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1 AMACRINE-SIGNALED LOSS
OF INTRINSIC AXON GROWTH 
ABILITY BY RETINAL GANGLION 
CELLS
Jeff Goldberg, Ben Barres
Stanford University School of Medicine, 
Department of Neurobiology, Sherman 
Fairchild Science Building D231, 299 
Campus Drive, Stanford, CA,USA

The central nervous system (CNS) loses the
ability to regenerate early during develop-
ment, but it is not known why. The retina has
long served as a simple model system for
study of CNS regeneration. Using this model
system, we have found that amacrine cells sig-
nal neonatal rat retinal ganglion cells (RGCs)
to undergo a profound and apparently irre-
versible loss of intrinsic axon growth ability.
Concurrently, retinal maturation triggers
RGCs to greatly increase their dendritic
growth ability. These results suggest that adult
CNS neurons fail to regenerate not only
because of CNS glial inhibition but also
because of a loss of intrinsic axon growth
ability. We have recently found that the ama-
crine-induced loss of axon growth ability
requires gene transcription and we are cur-
rently doing gene chips studies to investigate
its molecular basis. We hope that understand-
ing the molecular basis of the loss in growth
ability will lead to new pharmacological
approaches for enhancing the rate of axon
regeneration in patients.

2 EVIDENCE FOR FUNCTIONAL 
REGENERATION OF THE VISUAL 
PATHWAY IN ADULT RATS
Solon Thanos, Dietmar Fischer,
Peter Heiduschka
Department of Experimental Ophthal-
mology, School of Medicine, University 
of Münster, Münster, GERMANY

Mature nerve cell axons do not spontaneously
regrow within their natural environment unless
they are stimulated by external application of
growth-promoting measures. In the present
study, axonal regrowth and restoration of visual
function was studied in adult rats. The optic
nerve was completely cut, and its proximal and
distal stumps were realigned and sutured back
together. During the same surgical procedure,
the lens was lesioned in order to induce second-
ary intraocular inflammation, which is known to
strongly support the survival of retinal ganglion
cells (RGCs) and to promote axonal regenera-
tion within the distal segment of the optic nerve.
The neuroanatomical data showed that cut
axons can regenerate over long distances within
the white matter of a central nerve like the adult
optic nerve, spanning over 11 mm to the chiasm
and between 12 and 15 mm to the thalamus and
midbrain. Responsiveness of the pupil to light
was restored five weeks after injury, thus indi-
cating reinnervation of the pretectal nuclei. Res-
toration of the ascending pathway between the
retina and visual cortex was assured by record-
ing flash visual evoked potentials (FVEPs). As
expected, no FVEPs could be recorded during
the postsurgical period of axonal growth
throughout the optic nerve and tract. FVEPs
could be recorded after two months, indicating
that synaptic transmission in higher visual areas
was established. The recording findings and the
restoration of pupillary responses suggest, for
the first time, that lentogenic stimulation of
RGCs is sufficient to induce the formation of
growth cones that can override putative inhibi-
tors at the site of injury.
1
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3 ACUTE AND DELAYED OPTIC 
NERVE REGENERATION IN THE 
ADULT RAT: SLEEPING FIBRES 
AWAKENED, PUTATIVE
CENTRAL NERVOUS SYSTEM 
(CNS) INHIBITORY SIGNALS 
IGNORED, DE NOVO SCAR
FORMATION INHIBITED AND 
ESTABLISHED SCARS DISPERSED
Martin Berry
GKT School of Biomedical Sciences, 
Neural Damage and Repair, Centre for 
Neuroscience, Guy’s Campus—London 
Bridge, London, UK

