glycoprotein (MAG).  Most 
importantly, CST neurons exhibit significant axonal outgrowth when co-cultured with OECs or on 
plasma membrane fractions from OECs. In contrast, they exhibit significant increases in dendritic 
outgrowth and branching (and no axonal response) in response to OEC-secreted factors. This assay 
thus allows us to assess independent aspects of CST survival and axonal and dendritic outgrowth 
kinetics, which allows for the rapid and sensitive analysis of factors that may effectively stimulate 
corticospinal neuron survival or outgrowth following spinal cord injury. 
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Schwann cells from Skin-derived precursors (SKP-SC)  for spinal cord repair 

Joseph Sparling1, Jeff Biernaskie2, Frederic Bretzner1, Jie Liu1, Freda Miller2, Wolfram Tetzlaff 1 

1ICORD, International Collaboration on Repair Discoveries, UBC, Vancouver, and 2Hospital for Sick Children, 
Toronto, Canada 

Cellular transplantation is increasingly considered as a treatment option for spinal cord injury (SCI) 
although the optimal type and source of cell as well as mode of transplantation is still to be 
determined.  We have previously shown that Schwann cells generated from skin-derived precursors 
(SKP-SC) following subacute (7d) transplantation into the contused spinal cord of rats, bridged the 
contusion sites, myelinated spared axons in the bridge as well as the host tissue rim and enhanced 
locomotor recovery (Biernaskie et al. 2007 Journal of  Neuroscience, 27:9545-59).  

More recently, we have hypothesized that SKP-SC promote plasticity/regeneration of rubrospinal 
axons and enhance functional recovery after incomplete cervical spinal cord injury. SKPs from green 
fluorescent protein (GFP) expressing neonatal rats were differentiated into Schwann cells in vitro 
and acutely transplanted into a (left) cervical (C4/5) dorsolateral funiculus lesion of young adult 
GFP-negative rats. Behaviorally, rats transplanted with SKP-SC showed improved balance between 
the left forelimb and the other limbs during walking on a CATWALK (footprint analysis) and 
increased use of the left forelimb during vertical exploration in a cylinder test. Electrophysiological 
stimulation of the red nucleus revealed lower thresholds necessary to evoke an electromyographic 
response in left forelimb muscles of SKP-SC transplanted rats, indicating increased rubrospinal 
efficacy. This increased rubrospinal efficacy was corroborated by enhanced branching of rubrospinal 
axons within the gray matter rostral to the lesion; however there was no evidence for regeneration or 
sparing of rubrospinal axons across the lesion site. Only a fraction of the acutely transplanted SKP-
SC survived at 10 weeks after injury. However, these cells integrated into the ventral wall of the 
lesion site, myelinated axons, reduced astrogliosis and tended to reduce the size of the disrupted 
host cytoarchitecture.  

In the light of the possible use of SKP-SC in auto-transplantation paradigms we tested their 
integration into the contused spinal cord (T9 epicenter) at 5 weeks after injury.  This timeframe 
reflects the time required to harvest skin and grow up sufficient SKP-SC.  The transplantations were 
well tolerated with only a very transient decline in motor performance. At six weeks post 
transplantation, SKP-SC were found to survive and integrate into the host injury sites and in 
conjunction with large cohorts of endogenous Schwann cells these bridged the contusion sites and 
were accompanied by numerous host axons. Double immunostaining for peripheral myelin protein 
Po and SKP-SC (GFP) revealed extensive myelination in these bridges as well as in the spared host 
spinal cord rims.  Immunostaining for GFAP indicated a stronger reaction of the host astroglia to the 
invading endogenous Schwann cells than to SKP-SC.  These observations indicate that SKP-SC 
have beneficial properties distinct from Schwann cells and that these cells, which are readily 
available from skin, may be viable candidates for auto-transplantation into the injured human spinal 
cord.  

Supported by the Canadian Stem Cell Network, and CIHR of Canada. 
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Olfactory ensheathing cell transplants: axonal rege neration, neuroprotection or 
sprouting? 

John Riddell 

Spinal Cord Group, Faculty of Biomedical & Life Sciences, University of Glasgow, Glasgow G12 8QQ, UK 

Transplants of olfactory ensheathing cells (OECs) are a potential treatment for spinal cord injury 
(Barnett & Riddell, 2007, NCPN, 3, 152). They may contribute to spinal cord repair via several 
mechanisms: by promoting axonal regeneration, by stimulating sprouting or otherwise enhancing 
synaptic connections or by a neuroprotective/neurorestorative action on the spinal cord parenchyma 
surrounding the transplant. Our work over the last few years has concentrated on understanding to 
what extent OEC transplants might contribute to spinal cord repair in each of these ways. 

Regeneration of the ascending branches of sensory fibres has been investigated following 
transplants of OECs into dorsal column lesions. Since regeneration was found to be largely confined 
to the transplant site we have subsequently tested the potential of a combined treatment strategy 
involving OEC transplants together with conditioning lesions of the sciatic nerve (a procedure which 
enables DRG axons to grow in the presence of inhibitory substrates). This combined approach 
resulted in regeneration of significant numbers of fibres rostral to the lesion, but interestingly, this 
occurred only where OECs had formed a continuous track of cells extending rostrally from the 
transplant site. Since any clinical use of transplants will likely involve a delay between injury and 
treatment, possibly reducing the potential for regeneration, we have now begun to investigate a 
delayed transplant paradigm (see Sardella et al. poster abstract). The results obtained so far show 
that after a four week delay, significant regeneration of axons into an OEC transplant still occurs. We 
are now investigating whether a delayed “conditioning” lesion leads to regeneration beyond the 
lesion, as we have seen following acute transplants.  

To investigate whether OEC transplants can enhance spinal cord function after injury by a 
neuroprotective action or by inducing plasticity, we have used an electrophysiological approach. 
Transplants of cells from the adult olfactory bulb were made into lumbar dorsal column lesions and 
sensory circuits driven by primary afferent fibres entering the spinal cord just below the lesion were 
assessed by stimulating the L4 and L5 dorsal roots electrically while recording cord dorsum 
potentials (CDPs) above and below the lesion. These experiments showed that the connections 
formed by sensory fibres in the vicinity of the lesion were stronger in animals receiving transplants 
than those without (Toft et al 2007, Brain, 130, 970). To determine whether this might be due to 
OEC-induced plasticity, we have carried out further electrophysiological experiments, this time, 
following lesions of the dorsal columns at a cervical level (see Meng et al poster abstract). In these 
experiments OECs were transplanted so they were distributed above or below the lesion but did not 
fill the lesion site. Sensory pathways were assessed by stimulation of the radial nerve and the 
corticospinal projection by electrical stimulation in the pyramids. Cord dorsum potentials evoked by 
each pathway were measured above and below the lesion. The results suggest that injury triggers a 
degree of plasticity in the corticospinal system but this does not appear to be enhanced by OEC 
transplants.  

Together, our investigations suggest that OEC transplants alone could have a modest beneficial 
effect following spinal cord injury by a neuroprotective action. This may explain some reports of 
improved functional recovery following OEC transplants in animal models of spinal cord injury. 
Significant functional benefits, however, are likely to depend on the success with which OEC 
transplants can be combined with other therapies to re-establish functionally useful connections 
across a lesion.  
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Session  V: Biobridges/nanoengineering/RNAi -- Chair: Phil Waite 
 
Biomaterials for spinal cord injury repair 

Molly S. Shoichet 

University of Toronto, Department of Chemical Engineering & Applied Chemistry, Department of Chemistry, 
Institute of Biomaterials & Biomedical Engineering, 514 Terrence Donnelly, Center for Cellular & Biomolecular 
Research, 160 College Street, Toronto, Ontario M5S3E1 Canada 

We are pursuing two strategies for spinal cord injury repair which reflect the type of injury:  (1) an 
injectable delivery strategy for the compressed (or crushed) spinal cord; and (2) an entubulation 
strategy for the transected (or severed) spinal cord.   

For the injectable delivery strategy, we have designed a minimally invasive biodegradable polymeric 
hydrogel that, once injected into the subarachnoid space, gels and provides local delivery of 
therapeutic molecules.  We have demonstrated the safety and therapeutic benefit of injecting a 
physical blend of hyaluronan/methyl cellulose alone [1] and the additional neural sparing observed 
with local and sustained erythropoietin delivery [2].   

For the entubulation strategy, we have designed a biodegradable polymeric tube of chitosan that 
serves as a nerve guidance channel for regeneration.  The chitosan tube is used as a delivery 
vehicle of growth factors and stem cells.  Neural stem/progenitor cells within chitosan tubes were 
implanted into the transected spinal cord where they demonstrated some regenerative capacity 
[3,4]. To control differentiation temporally, the tubes were designed to include microspheres in the 
wall [5]. 

Both the biomaterials strategies and the tissue benefits will be described. 
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A multi-step high/medium-throughput screening appro ach to discover novel 
molecular mechanisms involved in neural regeneratio n  

Joost Verhaagen, Erich Ehlert, Bas Blits, Freddy de Bree, Matthew Mason, Martijn Tannemaat, 
Martijn Malessy, Ronald van Kesteren, Guus Smit  

Netherlands Institute for Neuroscience and Vrije Univeriteit, Amsterdam, and Leiden University Medical Center, 
Leiden, The Netherlands  

The rodent and human genomes contain approximately 30,000 genes encoding an estimated 
100,000 to 200,000 proteins. Only a very small fraction of these genes and proteins have been 
studied in the context of neural injury and repair. Since proteins are the principle targets of drug 
discovery, knowledge on the key-proteins and signaling pathways involved in neural regeneration is 
of major importance. A high-throughput multi-step screening approach will be presented, starting 
with the identification of (dys)regulated genes with micro arrays (step 1), followed by bioinformatics 
and biocomputational analysis (step 2), large scale functional validation in bioassays with RNAi-
libraries (step 3) and finally in vivo studies using adeno-associated viral vector (AAV)-mediated gene 
transfer (step 4). We identified neuronal and glial genes that could act in molecular pathways central 
to successful neural repair by applying this multi-step strategy to (i) dorsal root ganglion neurons 
after sciatic nerve lesion, (ii) neurons and olfactory ensheathing glia cells forming the regenerating 
primary olfactory pathway and to (iii) human neural scar tissue.  

The neuronal genes include over 60 transcription factors of which most have not previously been 
linked to the regeneration process. The glial genes encode an unique combination of proteins 
involved in modification of the extracellular matrix, including structural and matricellular proteins and 
enzymes involved in cholesterol synthesis and lipoprotein assembly.  

Profiling of human neural scar tissue derived from infants subjected to neurosurgical repair of the 
brachial plexus revealed the upregulation of at least 14 repulsive axon guidance proteins, including 
members of the semaphorin, wnt, spondin and immunoglobulin super families. Dysregulation of 
these axon guidance cues in the human peripheral nerve scar suggests that this particular 
combination of proteins is responsible for the failure of peripheral nerve axons to travel to their 
appropriate distal targets.  

Experiments in animal models using AAV-mediated overexpression or knock-down with RNAi are 
ongoing to study the function of a small selection of target proteins derived from these screens and 
to determine the therapeutic value of these molecules for the treatment of peripheral nerve and 
spinal cord trauma. The advances with gene transfer with AAV-serotypes in neurons as well as the 
toxicity problems encountered by us and other groups after viral vector-mediated expression of 
shRNA will be highlighted.  
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Microscale surgery on single axons:  splicing inste ad of regenerating axons 

Michel Kliot , Wesley Chang, David Sretevan 

Department of Neurosurgery, University of Washington, Seattle WA, 98195 USA 

With the advent of micro- and nano- technologies, an alternate and novel strategy has recently been 
proposed that does not rely on the regeneration of axons following damage sufficient to cause loss 
of axonal continuity (i.e. at least an axonotmetic grade of injury).  Instead this strategy is based on 
re-establishing axonal continuity soon after the injury and before distal Wallerian degeneration of 
axons occurs.  This novel idea is analogous to splicing electrical wires back together instead of 
laying down an entirely new electrical cable.  This ambitious goal relies on advances in 
microtechnology and nanotechnology that are making it possible to both visualize and manipulate 
biological structures at the cellular and even subcellular levels. 
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Session  VI: Auxiliary assessments of SCI & function -- Chair: Thomas 
Carsltedt 
 
Contact Heat Evoked Potentials (CHEPS) for assessme nt of small fibre and 
spinothalamic dysfunction in patients with neuropat hy and spinal cord injury  

Praveen Anand 

Division of Neuroscience and Mental Health, Imperial College London, Hammersmith Hospital, Du Cane Road, 
London W12 0NN, UK 

The Contact Heat Evoked Potential Stimulator rapidly stimulates cutaneous small nerve fibres, and 
resulting cerebral evoked “pain” potentials can be recorded from the scalp.  We have studied 
patients with sensory symptoms using CHEPS, and validated the findings using other measures of 
small nerve fibre or spinothalamic tract dysfunction i.e. the histamine-induced skin flare response, 
intra-epidermal nerve fibres (IENF), quantitative sensory testing, and functional MRI.  To illustrate, in 
patients with small fibre neuropathy, IENF numbers were reduced when marked for PGP9.5, the 
structural nerve marker, or the heat and capsaicin receptor TRPV1 - these decreased fibre numbers 
were correlated with the decrease of CHEPS-evoked A�  cerebral potential amplitudes.  In patients 
with longitudinal spinal cord injuries (dorsal root avulsions), CHEPS provided a highly sensitive, sub-
clinical, and objective measure to distinguish affected from unaffected dermatomes.  Repetitive or 
“wind-up” stimulation with CHEPS may be superior in revealing incomplete lesions and the sensory 
level in spinal cord injuries.  CHEPS thus provides a clinically practical, rapid, sensitive, non-invasive 
and objective measure, which is useful in the assessment of patients with small fibre neuropathy 
and spinal cord injury.  CHEPS could also provide biomarkers to develop novel analgesics for 
chronic pain in patients with spinal cord injury and neuropathy.   
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Development of functional magnetic resonance imagin g for assessing human spinal 
cord injuries 

Patrick W. Stroman 

Centre for Neuroscience Studies, Queen’s University, Kingston, Ontario, Canada 

Functional magnetic resonance imaging (fMRI) of the spinal cord (spinal fMRI) has progressed 
significantly in recent years, and has proven to be a sensitive and reliable tool for studies of spinal 
cord neural function.  This method is entirely non-invasive and can be applied to assess any level of 
the spinal cord regardless of whether or not the subject can report their perceived sensations.  To 
date, the spinal fMRI method developed in our lab has been used to study normal thermal sensory 
and motor functions in the cervical and lumbar spinal cord, pain pathways and the influence of 
cognitive functions (attention, empathy, anxiety) by means of descending modulation in the cervical 
cord and brainstem, sexual responses in the lumbar spinal cord, sensory and motor functions in 
patients after spinal cord trauma, and sensory responses in patients with multiple sclerosis.  Data 
acquisition methods, analysis, and display of the results has required specialized adaptations of the 
methods used for brain fMRI in order to accommodate the notable differences encountered in the 
spinal cord.   This includes development of a modified fMRI data acquisition method to provide 
reliable spatial representation of the spinal cord anatomy, analysis software adapted specifically for 
the spinal cord including characterization of the spinal cord motion to account for its effects, 
definition of a new normalized coordinate space and tools to map spinal cord images to this 
coordinate system, normalized reference image data analogous to the MNI brain templates, and 
methods to display the results.  One goal of our lab is to develop and validate practical tools for 
spinal cord research and for clinical assessment.  Here we present the evidence that the results 
reliably demonstrate neuronal activity in the human spinal cord, the progress to date toward 
developing an automated method suitable for clinical use, and the perceived needs for future 
developments to achieve this goal. 
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Quantification of metabolites and connectivity in s pinal cord to assess disability in 
acute multiple sclerosis 

Claudia Wheeler-Kingshott 

Institute of Neurology, University College London, Queen Square WC1N 3BG, UK 

Introduction : There is a need to assess spinal cord involvement in MS with new imaging 
techniques in order to understand better the underlying pathology. We aimed to evaluate whether 
quantitative MRI measures, obtained using single-voxel 1H-MR spectroscopy of the cervical cord for 
metabolite quantification and diffusion-based tractography of the major spinal cord pathways for 
connectivity measures, in patients with a cervical cord relapse, differed from controls and correlated 
with acute disability. 

Methods : Fourteen patients at the onset of a cervical cord relapse with at least one lesion between 
C1 and C3 were imaged on a 1.5 T scanner and clinically assessed on the Expanded Disability 
Status Scale (EDSS), 9-hole peg test (HPT) and timed 25-foot walk test. Thirteen age- and gender-
matched controls subjects were also scanned. Metabolite concentrations, including total N-acetyl-
aspartate (tNAA), choline-containing compounds (Cho), creatine plus phosphocreatine (Cr), and 
myo-Inositol (m-Ins), were quantified at C1-C3. Probabilistic tractography was performed at C1-C3 
to track the cortico-spinal tracts (CSTs) in the lateral columns, the anterior CSTs and the anterior 
spino-thalamic fasciculi in the anterior columns, and the bilateral fasciculus gracilis and cuneatus in 
the posterior columns. Diffusion- and tractography-derived measures of these tracts, including 
fractional anisotropy (FA) and voxel-based connectivity, which reflect fibre integrity, were obtained. 
These MRI measures were compared between patients and controls using the Mann-Whitney test. 
Univariate correlations between MRI measures and disability were assessed using the Spearman’s 
rho correlation coefficient. Multiple regression analyses were performed to investigate which MRI 
measures independently correlated with the clinical scores, adjusting also for cross-sectional cord 
area, age and gender. 

Results : Patients showed lower tNAA of the cervical cord, lower connectivity and lower FA of the 
lateral CSTs and posterior tracts, than controls. In patients, there were significant correlations 
between: (i) EDSS and m-Ins, Cho, Cr, and radial diffusivity of the lateral CSTs; (ii) HPT and Cr, 
radial diffusivity of the lateral CSTs, connectivity and FA of the posterior tracts, and connectivity of 
the anterior tracts. M-Ins was independently associated with EDSS, while Cr, tNAA and connectivity 
of the posterior tracts were independently associated with HPT.    

Discussion : MR spectroscopy and diffusion-based tractography of the cervical cord provide 
measures that are sensitive to the tissue damage occurring in this area in patients with a cervical 
cord relapse. These measures were found to correlate with acute disability. Our findings suggest 
that it would be worthwhile performing longitudinal studies and extending these novel techniques to 
other neurological diseases affecting the spinal cord. 
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Session  VII: Clinical issues and clinical trials -- Chair: James Fawcett 
 
A perspective from a clinician, researcher and trus tee 

David Allan 

National Spinal Injuries Unit, Glasgow, UK 

 
The Clinical Initiative – an update 

Treatments to aid recovery from spinal cord injury:  testing improved clinical, 
physiological and functional assessments 

Peter Ellaway 

Department of Clinical Neuroscience, Division of Neuroscience & Mental Health, Imperial College London, 
London W6 8RP, UK 

Spinal cord injury (SCI) remains an incurable condition despite a plethora of preclinical studies 
designed to reveal how interventive measures might promote regeneration of axons in the spinal 
cord and restoration of function. Alternative approaches for recovery are aimed at manipulating the 
inherent plasticity of residual pathways and their connections in the central nervous system with the 
aim of improving function. The Clinical Initiative was implemented in order to have in place a refined 
set of clinical and physiological tools that would allow the accurate detection of any improvements in 
the level and in functional state of a SCI that are related to an intervention. 

The aim of the first Stage of the Clinical Initiative was to develop improved methods for detecting 
change and recovery in SCI in man, particularly the development of physiological tests of sensory, 
motor and autonomic function (Ellaway et al, 2004 Spinal Cord 42). Currently, Stage 2 aims to 
evaluate these improved physiological assessments as outcome measures of natural recovery and 
of treatments designed to aid recovery from SCI. Four teams are participating in Stage 2 of the 
Clinical Initiative, based in London, Zurich, Edmonton and Glasgow. This report will review the 
progress made to date by the four groups that are using various strategies and treatments to provide 
clinical and functional improvements against which to evaluate physiological assessments. 

[1] Imperial College and University College London and the Royal National Orthopaedic Hospital, 
London, UK. P Ellaway, M Craggs, CJ Mathias, A Kuppuswamy, A Ba lasubramaniam, R 
Maksimovic. The group are employing two “treatments” to aid recovery from incomplete SCI; 
repetitive transcranial magnetic stimulation (rTMS) applied to the sensorimotor cortex of 
people with cervical SCI and weight-assisted treadmill walking (WAT) in incomplete SCI.  

[2] The University Hospital Balgrist, Zurich, Switzerland. H van Hedel, A Curt, V Dietz, R 
Labruyère, P. Dokladal.  This team have been employing the natural recovery from SCI 
using data from the European Multicentre Study for human Spinal Cord Injury (EM-SCI) for 
monitoring recovery in human SCI. New projects have started to evaluate physiological and 
functional adaptation due to (specific) locomotor training and / or (non-specific) strength 
training in incomplete SCI subjects. In addition, the longitudinal course and clinical relevance 
of semi-quantitative sensory tests are evaluated in Vancouver and several EM-SCI centres. 

[3] University of Alberta, Edmonton, Canada. A Prochazka, J Kowalczewski, S Chong.   In-
home tele-supervised therapy on an automated work station, combined with functional 
electrical stimulation (FES) of hand muscles is employed in cervical SCI subjects is used to 
evaluate the outcome of FES-assisted exercise therapy for hand function in quadriplegic 
people. 

[4] University of Strathclyde and Queen Elizabeth National Spinal Injuries Unit, Glasgow, UK. BA 
Conway, K Hunt, D Allan.  A study of the physiological and functional adaptation induced by 
locomotor training in incomplete SCI subjects using robotic-assisted treadmill locomotion 
(Lokomat). 
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Preliminary results of Schwann cell transplantation  for chronic spinal cord injuries 

Hooshang Saberi, Pooria Moshayedi, Hamidreza Aghayan, Babak Arjomand, Kazem Hosseini, 
Maasoome Firoozi, Saeed Sarkar, Hassan Emami, Abbas Noroozi, Mhammadreza Hadian, 
Mohammadreza Omidzohoor, Alireza Khoshnevisan 

Department of Neurosurgery, Imam Khomeini Hospital, Tehran University of Medical Sciences,  Brain and 
Spinal Cord Injuries Repair Research Center, Iran 

Introduction : Schwann cells are the main supportive cells in the peripheral nervous system having 
the potential to promote neurite growth in the central nervous system provided they reach sufficient 
cell purity (>95%)compared to oligodendrocytes. Schwanosis as a known post-traumatic 
phenomenon has a limited capacity to provide injured spinal cord with enough neuroplasticity. In this 
study autologous Schwan cells were surgically introduced within the intramedullary syrinx in 33 
cases of chronic post-traumatic myelopathies.  

Patients and Methods: Patient selection: Thirty three cases of  chronic spinal cord injuries (>2 
years) visited on outpatient neurosurgical clinic of Brain And Spinal cord Injuries Repair research 
center were selected for treatment having Frankel grading A and B and informed consent for the 
procedure of autologous Schwann cell transplantation. The inclusion criteria were; age <50 years, 
no ferromagnetic metallic implant artefact on MRI, spinal cord lesion size less than 10 mm, non-
atonic bladder on cystometrographic studies, competent muscles and nerves in the affected limbs 
as checked by electrodiagnostic study, and passing a course of six month rehabilitation and physical 
therapy. The neurological status was recorded just before surgery by ASIA and FIM grading scores.  
Autologous sural nerves were harvested from the lower limb in an outpatient surgical procedure. 
The nerve was cleaned of epineurium and cut into pieces for cell culture. The cell viability and purity 
was ensured prior to transplantation. The level of the intramedullary syrinx was defined on high 
resolution pre-operative MRI. The corresponding spinal level was ascertained by intra-operative 
imaging. The operation was performed through a 3-cm incision and small hemilaminectomy and 
durotomy, intra-operative neuronavigation was employed to ascertain the intramedullary bubble 
position if necessary. The cell rich suspension was injected within the syrinx post-operatively, they 
received steroids and antibiotics for 1 day and discharged on the second day. The patients rested 
for two days in both prone and supine positions to promote even cell distribution within the syringeal 
wall. The patients were ambulated on the third day and rehabilitative therapy was begun after one 
week. The motor, sensory and sphincter status were assessed by force gauge, pain threshold and 
neurological level, and dry intervals respectively on a regular basis and recorded. Sexual function 
was recorded as a personal report of feelings, and appearance of psychogenic erections. All 
patients had a magnetic resonance imaging 3 month post-operatively being clinically assessed at 3 
month intervals up to one year  

Results : After at least 12-month follow-up period all patients were doing well without any new 
complaints. Transient headache and local and funicular pain were the most common complications. 
Control MRI did not reveal any neoplastic growth. There were no cases of neurological worsening, 
infectious or viral complications. Paresthesia and tingling were the first sensations reported by the 
patients within the first week after surgery, followed by increased automatic activity. Thereafter, 
sensory level descended and motor function improved significantly when compared to pre-operative 
status. In the cervical lesions this happened in distal muscles while in thoracolumbar region proximal 
muscles showed improvement at the beginning.  

Discussion and Conclusion: Recent studies have declared that the microenvironment of the 
injured segment of the spinal cord is an obstacle for successful reparative process in the proximal 
and distal directions. The precise mechanism appears to be partly related to decreased c-AMP in 
the terminal neurites at the injury site. Possibly central myelin is the main culprit for neurite growth 
inhibition and collapse via decreased protein kinase activity. Peripheral myelin derived from 
Schwann cells on the other hand has a promotive effect on the neurite growth by inhibiting the 
NOGO receptors and increasing intracellular cAMP. The results of our study show that the 
procedure of intramedullary cell transplantation has been safe during the month follow-up period. 
Also it has promoted the sensory and motor status of the patients. The bladder and bowel functions 
also show improvement. The tissue employed is harvested from a sterile surgical wound and 
autologous, therefore the chance for bacterial infection, blood borne viral infections, and graft 
rejection is minimal without necessity of immunosuppressive therapy. The maturity of the employed 
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tissue and avoidance of mitogens in the tissue culture protocols nearly obviated the possibility of in 
situ tumorogenesis. Although the establishment of the effectiveness of cell therapy for treatment of 
spinal cord injuries requires larger series and trials with prolonged follow-up, preliminary results 
seem to be promising for the treatment of this malady. 
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Convergence of anti-integrin and cell-based therapi es promotes recovery from 
spinal cord injury 

Arthur Brown , Lynne C. Weaver 

BioTherapeutics Research Group, Robarts Research Institute, University of Western Ontario, London, Ontario, 
N6A 5K8 Canada 

We have been studying two different approaches to improve neurological recovery from spinal cord 
injury (SCI).  One is an anti-inflammatory strategy that entails delivery of antibody against a 
leukocyte integrin (CD11d/CD18) and the other is a cellular transplantation approach employing 
Schwann cell co-cultured mesenchymal stem cells (MSC).  We herein investigate the mechanisms 
of action of the anti-CD11d monoclonal antibody and of the MSC transplants in spinal cord-injured 
rats.  Though both strategies differ greatly in technique and therapeutic targets, they both show 
similar levels of efficacy and the evidence suggests that they may work through similar mechanisms 
of action. 

We have previously reported that acute administration of a mononclonal antibody (mAb) raised 
against the CD11d subunit of the leukocyte CD11d/CD18 (aDb2) integrin after spinal cord injury 
(SCI) in the rat greatly reduces inflammatory infiltrates, oxidative damage, and lesion size in the 
injured spinal cord.  Treated animals show corresponding improvements in locomotor recovery and 
autonomic function and reduced allodynia.  Gene expression profiling in spinal cord-injured animals 
undergoing an effective treatment may uncover key changes in gene expression that suggest novel 
mechanisms of action.  Thus we profiled gene expression in anti-CD11d and isotyped matched 
control mAb-treated rats after SCI.  Microarray analysis in anti-CD11d treated spinal cord-injured 
rats demonstrated an altered inflammatory response characterized by reduced expression of pro-
inflammatory cytokines and increased expression of inflammatory mediators with roles in reducing 
oxidative damage, increasing phagocytosis and promoting wound healing.  We show that the 
decreased expression of proinflammatory cytokines and increased expression of neuroprotective, 
and anti-apoptotic genes correlates with decreased apoptosis in the lesions of anti-CD11d mAb-
treated rats.  We also show that the anti-CD11d mAb treatment changes the expression of key 
regulators and components of the scar leading to the production of scar proteins that would be 
predicted to improve nerve growth.  These changes in gene expression may reflect changes in the 
types of macrophages that populate the lesions in anti-CD11d mAb-treated rats and provide a 
number of targets to improve recovery after SCI.  In our transplantation experiments we transplanted 
MSC and Schwann cell co-cultured mesenchymal stem cells (SMSC) into spinal cord-injured mice 
one week after injury. We demonstrate that although only a small number of MSC survived in the 
injured spinal cord, the mice that received SMSC transplants displayed significantly improved 
locomotor function compared to controls. This result was associated with greater preservation of 
myelin and neurons rostral and caudal to the lesion as well as a substantial reduction in scar tissue. 
In conclusion, these results suggest that even though MSCs may have the capacity to differentiate 
along a neural lineage and perhaps replace damaged cells; this mechanism of action is unlikely to 
be a major factor in the functional recovery after SCI. Instead, we hypothesize that Schwann cell co-
cultured MSCs may have an immunomodulatory effect on the injured cord resulting in better 
neurological recovery by increasing neuroprotection and decreasing scarring.  Thus, even though 
the anti-CD11d mAb targets leukocyte infiltration of the injured spinal cord while MSC 
transplantation targets cell loss both effective treatments improve neurological recovery through 
increasing neuroprotection and decreasing the scar tissue.  We are currently evaluating whether 
combining these therapies has synergistic effects on recovery from SCI.  
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The effects of omega-3 fatty acids on early inflamm atory events after spinal cord 
injury in the rat 

Jodie C. E. Hall 1, J. V. Priestley1, V. H. Perry2, A. Michael-Titus1 

1Neuroscience Centre, ICMS, Barts and The London School of Medicine and Dentistry, London E1 2AT, UK 
2Southampton Neuroscience Group, School of Biological Sciences and School of Medicine, University of 
Southampton, Southampton SO16 7PX, UK 

Omega-3 polyunsaturated fatty acids (omega-3 PUFAs) such as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) have potent anti-inflammatory properties. Furthermore, they have both 
been demonstrated, when given as a single i.v. bolus (250 nmol/kg), to provide significant 
neuroprotection in the rat after spinal cord compression injury at thoracic level 12. Following spinal 
cord injury (SCI), there is a considerable inflammatory reaction which continues for several weeks 
after the injury and is associated with expansion of the initial injury site and irreparable damage. 
Using the rat model of compression SCI and immunohistochemistry, our aim was first to 
characterise the cellular inflammatory response of neutrophils (JT-1) and macrophages (ED-1) in the 
injury epicentre and the systemic response of the liver for the first time. Next, to investigate the 
effects of DHA and EPA on neutrophil recruitment, 4 h and 24 h after SCI. Treatment with DHA 
(n=6) resulted in significantly fewer (55% less) neutrophils in the dorsal columns of the injured 
epicentre 4 h after SCI compared with the vehicle group (n=4). At 1 day, fewer neutrophils were 
found in the dorsal columns (31% less), ventral horn (51% less) and the ventrolateral white matter 
(37% less) in the DHA (n=6) compared to the vehicle group (n=4) but this did not reach statistical 
significance. Following treatment with EPA (n=6) 55% fewer neutrophils were seen in the dorsal 
columns of the epicentre 1 day after SCI compared to the vehicle group (n=4). There was no 
difference in the number of neutrophils recruited to the liver after treatment with DHA, EPA or 
vehicle. Future work will assess the effects of omega-3 PUFAs on the levels and response of 
cytokines, macrophages and microglia after SCI. 
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Effects of chondroitinase treatment on axonal and g lial functions 

Maria Cristina Ovejero-Boglione  

GKT School of Biomedical Sciences, KCL Guy's Hospital Campus, Centre for Neuroscience Research, London, 
SE1 1UL, UK 

Although neurons do not naturally regenerate in the adult central nervous system (CNS), this can be 
induced if a growth-permissive environment is provided (Aguayo et al., 1981). The major obstacles 
to axonal regeneration of CNS neurons are the hostile or non-permissive environment, together with 
the cavitation and the scar that are formed after brain injury. Injury to CNS neurons causes the 
formation of the glial scar, which contains the chondroitin sulphate proteoglycans (CSPGs) neuron-
glial 2 (NG2). Since the enzyme chondroitinase ABC (ChABC) removes NG2 from the injury scar, 
ChABC has proved effective to promote neuronal regeneration (Yick et al., 2000; Moon et al., 2001; 
Morgenstern et al., 2002; Bradbury et al., 2002; Galtrey et al., 2007). However, NG2-glia (NG2-glia) 
may have a role in nerve conduction at the nodes of Ranvier (Butt et al., 1999), which form by 
clustering of sodium channels induced by oligodendrocyte contact with the axon, at regular intervals 
(Kaplan et al., 1997) and in directional growth of regenerating axons via the chondroitin sulphate 
chain of NG2 (McAdams and McLoon, 1995). Thus, it is hypothesised that ChABC may affect nerve 
conduction and functional recovery for the visual and other pathways close to the injury scar. This 
hypothesis was tested by examining the morphology and relationships between NG2-glia and other 
glial and nerve cells along the entire rat optic pathway in three experimental models. (1) The optic 
nerves, optic chiasm, optic tracts and optic areas of the superior colliculi (SC) were examined 
following injury and treatment with ChABC and cells analysed by immunohistochemistry. (2) 
Organotypic cultures of normal optic pathways were treated with ChABC. (3) The optic nerves of 
mice were used for physiological conduction measurements following treatment with ChABC. In the 
normal optic pathway horizontal tissue sections show that NG2-glial processes run in the direction of 
axon fascicles along the optic nerve, chiasm and tract, indicating possible axon guidance towards 
their target in the visual SC. Astrocytes also extend processes that run along and also cross over 
axon bundles, forming a net that provides structure and protection to the nerves. In the injured optic 
pathway ChABC ‘rescued’ NG2-glia from exponential increase in cell density resulting from OT 
cavitation lesion alone. Furthermore, ChABC promoted directed regeneration to the correct target at 
the SC. However, the occasional labeling of neuronal synapses that was observed along the normal 
optic pathway was substantially reduced following ChABC treatment. This enzyme also converted 
clear NG2-glia process arborisations into widespread blurred and diffused labeling. Moreover, nerve 
conduction and action potential amplitude dramatically reduced 1 day after culturing in medium with 
ChABC. Thus, because the maintenance of intimate relationships between NG2-glia and neural 
elements may be important for the recovery of normal visual or walking function, the use of ChABC 
alone did not prove sufficient to re-establish normal axon-glial functions. 
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Modification of N-glycosylation sites to allow secr etion of bacterial chondroitinase-
ABC from mammalian cells: a treatment for spinal co rd injury 

P.M. Warren,  E.M. Muir, J. Fawcett, R. Keynes  
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Cambridge, CB2 3DY, UK;  Centre for Brain Repair, University of Cambridge, Robinson Way, Forvie Site, 
Cambridge, UK 

Chondroitin sulphate proteoglycans (CSPGs) are axon growth inhibitory molecules present in the 
glial scar that make a major contribution to regeneration failure following damage to the CNS. 
Removal of chondroitin sulphate glycosaminoglycan (GAG) chains with chondroitinase-ABC 
(ChABC) in models of CNS injury promotes extensive axon regeneration, plasticity, and recovery of 
motor function. Nonetheless, interest in this paradigm is weakened due to the invasive and 
prolonged treatment process, which increases the risk of CNS trauma and infection. Expression of 
transgenic ChABC in neurons or glia is a more satisfactory mode of treatment administration 
delivering the enzyme exactly where it is required. However, we demonstrate that Proteus vulgaris 
ChABC is heavily glycosylated, which prevents secretion of functional enzyme from eukaryotic cells. 
Directed mutagenesis of several N-glycosylation sites in the ChABC DNA allows secretion of active 
enzyme from transfected cells, as detected by Western blot and kinetic analysis. Parameters that 
influence the enzyme activity, and thus clinical application, of our new transgene have also been 
analysed including: pH, temperature, and enzyme stability. In addition, we have established that 
alteration of the eukaryotic signal sequence affects the extent of protein secretion in a cell specific 
manner and indicates that the exact sequence needs to be tailored to specific cell types for clinical 
application of this treatment paradigm. In combination, these data show that the use of resident cells 
for secretion of the ChABC enzyme at the site of spinal cord injury promises potential therapeutic 
advantages as compared to contemporary approaches. 

 
 
Chondroitinase ABC promotes repair of ascending and  descending pathways 
following spinal cord injury in the yellow fluoresc ent protein (YFP-H) mouse 

Lucy M Carter , Michelle L Starkey, Meirion Davies, Stephen B McMahon, Elizabeth J Bradbury. 

Neurorestoration Group, Wolfson Centre for Age Related Diseases, King’s College London, UK 

Following spinal cord injury, long range ascending and descending projection neurons undergo 
axotomy, leading to denervation of their spinal cord or supraspinal targets. Chondroitinase ABC 
(ChABC), an enzyme which degrades growth-inhibitory chondroitin sulphate proteoglycans is a 
promising therapeutic strategy which promotes regeneration, plasticity and functional recovery in 
spinal injury models. We have used the YFP-H transgenic mouse to study both descending 
corticospinal projections and the ascending dorsal column pathway following injury and ChABC 
treatment. This transgenic line offers a novel tool for spinal injury studies due to intense intrinsic 
fluorescent labelling in discrete subsets of neurons, from the cell soma to distal terminals. Adult 
YFP-H mice underwent thoracic dorsal column crush injury and were treated with ChABC or a 
control solution (penicillinase). Following injury YFP-labelled layer V corticospinal neurons 
underwent progressive atrophy, with marked shrinkage of the cell body by four weeks after injury. 
Treatment with ChABC promoted a significant reversal of cell atrophy, restoring cell size to that of 
uninjured controls. Rescue from atrophy was complete even when delivery of ChABC was restricted 
to the injury site and coincided with increased axonal sprouting. Therefore we investigated the 
signaling pathways modified by ChABC in the injured spinal cord, and report that ChABC treatment 
promoted the activation and upregulation of multiple intracellular cascades. The response of other 
YFP-labelled populations to spinal cord injury was also studied, including gracile nucleus neurons, 
which are deprived of excitatory input from ascending dorsal column afferents following thoracic 
spinal cord injury. Thus, use of the YFP-H transgenic mouse provides a unique tool with which to 
study degeneration and repair following spinal cord injury and ChABC treatment and reveals 
multiple mechanisms of ChABC-mediated repair. 
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Combined effects of chondroitinase and rehabilitati on on recovery after SCI 

Guillermo Gracia-Alias   
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After injury to the spinal cord, intraspinal digestion of chondroitin sulphate protoglycans (CSPGs) 
with the bacterial enzyme Chondroitinase (Ch’ase), has been shown to promote axon regeneration 
and partial functional recovery. However, the degree of recovery obtained is poor and far from 
normal “non-injured” levels. 

In the present study we tested whether post-injury training,  in addition to Ch’ase treatment, may 
have additional benefits on the manual dexterity of rats with a dorsal funiculi crush at C4. 
Furthermore, we examined which type of exercise, forepaw reaching-task specific or general 
enriched housing, would induce the best outcome. 

Acutely after injury, the animals received intraspinal injections of Ch’ase or its control Penicillinase, 
and starting 7 dpo, the animals performed 1 hour daily of task-specific or general training. 6 weeks 
after the injury only the animals which received Ch’ase and task specific training were able to 
successfully use their forepaws to reach and grasp sugar pellets from a staircase device. None of 
the other experimental group animals showed an improvement in this ability. Interestingly, the 
animals with general rehabilitation performed worse than the non-trained animals. Anatomically, the 
Ch’ase treated animals had corticospinal axons regenerating across the injury and crossing from the 
dorsal to the lateral white matter tracts. 

Our results show that the digestion of spinal CSPGs with chondroitinase induces anatomical 
plasticity in the spinal cord, which requires specific rehabilitation to efficiently restore specific motor 
tasks. 

 
 
The effect of chondroitinase ABC and task specific rehabilitation on chronic spinal 
cord injuries 

Difei Wang , Guillermo García-Alías, James Fawcett, 

Centre for Brain Repair, Forvie site, University of Cambridge, Cambridge, CB2 0PY, UK 

Previous work has shown that chondroitinase ABC is capable of promoting functional recovery after 
an acute spinal cord injury especially when it is coupled with task specific rehabilitation. It is 
postulated that chondroitinase ABC reduce the inhibitory environment against axon 

regeneration after spinal cord injury by breaking down chondroitin sulfate chains on inhibitory 
molecules chondroitin sulfate proteoglycans, thereby producing a more permissive environment with 
increased axon sprouting. Task specific rehabilitation may then drive the sprouting axons to form 
compensatory connections resulting functional recovery. Here we try to assess whether the effect of 
chondroitinase ABC will extend to chronic spinal cord injuries. One month after a crush lesion of the 
dorsal funiculi of the C4 segment of the spinal cord, rats were treated with intraspinal and intrathecal 
injections of chondroitinase with and without task specific rehabilitation. Animals are behaviourly 
tested weekly after chondroitinase treatment. Preliminary results showed an increase in the skilled 
paw reaching ability of the animals starting 6 weeks after chondroitinase treatment when the 
treatment is combined with task specific rehabilitation. 
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Comprehensive evaluation of spinal cord function ac companying Lokomat 
rehabilitation in patients with incomplete spinal c ord injury  
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In this study, patients are recruited to a gait rehabilitation programme based on the use of a 
computer controlled robot (Lokomat) and any subsequent changes in status during the rehabilitation 
programme are charted through the application of a comprehensive battery of functional and 
physiological assessments. The goal of this testing procedure is to identify tests of sensory and 
motor function that are sensitive to the changes that occur in response to rehabilitation/ natural 
recovery in incomplete spinal cord injured patients. All protocols were conducted with ethical 
approval and all volunteers provided informed consent. 

Lokomat Training & Assessment: The Lokomat rehabilitation programme we have adopted requires 
patients to attend for 1 hour of daily (Monday – Friday) Lokomat walking over a 6 week period. In 
addition, sensory and motor function is assessed longitudinally prior to the onset of Lokomat 
training, at the mid-point of training and following the cessation of training. For all recruits the level of 
body weight support and the treadmill speed is adjusted over the 6 week training period in relation to 
the rate of change in an individual’s walking capability. Assessment protocols include a battery of 
standard clinical measures such as the Standard Neurological Classification of Spinal Cord Injury 
(ASIA), a range of functional tests of walking capability and a variety of quantitative measures of 
sensory and motor function.  

Patient Recruitment & Compliance: At the time of writing 14 patients have completed the study, and 
a further 2 are currently undertaking Lokomat training. Compliance to the training regime (30 
sessions) for the 14 subjects who have completed the study was high and averaged 94% with the 
majority of subjects missing fewer than 3 sessions over the 6 week training period. The reasons for 
missing a session were all unrelated to the use of the Lokomat. Subjects recruited to the study were 
allocated to an acute (<6 months post injury) or chronic (>6 months post injury) group and were 
ASIA C or D. Within the acute group 4 subjects were non-ambulatory prior to Lokomat training while 
all chronic patients showed some level of locomotor capability.  

Training Outcomes: Preliminary group analysis of overground walking judged from gait analysis 
parameters together with WSCII demonstrate that both acute and chronic subjects show significant 
improvements in overground walking capability over the period of Lokomat training. Importantly, the 
degree of improvement appears greater within the acute group. Furthermore, the rate of gait 
improvements in the acute group is greatest within the first 3 weeks of training with patients who 
show the fastest improvements being those who can sustain the fastest daily reductions in 
percentage body weight support. These observations in themselves have implications for the design 
and usage of rehabilitation programmes based on devices like the Lokomat but also serve to show 
that it is an effective aid to improving gait performance in incomplete spinal cord injured patients and 
an appropriate platform to base investigations on adaptive changes in spinal cord function. 

Sensory and Motor Assessments: Alterations have been observed in ASIA sensory and motor 
scores and in quantitative sensory testing of touch, vibration and electrical perceptual threshold in 
spinal segments above and below lesion sites. Electrophysiological measures of motor and sensory 
function also have shown changes over the course of the period of Lokomat changes and a 
summary of the results obtained will be presented within the poster. Of particular interest with 
respect to sensitivity in detecting changing function are the results of Somatosensory Evoked 
Potentials, Vibration thresholds and Motor Evoked Potentials testing in erector spinae muscles.  

 

Acknowledgements: This study was supported by the ISRT grant CI0004. Our gratitude extends to 
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Hebbian rehabilitation for incomplete spinal cord i njury: using temporally linked 
exercises to forge functional connections between s pinal tracts  
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Introduction:  Most spinal cord injuries (SCI) spare the circuitry of the locomotor central pattern 
generator (CPG). The CPG, situated in the thoracolumbar junction, mediates coordinated walking 
with minimal conscious control. CPG-targeted exercises such as treadmill training with body weight 
support have resulted in dramatic improvement of gait in animal models of SCI, but less so in human 
patients. Why? Because humans rely more on the corticospinal tract (CST) for descending voluntary 
control over CPG activity, whereas animals rely more on brainstem-origin tracts such as the 
reticulospinal tract (RtST). The RtST forms diffuse bilateral connections to spinal cord motor 
neurons, making it more resilient to the damage inflicted by traumatic SCI than the largely unilateral 
CST. Surviving RtST fibers represent a potential detour route across the lesion for re-establishing 
functional connections between the CST and CPG. Our ongoing research attempts to accomplish 
this goal using the ‘fire together, wire together’ strategy evoked by Hebb. Exercises stimulating 
lumbar CPG activity are combined with exercises simultaneously stimulating cortical and cervical 
circuits to potentiate cross-tract signaling that can bridge anatomically incomplete SCI lesions. 

Methods:  Female C57/Bl6 mice 8 weeks of age are acclimated to exercises stimulating 
simultaneous CST/CPG activity for two weeks prior to surgery. They are then subjected to left lateral 
spinal cord hemisections (or sham laminectomies) at the C3 level. Following surgery, half of the 
mice continue the training regimen for 4 days per week. CST/CPG-stimulating exercises include 
nutating mesh grip and treadmill training with obstacles. Trained and untrained mice are subjected 
to weekly evaluation on a separate battery of tests including the Basso Mouse Scale, Rotarod, 
horizontal ladder walk, forelimb grip-strength measurement, and footprint analysis.  At four weeks 
post-surgery, both sensorimotor cortices are injected with distinguishable dextran tracers to 
compare anatomical plasticity and terminal connections of both the injured and uninjured CST. Mice 
are sacrificed at six weeks post-surgery. Functional and histopathological comparisons are made 
between trained and untrained mice in the sham and C3 lateral hemisection groups. 

Results:  Mice are currently in the post-surgical training phase of the experiment. Baseline 
performance measures on various tests are consistent across uninjured animals, and between the 
mice assigned to trained versus untrained groups following surgery. Interim results of functional 
comparisons between trained and untrained mice will be presented. 

Future directions:  Future studies will test whether CST-directed training can synergize with myelin-
associated inhibitor antagonists in improving function after SCI. Other Hebbian cross-tract 
stimulating exercises will be explored, such as combining treadmill training with simultaneous skilled 
reaching tasks (CST) or auditory startle stimuli (tectospinal tract) or unexpected balance 
perturbations (RtST and vestibulospinal tract).  
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function and corticospinal conductivity after chron ic incomplete spinal cord injury 
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Spinal Cord Injury Center, Balgrist University Hospital, CH-8008 Zurich, Switzerland 

It has been suggested that bodyweight supported treadmill training improves locomotion in patients 
with a chronic incomplete spinal cord injury (iSCI). This improvement occurs in parallel to an 
increase in corticospinal conductivity of lower leg muscles (Thomas and Gorassini 2005). The aim of 
the present study is to investigate whether a specific locomotor training (automated locomotor 
training with a driven gait orthosis) is accompanied by larger changes in corticospinal conductivity of 
the lower limb compared to unspecific training (conventional lower extremity strength training) in 
such subjects.  

Methods: 30 ASIA C and D subjects are randomly assigned to one of the training groups. All of them 
receive 32 training sessions of each 45 minutes within 8 weeks. Directly before and after the 
intervention and at 6 months after finishing the intervention, corticospinal conductivity will be 
assessed by the use of transcranial magnetic stimulation.  

We hypothesize that corticospinal conductivity improves more after specific compared to unspecific 
locomotor therapy. 

 
 
 
The clinical relevance and longitudinal course of s emi-quantitative sensory tests in 
subjects with a spinal cord injury 

H.J.A. van Hedel , P. Dokladal, R. Labruyère, M. Stüssi 

Spinal Cord Injury Center, Balgrist University Hospital, CH-8008 Zurich, Switzerland 

The electrical perception threshold (EPT) has been developed by the Clinical Initiative to more 
objectively assess changes in sensory perception after spinal cord injury as compared to the ASIA 
light tough score. We propose an additional measure, the electrical pain perception threshold 
(EPPT), which should refine information normally obtained by the ASIA pin prick score.  

The aims of the present study are threefold: (i) to propose a standardisation of the methodology of 
the EPT and EPPT and to implement these in five centres that participate in the European 
Multicentre Study for Human Spinal Cord Injury (EM-SCI). (ii) to assess the EPT and EPPT at 1, 3 
and 6 months after SCI and evaluate the longitudinal course and the responsiveness as compared 
to the ASIA measures. (iii) to determine the clinical significance of these measures by comparing the 
EPT and EPPT to functional measures, as well as the occurrence of neuropathic pain. 
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This study was carried out as part of Stage 2 of the ISRT Clinical Initiative to evaluate improved 
physiological assessments of sensory, motor and autonomic function developed as outcome 
measures of treatments designed to aid recovery from spinal cord injury. 

The study was a single blinded, randomised, crossover trial using rTMS and sham stimulation. rTMS 
was delivered at 0.8 times resting threshold for contraction of a target hand muscle in one hand, at 5 
Hz for 2s every 10s, repeating for a maximum of 960 stimuli, once a day for five consecutive days. 
Baseline assessments were followed by rTMS (or sham), a follow-up period of two weeks and then 
crossover to sham or rTMS. 

Assessments included (1) American Spinal Injuries Association (ASIA) clinical sensory and motor 
tests, (2) active and passive threshold for motor evoked potentials (MEP) to TMS of the motor 
cortex, (3) cutaneous sensory electrical perceptual threshold (EPT) of relevant dermatomes, (4) 
autonomic function -sympathetic skin response (SSR), skin blood perfusion, blood pressure and 
heart rate, (5) functional tests (peg board and Action Research Arm Test).  

Results are reported for seven volunteers with chronic spinal cord injury and residual hand function.  
ASIA showed no motor changes, one improvement and one case of deterioration in sensory scores. 
EPT showed statistically significant decreases in three cases, including the participant with improved 
ASIA sensory scores. Only one person showed improved functional outcome (ARAT) and none 
showed improved pegboard test times. TMS revealed a very consistent increase in all passive and 
active MEP thresholds. No consistent changes were seen in any autonomic functions. Importantly 
there were no adverse changes. 

In conclusion, rTMS at 5Hz did not appear to induce clear clinical, functional or autonomic effects. 
The decreases in EPT can be interpreted as an improvement in detection of sensory (skin) 
stimulation that had been impaired by the cord injury, and this was sustained during the two week 
follow-up period. The interpretation of the motor outcome (MEP) is less straightforward. Our spinal 
cord injured volunteers already (before rTMS) had raised thresholds compared to controls. The 
threshold intensity of TMS required to elicit a MEP in hand muscles affected by the injury, rose after 
rTMS but this was not accompanied by any clear change (improvement or deterioration) in 
functional outcome (ARAT and peg board). The change in this physiological measure of the 
excitability of the “brain to muscle pathway” may well be linked to the sensory change (EPT). 
However, whilst only three subjects showed significant changes in EPT it seems that all showed a 
rise in TMS threshold. In some individuals, at least, the changes presumably reflect an integrated 
sensorimotor adjustment caused by the rTMS treatment. 
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Avulsion injury occurs when spinal roots are torn from the spinal cord and most often occur in the 
brachial plexus commonly as a result of road traffic accidents. Patients complain of intractable 
spontaneous pain, with the magnitude of pain being proportional to the number roots avulsed, as 
well as border-zone hypersensitivity, combined with a loss of motor function. This neuropathic pain 
is particularly difficult to treat because of a lack of information about the underlying mechanisms and 
the lack of a well-established animal model of avulsion injury. Current model involve the use of 
rhizotomy of dorsal or ventral roots, but these are artificially induced and do not mimic the clinical 
condition very well. Also, another limitation of current models is that complete sensory denervation 
of limbs precludes testing for evoked behavioural changes and that there are no good indicators of 
spontaneous pain other than autotomy. 

In this study, we have developed a single spinal root injury model, specifically L5 dorsal and ventral 
spinal root avulsion (SRA), to assess the development of thermal and mechanical hypersensitivity 
as well as alterations in locomotor function in 3 groups of adult animals: Naïve, sham operated and 
L5 SRA rats. Behavioural studies using thermal (Hargreave’s) and mechanical (Von Frey) threshold 
stimulation of the avulsed hind paw showed that SRA  produced an immediate ipsilateral 
hypersensitivity to mechanical stimulation at 1 day remaining up to 3 weeks and an ipsilateral 
hypersensitivity to radiant heat was observed, beginning after 1 week, compared to sham operated 
and naïve rats. A transient motor in-coordination was observed at 1 day, without increase in severity 
or paralysis of limb across 14 days in SRA rats. In addition to altered plantar-paw sensitivity, SRA 
rats had a reduced weight-gain over the experimental time course, suggesting a reduced motivation 
to feed indicative of a chronic or spontaneous pain condition. There were no signs of autotomy in 
SRA rats. The results provide a platform to assess the effects of potential analgesic drugs as well as 
examining the potential mechanisms involved. 

 
 
Decrypting the psychologist’s mind: how to diagnose  neuropathic pain? 

Petra Dokladal , Matthew Cook, H.J. van Hedel 

Spinal Cord Injury Center, Balgrist University Hospital, CH-8008 Zurich, Switzerland 

Pain is a common sequela of spinal cord injury (SCI) and has a substantial negative impact on the 
quality of life (QoL) (Norrbrink and Oesterakker). Most likely, it could negatively affect the 
rehabilitation outcome. After a SCI, both nociceptive and neuropathic pain can develop. To prevent 
the development of therapy-resistant chronic neuropathic pain, it is crucial to differentiate between 
the main pain types to start an optimal pain type-specific therapy as early as possible.   

Previously, we have designed the Pain Report (PR; Dokladal et al., 2008, submitted) which is a 
structured interview than can easily be applied in a multicenter network to document pain and pain 
related factors. Together with neurological information, it allows the therapist to distinguish between 
the two main pain types according to the taxonomy of the International Association for the Study of 
Pain (IASP, 2001). Unfortunately, there are no clear guidelines how to diagnose neuropathic pain. 
The classification is therefore subjective to the examiner’s knowledge about pain and therefore 
error-prone. To overcome these shortcomings and to offer a standardized way how to classify pain 
following SCI, the goal of the present study is to develop an algorithm, which is powered by a 
probabilistic graphical model, using statistical data combined with expert knowledge. The model 
uses data that was derived from a sample of 68 persons with SCI with nociceptive and neuropathic 
pain, as determined by two independent raters. The model should result in an algorithm that could 
accurately classify persons with neuropathic pain, thereby deciphering the psychologist’s mid, how 
to diagnose neuropathic pain.  
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Sensory testing near the level of a spinal cord con tusion injury can be used to 
evaluate post-injury sensory changes in mice  

Emily Hoschouer1, D. Michele Basso3,4, Lyn B. Jakeman 2,3 

1Neuroscience Graduate Studies Program 2Dept of Physiology and Cell Biology 3Dept of Neuroscience 
4Division of Physical Therapy, Ohio State University, Ohio, USA 

Demonstrating sensory changes after spinal cord injury (SCI) is becoming increasingly important.  
While several novel therapies increase growth of sensory axons after SCI, tests of sensory function 
at the level of injury are limited, and aberrant sensory sprouting may lead to neuropathic pain-like 
symptoms.  With the objective of better monitoring and reporting changes in sensory function in 
segments rostral and caudal to an SCI, we are developing testing protocols for at-level sensory 
assessment in mice following contusion injury.  Von Frey hairs (Semmes-Weinstein monofilaments) 
were used to measure the threshold of withdrawal from a mechanical stimulus, and a pin prick test 
was used to evaluate percent withdrawal from a nociceptive stimulus, before and for six weeks after 
laminectomy, moderate, or severe contusion injury. For comparison, sensory testing on the plantar 
surface of the hindpaws was also conducted.  Withdrawal threshold to mechanical stimulation was 
determined using von Frey filaments, and nociceptive responses were measured as latency to 
withdrawal from an infrared radiant heat source.  Naïve and control mice responded to pin prick to 
the back in 97% of the trials, and the threshold for response to a mechanical stimulus was 0.33 +-
0.08 g on the back and 1.82 +-0.48 g on the hindpaw.  After moderate or severe injury, there were 
no changes in % response to pin prick or mechanical withdrawal threshold in segments rostral to the 
injury, but in sensory dermatomes of the back caudal to the lesion, there was a loss of sensation for 
the duration of the study.  Regardless of injury severity, mice responded to a pin prick on the back 
below the injury only 7.8% of the time and the threshold for withdrawal from mechanical stimuli 
increased to greater than 8.5 g in both injury groups.  A markedly different pattern of sensory 
changes was found for the hindlimbs.  There was no change in the threshold to withdrawal from a 
mechanical stimulus, but both moderate and severe injured groups had decreased latency to 
withdrawal to a focused heat stimulus. We conclude that von Frey and pin prick tests can be used in 
mice to evaluate sensory changes close to the level of a spinal cord injury, and that patterns of 
sensory recovery at these levels are different from sensory changes measured in the hindpaws. 
Further characterization of these measures in injured animals will improve evaluation of sensory 
changes in response to therapies that promote sprouting or regeneration after SCI. 

 

Supported by NINDS R01NS043246; P30NS045758 
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Conduction failure and recovery across spinal cord contusion injury in the adult rat  
Meirion Davies , Peter Sadeghi, Stephen McMahon, Elizabeth Bradbury 

Neurorestoration Group, Wolfson Centre for Age Related Diseases, King’s College London, Guy’s Campus, 
London Bridge, London, SE1 1UL UK 

Spinal cord injury (SCI) is a major neurological problem that often leads to permanent impairments 
in locomotor function. However, in humans and in animal models, there is generally a period of 
limited, spontaneous functional recovery that occurs in the first few weeks following injury. Little is 
known about the physiological changes that occur during this period, and understanding these 
changes may be important for future studies aimed at enhancing or recapitulating spontaneous 
repair processes in a chronic SCI. Here, we attempt to characterize some of these changes. We 
have developed the novel technique of functional axon counts in teased roots to investigate the 
electrophysiological changes that occur over the early post-injury phase in a clinically relevant model 
of SCI. Adult rats underwent a thoracic spinal cord contusion injury and were assessed for functional 
improvements, behaviourally and electrophysiologically, at 1, 2, 4 and 11weeks post-injury. We 
report for the first time that over the first month following injury, an increasing number of axons 
spared by the injury conduct across the lesion, with a concomitant increase in their conduction 
velocities. We also report positive correlations between locomotor performance and 
electrophysiological outcomes following injury.  Also, by the use of cooling, we present preliminary 
evidence for the existence of viable, possibly demyelinated axons that are not conducting at 
physiological temperatures. Our findings are consistent with ion channel redistribution and 
remyelination as the mechanisms underlying the recovery of conduction. These results reveal a new 
potential approach to SCI treatment, as pharmacological restoration of conduction to axonal 
projections spared by the injury may bring about significant improvements to the motor and sensory 
functions of SCI patients. 

 

Supported by The Medical Research Council of the UK and the Physiological Society 
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Interneurons and phrenic circuitry in the normal an d injured spinal cord – 
implications for respiratory plasticity 

Lane MA, White TE, Jones AL, Hunsaker F, O’Steen BE, Fuller DD, Reier PJ 

University of Florida, McKnight Brain Institute, Department of Neuroscience, Gainesville, Fl. 32610-0244, USA 

Spinal cord injury in humans occurs most frequently in the cervical region. The leading cause of 
morbidity and mortality amongst people with injuries occurring at this level is respiratory dysfunction 
and associated secondary complications. However, clinical evidence indicates there is some 
spontaneous respiratory recovery post-SCI. Previous experimental studies have demonstrated 
spontaneous recovery of phrenic motoneuron (PhMN) and diaphragm activity following lateral C2 
hemisection (C2HMx). This plasticity has been attributed to the “crossed-phrenic phenomenon” 
mediated by a latent monosynaptic bulbospinal-phrenic pathway. However, despite progressive 
improvements in breathing, chronic PhMN and ventilation deficits persist. Using retrograde 
transneuronal pseudorabies virus (PRV) tracing, we recently demonstrated a population of cervical 
interneurons in uninjured and injured (2 weeks post-C2HMx) rats that are connected with phrenic 
motoneurons. The present study has begun to characterize the supraspinal innervation of these 
interneurons following C2HMx. 

All experiments were performed in adult female Sprague-Dawley rats in accordance with NIH and 
institutional guidelines. Spinal-injured animals received a complete, left-sided C2HMx and animals 
were then maintained for 2-12 weeks. The phrenic circuit was retrogradely labeled by administration 
of PRV to the ipsilateral hemi-diaphragm or phrenic nerve 2-12 weeks post-injury. Animals were 
perfusion-fixed 48-72 hours post-PRV. PRV delivery to the left hemidiaphragm labeled only the 
ipsilateral PhMN pool. As in normal animals, a significant number of pre-phrenic interneurons were 
observed both ipsi- and contralateral to the labeled phrenic motoneuron pool. This finding suggests 
phrenic activity normally or following injury could be partially modulated by a contingent of cervical 
interneurons which maintain stable connections with PhMNs..  

We next examined whether PRV-labeled pre-phrenic interneurons could serve as propriospinal relay 
between the medulla and PhMNs in post-C2HMx.  In a subset of animals (2 weeks post-injury), 
bulbospinal projections to PhMNs and pre-phrenic interneurons were anterogradely labeled by 
iontophoresis of BDA (10,000 kDa) into the electrophysiologically identified ventral respiratory 
column (VRC) of the left or right medulla. Ten days later, PRV was administered to the left 
hemidiaphragm and animals perfused 64 hours post-PRV.  Preliminary results indicate that 
interneurons on both sides of the spinal cord that project to the denervated PhMN pool are 
associated with bulbospinal input.   

The present study demonstrated that some cervical pre-phrenic interneurons are anatomically 
positioned to serve as a potential propriospinal relay between then VRC and PhMNs. While the 
functional role of these interneurons remains unclear, initial neurotransmitter profiling suggests 
some pre-phrenic interneurons around the central canal are cholinergic. Therefore, this substrate 
may complement the monosynaptic crossed pathway believed to subserve respiratory recovery in 
the C2HMx model and represent a viable therapeutic target for enhancement of plasticity.  

Supported by NIH, the Anne and Oscar Lackner Chair (PJR) and the Craig H. Neilsen Foundation 
(MAL) 
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Engineered expression of polysialic acid on Schwann  cells enhances their survival 
and integration after transplantation into the spin al cord 

Luo J , Bo X, Gao F, Yeh J, Richardson PM, Zhang Y 

Neuroscience Centre, Institute of Cell and Molecular Science, Queen Mary, University of London, 
London E1 2AT UK 

Abstract:  Schwann cells (SCs) are attractive candidates for cell therapy of spinal cord injury. 
However, transplantation studies of these cells in animal models have revealed several limitations 
including the lack of integration into host CNS tissues and extensive loss in the lesioned spinal cord. 
To overcome such drawbacks we genetically modified SCs to express polysialic acid (PSA) by 
lentiviral vector (LV) delivery of polysialytransferase (PST) to see whether expression of PSA could 
improve the survival and enhance migration of SCs when transplanted into the spinal cord. It was 
found that expression of PSA on SCs did not enhance the motility of transplanted SCs in normal 
host spinal cord, but the survival of PST/SCs was significantly enhanced in comparison to the 
transplanted GFP/SCs. In a spinal cord transection model transplantation of PST/SCs in 
combination with over-expression of PSA on cells around the spinal cord lesion site increased the 
motility and infiltration of SCs to the caudal spinal cord. In another experiment, SCs were injected 
2.5 mm caudal to the spinal cord lesion site and both PST/SCs and GFP/SCs were observed along 
the degenerating dorsal column between the injection site and injury site, presumably caused by the 
pressure of injection. However, some PST/SCs penetrated the glial scar and migrated into the lesion 
cavity whereas only a limited number of GFP/SCs were found within the lesion cavity. 
Immunostaining for chondroitin sulfate proteoglycan (CSPG) and glial fibrillary acidic protein showed 
that astrocytes formed a sharp boundary with GFP/SCs and increased the expression of CSPG. In 
contrast, transplanted PST/SCs frequently intermingled with astrocytes and CSPG immunoreactivity 
was much weaker in the neighbouring astrocytes. These results indicate that expression of PSA 
enhances survival and integration of transplanted SCs and may also facilitate their penetration of the 
glial scar.  
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Olfactory ensheathing cells from human biopsies 

Projected application in repair of Brachial Plexus – Cord Avulsion Injury  

C. Kachramanoglou , S. Law, D. Li, G. Raisman, D. Choi 

Spinal Repair Unit, Institute of Neurology, London, WC1N 3BG UK 

Treatments to promote functional recovery following spinal cord injury remain one of the most 
challenging goals of modern medicine. Olfactory ensheathing cells are specialized glial cells that 
surround olfactory sensory axons. They are unique among the glia in being able to mediate growth 
of axons through the pial basal lamina into the environment of the central nervous system. These 
properties have led to an increasing use of olfactory ensheathing cells in rat models of 
transplantation for spinal cord repair which have provided evidence for functional and anatomical 
restoration including regeneration of dorsal root axons into the dorsal horn and the dorsal columns 
and restoration of forelimb function in climbing.   

Olfactory ensheathing cells have been isolated from human olfactory bulbs resected during 
neurosurgery. These preliminary studies have shown that human olfactory ensheathing cells share 
many properties with their rat counterparts. However, biopsy of the olfactory mucosa provides a 
more accessible source of olfactory tissue in adult humans from which ensheathing cells can be 
grown. The exact distribution of the human olfactory neuroepithelium is not currently known. There 
is general agreement that it is located high in the nasal cavity, predominantly on the dorsal aspects 
of the nasal vault, the septum and the superior turbinate.  

It is therefore, imperative to establish a reliable way to obtain these cells from human patients and 
confirm that reparative effects. At present we are studying the method for obtaining and culturing 
these cells by taking olfactory mucosa from patients who are scheduled for endoscopic nasal 
operations or transnasal pituitary surgery and we are aiming to test their regenerating properties in 
an animal model of brachial plexus avulsion injury in the rat.  
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Olfactory ensheathing cells promote recovery from a utonomic dysreflexia and 
modify preganglionic cell morphology in T4-transect ed rats 

T. Kalin� ík1, A. Mackay-Sim2, P. Carrive1, P.M.E. Waite 1 

1Neural Injury Research Unit, School of Medical Sciences, University of New South Wales, Sydney; 2National 
Centre for Adult Stem Cell Research, Griffith University, Brisbane, Australia 

Aim: Following spinal cord injury (SCI), sympathetic preganglionic neurons undergo marked 
changes in their morphological appearance. These changes have been suggested to relate to 
development of cardiovascular disorders, which occur after high level SCI. In the present study we 
examined the effect of transplanted olfactory ensheathing cells (OECs) on cardiovascular regulation 
and morphological properties of sympathetic preganglionic neurons.  

Methods: Adult male AAW rats were implanted with a radio-telemetric transmitter for blood pressure 
monitoring. T4 transection was followed by acute transplantation of OECs soaked in Gelfoam 
inserted between the stumps of the cut cord. Control animals received transection and Gelfoam 
soaked with medium. We used weekly colorectal distension to test autonomic dysreflexia expressed 
as an exaggerated increase in blood pressure. 9 weeks following SCI, animals were sacrificed and 
their spinal cords processed for histological analysis. Morphometric parameters of sympathetic 
preganglionic neurons rostral and caudal to the injury site were evaluated: soma size, total dendritic 
length, number of primary dendrites.  

Results: Autonomic dysreflexia was present from week 3 after SCI. Recovery of blood pressure 
during dysreflexia in OEC-treated rats was faster, with T50 (time to recover to 50% of maximum 
deviation) significantly shorter (treated: 150±6 s; control: 193±14 s mean±SEM; p<0.05). In control 
animals, sympathetic preganglionic neurons rostral and caudal to the injury site did not differ in any 
measured parameters. In OEC-treated animals, we observed marked position-treatment interactions 
in all 3 parameters (p<0.05, linear mixed model). Post-hoc analysis revealed differences in number 
of dendrites between OEC-treated and control animals rostral to SCI, and in soma size and number 
of dendrites in OEC-treated animals rostral and caudal to SCI (p<0.05, t-test).  

Conclusion: Transplantation of OECs at the site of a cord injury reduces the duration of dysreflexic 
hypertension. This reduction is associated with changes in morphology of sympathetic preganglionic 
neurons, both rostral and caudal to the injury, in OEC treated animals.  

 



43 

Effect of olfactory ensheathing cells transplanted into the injured spinal cord on 
plasticity of sensorimotor pathways 

T. Meng, T.C.P. Sardella, D.T. Scott, A. Toft, S.C. Barnett*, J.S. Riddell 

Spinal Cord Group, Faculty of Biomedical & Life Sciences, *Division of Clinical Neuroscience, Faculty of 
Medicine, University of Glasgow, G12 8QQ, UK 

Spinal cord injury results in loss of sensory, motor and autonomic functions which are largely 
permanent because of the limited capacity of the adult CNS for repair. One promising therapeutic 
approach aimed at promoting repair and improving function is cell transplantation. Transplants of 
specialised glial cells from the olfactory system, termed olfactory ensheathing cells (OECs), have 
been reported to enhance functional recovery in some animal models of spinal cord injury. However, 
the mechanisms involved are not yet clear. We have previously shown, using an anatomical 
approach, that axonal regeneration is unlikely to explain the recovery. Here we have used an 
electrophysiological approach to investigate whether transplanting OECs into the injured spinal cord 
promotes plasticity of sensory and descending spinal pathways. 

Experiments were performed on adult F344 rats. Lesions of the spinal dorsal columns were made at 
a mid-cervical level (C4-5) using a wire knife. This interrupts the ascending collaterals of primary 
afferent fibres entering below the lesion and descending fibres forming the main component of the 
corticospinal tract. Some animals were subsequently transplanted with OECs prepared from the 
olfactory bulbs of syngeneic P7 animals. The cells were transplanted so that they were distributed 
above and below the lesion rather than filling the injury site. To assess the function of sensory 
pathways, the radial nerve was stimulated electrically and cord dorsum potentials (CDPs) were 
recorded from the surface of the spinal cord for 8 mm above and below the lesion. CDPs are 
postsynaptic potentials which provide a measure of the strength of connections between sensory 
afferents and spinal cord neurones. To assess a descending system, the corticospinal tract was 
activated electrically via electrodes placed stereotaxically within the pyramids. Cord dorsum 
potentials evoked by corticospinal volleys were also recorded for 8 mm above and below the lesion 
in order to assess the strength of corticospinal connections in the region of the injury. 

Comparison of results obtained from normal (non-operated) animals and animals with dorsal column 
lesions but no transplants suggest that injury to the corticospinal pathway can trigger a degree of 
plasticity in this system that enhances synaptic connections in parts of the spinal cord. However, 
transplants of OECs do not appear to enhance the plasticity of sensorimotor pathways.  

 
Cell transplants for spinal cord repair: comparison  of regenerative and integrative 
properties of different cell types 

A. Toft 1, 2, M. Tome1,2, S.C. Barnett2, J.S. Riddell1 

1Spinal Cord Group, Institute of Biomedical & Life Sciences and 2 Clinical Neuroscience, University of Glasgow, 
Glasgow, G12 8QQ, UK 

The fundamental problem in spinal cord repair is loss of function in pathways disconnected by injury 
and the failure of damaged pathways to regenerate, due mainly to the non-permissive environment 
of the injured CNS. Cell transplantation is one strategy for encouraging regeneration, the rationale 
being to introduce into the injury site, cells with the properties necessary to modify the lesion 
environment to one conducive to axonal regeneration. Several cell types have been examined in 
recent years, including varieties of stem cells, glial cells and fibroblasts but, due to variations in 
study design, it is difficult to determine which cells are the most effective. Here, we have directly 
compared the regenerative and integrative properties of several cell preparations transplanted into a 
lumbar dorsal column lesion in the rat spinal cord.  

The following cell types were prepared from P7 Fischer-344 rat pups: 1) olfactory ensheathing cells 
purified from the olfactory bulb (OECs), 2) fibroblast-like cells from olfactory bulb (OBFB-L), 3) a 
50:50 mixture of 1) and 2) (OEC/OBFB-L), 4) dissociated mixed nasal mucosa (OM), 5) purified 
Schwann cells from peripheral nerve (SCs), 6) fibroblasts from peripheral nerve (PNFB) and, 7) 
fibroblasts from abdominal skin (SF). To investigate the extent of axonal regeneration within 
transplants of each cell type, lesions of the dorsal columns were performed at the L3/4 border of 
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syngeneic rats using a wire knife device and cells transplanted into the lesion by injection. In some 
animals, BDA was injected into the L4 and L5 spinal nerves to label ascending dorsal column fibres. 
Regeneration into each cell transplant was quantified at six weeks by determining the density of 
neurofilament positive axons in confocal scans of transplant sites. Transplants of OECs and SCs 
supported the greatest regeneration but all transplants, including PNFBs and SFs contained 
substantial numbers of axons. OBFB-like cells supported significantly fewer regenerating axons than 
other cell types and even when mixed with OECs, were less effective than pure OEC suspensions. 
None of the cell types tested (OECs, SCs, OM, PNFB) supported regeneration beyond the lesion. 
Regenerating neurofilament positive axons in OEC, SC, OM and PNFB transplants were found to be 
associated with immunolabelling for P0 and also the paranodal protein neurofascin, suggestive of 
peripheral type myelination and normal nodal architecture. The presence of this immunolabelling in 
transplants of PNFBs suggests that host Schwann cells are able to infiltrate transplants of different 
cell types. 

Although all cell types filled the lesion and prevented cavity formation, there was a marked 
difference in the rostro-caudal extent of the lesion site as defined by GFAP immunolabelling of the 
glial scar. OECs and SCs produced the smallest lesion sites (ca. 1.2 mm at 6 weeks), transplants 
containing fibroblast resulted in more extensive lesion environments (1.5 – 2.1mm) and OM the 
most extensive (2.5mm rostro-caudally). To investigate this further, small injections of cells were 
made into the normal spinal cord and immunolabelling for GFAP and nestin (expressed in the 
processes of reactive astrocytes) performed after one week. Those cells associated with larger 
GFAP immunoreactive injury sites were also associated with the most marked astrocytic response 
as defined by nestin immunoreactivity. 

The results suggest that, of the cells compared here, pure preparations of glial cells (OECs and 
SCs) possess an optimal combination of desirable properties; providing maximal support for axonal 
regeneration while evoking a minimal glial reaction around the transplant site. 

 

Axonal regeneration after delayed transplantation o f olfactory ensheathing cells into 
spinal cord lesions 

T.C.P. Sardella 1,2, A. Toft1, T. Meng1, G.M. Smith3, S.C. Barnett2, J.S. Riddell1 

1Spinal Cord Group, Institute of Biomedical & Life Sciences, UK and 2Dept. Of Clinical Neuroscience, University 
of Glasgow, Glasgow, G12 8QQ, UK. 3University of Kentucky, USA 

Transplants of olfactory ensheathing cells (OECs) are a potential treatment for spinal cord injury. In 
previous work from our laboratory we have studied regeneration of the ascending branches of 
sensory fibres following acute transplantation of OECs. Since regeneration following OEC 
transplants alone was largely confined to the transplant site, we subsequently tested the potential of 
a combined treatment strategy in which OEC transplants were combined with conditioning lesions of 
the sciatic nerve (a procedure which enables DRG axons to grow in the presence of inhibitory 
substrates). This combined procedure resulted in regeneration of significant numbers of fibres 
rostral to the lesion, but interestingly, this only occurred where OECs had formed a continuous tract 
of cells extending rostrally from the transplant site. Any clinical use of OEC transplants, however, will 
likely involve a delay between injury and treatment and since a glial scar will develop in the 
intervening period and the regenerative response of the axotomised fibres may subside, it is not 
clear to what extent regeneration will occur. We have now therefore investigated axonal 
regeneration following a delayed transplant procedure. 

Lesions of the dorsal columns were made at the L3/4 junction in the spinal cord of Fischer rats using 
a wire knife device. Animals were then allowed to recover and four weeks later cultured OECs 
obtained from the olfactory bulb of syngeneic P7 rats were transplanted by injection into the lesion 
cavity which had formed at the injury site. Some animals received injections of BDA into the L4 and 
L5 spinal nerves four weeks after the transplant in order to label ascending dorsal column fibres. All 
animals were perfusion fixed six weeks after the transplant.  

Delayed transplants which were successfully targeted to the lesion site filled the lesion cavity and, in 
most cases, OECs were also distributed rostrally and caudally over several mm. Numerous 
neurofilament immunopositive axons were detected among transplanted cells within the lesion cavity 
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and BDA labelled fibres also regenerated into the transplant filled lesion. These results show that 
delayed transplantation does not prevent axonal regeneration into an OEC transplant. However, 
even where OECs had spread rostrally to form a continuous track of cells beyond the lesion, very 
few BDA labelled fibres regenerated beyond the lesion, presumably because the environment 
outside the transplant remains hostile to regenerating fibres. We are currently therefore investigating 
whether a “conditioning” lesion of the sciatic nerve performed at the same time as a delayed OEC 
transplant (i.e. delayed combined treatment) leads to the same regeneration beyond the lesion, in 
association with rostrally distributed OECs, as we have seen following acute transplants. 
Confirmation of this would further demonstrate the potential of OEC transplants, in combination with 
other treatments, as a means of promoting regeneration following spinal cord injury.  

 
AAV8 as a vector for the delivery of neurotrophic f actor genes and RNA interference 
for the treatment of spinal cord injury 

Jacques SJ , Douglas MR, Ahmed Z, Berry M, Logan A 

Institute of Biomedical Research, University of Birmingham, Edgbaston, Birmingham, B15 2TT UK 

Two of the better understood reasons for the failure of regeneration of axons in the central nervous 
system are lack of neurotrophic factor (NTF) support following injury and the presence of axon 
growth inhibitory ligands (AGILs) in the pathways along which axons must regenerate.  Thus 
delivery of NTFs combined with attenuation of AGIL signalling pathways may offer a promising 
avenue for the treatment of spinal cord injuries. 

We have generated constructs enabling production of adeno-associated viruses (AAVs) containing 
combinations of green fluorescent protein (GFP), neurotrophin-3 (NT-3) and a short hairpin RNA 
against RhoA (shRNARhoA), a mediator of AGIL growth inhibition.  In addition we have generated a 
FLAG-tagged version of the NT-3 construct which we anticipate will be useful in elucidating the 
pharmacokinetics of this growth factor when delivered with AAV. 

These constructs have been tested and shown to produce a strong GFP signal in transfected cell 
lines, biologically relevant quantities of NT-3 and protein knockdown of RhoA in vitro (knockdown 
data provided by R.Seabright).  A biological assay for the activity of NT-3 has been developed 
based upon the effect of this growth factor on the survival of dorsal root ganglion neurones (DRGNs) 
in vitro.  This has demonstrated that the optimal concentration of NT-3 to promote around twice as 
much neurone survival as control is at 10ng/ml.   

Still in progress is work to establish the effect of the FLAG tag on the biological activity of NT-3.  
Currently, this protein is being purified by immunoaffinity chromatography and will be tested using 
our in vitro survival assay.   

We are also currently developing a reliable method of inhibiting the growth of DRGNs in vitro using 
NOGO-P4 peptide.  Preliminary results indicate that this will be a useful method for testing the 
disinhibitory activity of our constructs in vitro before going on to use them in vivo.   

In addition, we are processing tissue examining the efficacy of AAV8GFP as an axonal tracer in the 
intact central nervous system following injection into the dorsal root ganglion (DRG).  Preliminary 
results have shown that we can get excellent transfection of DRGNs with labelling of axons in the 
dorsal root.  We intend to quantify the transfection efficiency of AAV8GFP and also to look in detail at 
the labelling of ascending tracts.   

Prior to rigorous in vivo analysis of the efficacy of the viral constructs, during the coming year we 
plan to make AAV8GFP, AAV8GFP-NT3 and AAV8GFP-shRNA RhoA viruses.  We will inject these into the 
L4/L5 DRGs of adult rats and then subsequently culture the DRGNs in the presence of NOGO-P4 to 
determine if our viruses are able to drive growth and/or disinhibit these neurones.   We also intend to 
produce a construct containing GFP, NT-3 and shRNARhoA with the aim of only needing to deliver a 
single virus to effect our combinatorial therapy.  
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Comparison of AAV serotypes for gene delivery to DR G neurons 

Matthew R. J. Mason , Ruben Eggers, Erich M.E. Ehlert, Stephan Hermening, Angelina Huseinovic, 
Bas Blits, Joost Verhaagen 
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Adeno-associated virus (AAV) is an established successful gene therapy vector. While the standard 
AAV vector is based on AAV serotype 2, new AAV vectors based on the AAV2 genome and coat 
proteins of other AAV serotypes show altered transduction properties. For many experiments in the 
study of regeneration in the nervous system it would be useful to genetically manipulate primary 
sensory neurons, located in the dorsal root ganglia (DRG). We have tested AAV serotypes 1, 2, 3, 4, 
5, 6, and 8, and lentivirus, all expressing GFP, for efficiency of transduction of sensory neurons 
following direct injection of the viruses into the DRG. We show that AAV5 is the superior serotype in 
this model, followed by AAV1 and AAV6. We also study the time course of expression of GFP from 
the three best vectors, from 1-12 weeks.  AAV1 and AAV5 showed increasing transduction rates at 
later timepoints, with some injections of AAV5 yielding over 90% of DRG neurons GFP positive at 12 
weeks. AAV6 transduction rates declined between 4 and 12 weeks, possibly due to an observed 
transduction of glial cells as well as neurons. In conclusion, AAV5 is a highly effective gene therapy 
vector for primary sensory neurons. 

 
 
 
Overcoming Tenascin-C Inhibition with Alpha9 Integr in 
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Damage to the central nervous system induces a cascade of events which lead to abortive axonal 
regeneration.  The formation of the glial scar is one such event that contributes several inhibitory 
components including reactive astrocytes that produce various molecules contributing to the 
prevention of axonal growth, including the extracellular matrix glycoprotein tenascin-C (TN-C).  
Tenascin-C expression is high during nervous system development, but is downregulated in the 
adult CNS, except when it is re-expressed after injury.  The transmembrane integrin receptor, 
alpha9, is the receptor for TN-C.  Levels of alpha9 integrin in the adult nervous system are low and 
remain relatively unchanged after injury.  The current study investigates the ability to overcome 
inhibition of axonal growth caused by TN-C utilizing alpha9 integrin.  Initial studies to enhance 
neurite outgrowth on TN-C investigated how PC12 cells respond following transfection with alpha9 
integrin.  A significant increase in neurite length with alpha9 integrin on TN-C when compared to 
controls led us to further investigate overexpression of alpha9 integrin both in vitro and in vivo in 
adult DRGs.  In vitro, our studies demonstrate that overexpression of alpha9 integrin with a lentivirus 
in adult DRGs successfully enhances neurite outgrowth on TN-C.  In vivo, we have utilized a 
cervical dorsal rhizotomy and overexpression of alpha9 integrin using adeno-associated virus in 
cervical DRGs to promote axonal regeneration through the dorsal root entry zone (DREZ).  In these 
studies, our results indicate that alpha9 integrin expressed in DRGs in vivo induces more axons to 
regenerate into the DREZ than in GFP controls.  Additionally, in a second in vivo experimental 
group, we have examined sensory axon regrowth following a dorsal column crush lesion and 
overexpression of alpha9 integrin in cervical DRGs.  The results from these studies demonstrate 
statistically more axons are present within the lesion site of alpha9 integrin-treated spinal cords than 
in GFP controls. 
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Nogo receptor (NgR) mediates the inhibitory effects of the three known myelin-associated proteins 
(MAPs), Nogo, myelin associated glycoprotein, and oligodendrocyte myelin glycoprotein, on axon 
regeneration in the central nervous system. A truncated soluble form of NgR (sNgR) has been 
reported to block the effects of MAPs and promote axon regeneration. In this study, we fused the 
sNgR to nerve growth factor (NGF) and used NGF to target sNgR to the intercellular space in order 
to neutralize MAPs. NGF in NGF-sNgR fusion protein was still biologically active as it could induce 
the differentiation of PC12 cells in vitro and the sprouting of calcitonin gene related peptide 
containing axons when delivered to spinal cord using lentiviral vector (LV). In vitro study showed that 
secreted NGF-sNgR was able to reduce the inhibition of MAPs on neurite outgrowth of dissociated 
sensory neurons. In a dorsal column injury model, sensory axons were shown to grow into the lesion 
cavity in animals injected with LV/NGF-sNgR near the lesion sites, while in groups injected with 
LV/GFP or LV/NGF-GFP regenerating sensory axons terminated before they reached the lesion 
cavity. In combination with a peripheral nerve conditioning lesion, some sensory axons were able to 
grow across the lesion cavity and into the spinal cord rostral to the lesion in the LV/NGF-sNgR 
injected animals. The results indicate that NGF-sNgR fusion protein can reduce the inhibition of 
MAPs and promote sensory axon regeneration. 
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In animal models of spinal cord injury (SCI), axonal regeneration is inhibited by the presence of 
extracellular molecules, including neural proteoglycans (PGs), myelin associated glycoprotein 
(MAG) and Nogo-A. Treatments that reduced the presence, integrity or block the activity of these 
molecules promote axonal regeneration and functional recovery after SCI. Transplantation of bone 
marrow stromal cells (BMSC) into the injury site similarly promotes axonal regeneration and 
functional recovery after SCI. It is currently unclear how these cell-mediated improvements are 
achieved. 

With a view to implementing cell therapies for SCI patients, we have examined the growth of BMSC 
isolated from a small cohort of patients in comparison with those from non SCI donors. The doubling 
times of SCI BMSC cultures were inversely related to age. We also found that the number of BMSC 
expanded through to passage I, as a proportion of mononucleated cells originally isolated, was 
significantly decreased in patients with cervical lesions compared to those with thoracic lesions. 
Otherwise, the expansion of BMSC from SCI or non-SCI donors was similar, with passage II cells 
from both groups exhibiting a phenotype characteristic of mesenchymal stem cells, i.e. CD34-ve, 
CD45-ve  and CD105+ve, and differentiating along osteoblastic, adipocytic and chondrocytic 
lineages1. 

We have then tested whether these human BMSC may be expected to stimulate nerve growth after 
transplantation by developing an in vitro model system of SCI, which incorporates those inhibitors 
present in the injured spinal cord. Hence, substrates of neural PGs, MAG and Nogo-A were each 
found to inhibit NGF-stimulated neurite outgrowth from explants of dorsal root ganglia (DRG) in a 
concentration-dependent manner. However, the nerve-inhibitory effects of these molecules were 
significantly diminished when the DRG explants were cultured in the presence of human MSC. 
Time-lapse video microscopy demonstrated that MSC were able to adhere to and migrate over 
neural PGs, MAG and Nogo-A, and thereby acted as “cellular bridges” for nerve growth. MSC also 
directly “towed” growing nerves over the inhibitory substrates2. The cell bridging effects were 
associated with MSC synthesizing matrix molecules that are known to be permissive for nerve 
growth, including fibronectin and laminin. Whilst conditioned medium from serum-free MSC cultures 
stimulated DRG neurite outgrowth over permissive substrates, it did not promote outgrowth over 
inhibitory substrates. 

These findings support a continued rationale for the development of SCI repair techniques in 
humans wherein autologous MSC can be expanded in culture and delivered to the injury site to help 
nerves regenerate. 

Ref:  
1KT Wright et al, Spinal Cord. 2008 Jun 17. [Epub ahead of print] 
2KT Wright et al, Biochem Biophys Res Commun. 2007, 354: 559-566. 
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Transplantation of bone marrow stromal cells (BMSC) in animal models of spinal cord injury (SCI) 
encourages functional recovery. We have recently demonstrated that human BMSC promote nerve 
outgrowth over the major inhibitors of axonal regeneration present in the injured spinal cord (i.e. 
neural proteoglycans, MAG and Nogo-A) via direct contact-mediated events, but that BMSC also 
secrete neurotrophic factors.  In the course of this work, we identified that human BMSC express the 
nucleoside disphosphate kinase, nm23H1. Transfection of PC12 cells (a model of neuronal 
differentiation) with the murine homologue, nm23M1 has been shown to stimulate neurite outgrowth. 
However, nm23H1 is present in blood and has been demonstrated to exert extracellular effects, 
promoting haematopoietic cell survival. Furthermore, we have determined that nm23H1 is present 
on the surface of human BMSC and in BMSC-conditioned culture medium, which stimulates neurite 
outgrowth from dorsal root ganglia (DRG). Therefore, we have examined the influence of 
extracellular nm23H1 on nerve growth. 

Recombinant nm23H1 was adsorbed to nitrocellulose-coated tissue culture plates in strips, which 
were then further uniformly coated with type I collagen. E10 chick DRG explants were seeded onto 
these substrate “choice assays” and sensory neurite outgrowth stimulated with nerve growth factor 
(NGF). Where DRG explants settled onto collagen, neurite outgrowth advanced over the collagen 
with some degree of fasciculation, but as the neurites encountered nm23H1, they de-fasciculated 
and branched to form extensive neural networks. Neurites that subsequently encountered nm23H1: 
collagen borders turned and extended along the boundary, on the side of the nm23H1. Hence, 
substrate-bound nm23H1 both promoted and directed neurite outgrowth. These nerve-promoting 
effects were dose-dependent and did not occur when nm23H1 was in solution. Where DRG explants 
settled directly onto high concentrations of substrate-bound nm23H1, neurite outgrowth was 
extensive, rapid and limited to the nm23H1. This outgrowth also occurred in the absence of NGF 
supplementation. When we replaced E10 chick DRG explants with dissociated DRG from adult rats, 
both neuronal adherence and neurite extension was significantly greater on substrates of nm23H1 
compared to collagen (p = <0.0001).  In other systems, intracellular nm23H1 has been shown to 
function through the rho kinase family. However, we found that mutant forms of nm23H1, which do 
not possess kinase activity, also exhibited nerve-stimulatory properties when extracellular and 
substrate bound. Ongoing experiments are determining the signalling processes involved in how 
extracellular nm23H1 stimulates and directs nerve growth and whether these effects are involved in 
the capacity of BMSC to promote neural repair. 
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Limited self-regeneration of the injured nervous system has led to the utilization of different implants. 
However, invasion of inflammatory cells and reaction of the host glia, a phenomenon known as 
Foreign Body Reaction (FBR), always accompanies the implant-based approach in treating neural 
lesions. This tissue response leads to a gradual decline in the function of implanted electrodes and 
also impedes axon regeneration. The growing body of knowledge about the interaction of cells and 
the mechanical properties of their environment are pointing towards the fact that cells respond to the 
rigidity of their surrounding; each cell has preferences for differentiation, attachment, growth and 
their specialized function. Therefore, we study the effect of the stiffness of Poly-Acrylamide (PAA) 
gels used as culture substrates on neural cell cultures, focusing on the cells’ inflammatory reaction 
that can give rise to FBR. The results of this study may lead to knowledge about the optimum 
substrate stiffness for designing improved neural implants. 