The axons of retinal ganglion cells (RGC)
regenerate in the transected optic nerve (ON)
after both intravitreal implantation of a seg-
ment of sciatic nerve (ISN), and lens injury
(LL). In animals without ISN/LL, RGC axons
fail to regenerate. Zonation develops in the
lesion within 24h post lesion (pl). Proximal
(P) and distal (D) convex membranes, formed
by astrocyte processes, circumscribe the
wound, defining an astrocyte free zone (AFZ)
in which macrophages amass. PAFZ and
DAFZ contain the haemorrhagic lesion core.
By 24hpl in both regenerating and non-regen-
erating ON, the largely myelin-free PAFZ, is
filled with regenerating axon sprouts which
invade the haemorrhagic core. The DAFZ
contains the retraction bulbs of the severed
distal axon segments. In the non-regenerating
ON, scar tissue is deposited from 3/4dpl
eccentrically, within the distal wall of the
haemorrhagic zone into which few regenerat-
ing fibres have penetrated. In the regenerating
ON, axon sprouts grow randomly in all zones
of the lesion and, by 2/3dpl penetrate the dis-
tal astrocyte membrane and thereafter course
centrally within the distal ON segment. Axon
sprouts in the PAFZ in the non-regenerating
ON see little myelin and stop growing in the
non-myelinated haemorrhagic core where
Semaphorin III, NG2, and EpB2 are
expressed. Regenerating axons penetrating the
distal ON stump grow unperturbed within
myelin debris, reactive astrocytes and NG2-
positive synantocytes. NgR is not modulated
in the retina or ON by ON transaction, but
NogoA, Neuropilin/PlexinA1, EphA4 and
Ephrin B2 are down-regulated in both sites.

Moreover, p75 is cleaved into 55 and 25kDA
fragments in the retina of ISN rats. No scar is
formed in the regenerating ON and when ISN
is delayed 8, 10, 12 and 15dpl regenerating
axons penetrate the established ON scar and
little/or no evidence of the original cicatrix is
detectable at 28-35dpl. Evidence that metallo-
proteinases (MMP) secreted by regenerating
RGC axons modulate scarring is supported by
up-regulation of MMP1/2/9 and a correspond-
ing down-regulation of TIMP 1/2 in the retina
and ON in the regenerating model.

4 MOLECULAR AND BEHAV-
IOURAL CORRELATES OF
OPTIC NERVE REGENERATION
S.A. Dunlop, J. Rodger, C.E. King,
R.V. Stirling, C. Bartlett, A.Taylor,
L.B.G. Tee
A.C.E. Symonds and L.D. Beazley School 
of Animal Biology & Western Australian 
Institute for Medical Research, The Uni-
versity of Western Australia, Crawley, 
WESTERN AUSTRALIA

Functional recovery after central nervous sys-
tem (CNS) damage has several components
which, in part, recapitulate development.
Death of axotomised neurons must be mini-
mized and axon re-growth to target appropri-
ate tissue triggered. Regenerating axons must
then re-establish appropriate functional con-
nections in the brain that are organized as a
“topographic map” which faithfully represents
the distribution of neuronal cell bodies in the
periphery. Here we focus on the molecular
basis of topographic map restoration during
optic nerve regeneration. The strict topo-
graphic representation from the retina to pri-
mary visual centres allows the accuracy of
axonal regeneration to be assessed. Moreover,
the differing capacity for successful optic
nerve regeneration within the vertebrate phy-
lum allows anatomical and electrophysiologi-
cal as well as molecular studies of events
underpinning map restoration. In fish, optic
nerve regeneration is successful with return of
vision. For reptiles, regeneration occurs but
projections are inaccurate with axons failing
to restore stable topographic maps; as a conse-
quence blindness persists. In adult mammals,
although spontaneous optic axon regeneration
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does not occur, some axons regrow via a
length of peripheral nerve grafted between the
eye and visual centres. However, as in rep-
tiles, topography is not re-established. We
have investigated expression pattern of mole-
cules associated with restoring topography in
regenerating systems. Our results indicate
that, as in development, tyrosine kinase Eph
receptors and their ligands, the ephrins, are
key players. It is also necessary to ensure that
a balance of glutaminergic excitatory and
GABA-ergic inhibitory connections is main-
tained. A recently completed study in lizard
indicates that an appropriate sequence of
events can be triggered during optic nerve
regeneration by training on a visual task,
resulting in the restoration of vision. The
result implies that restoration of function
within regenerating central projections in
mammals may require not only re-expression
of developmentally expressed molecules but
also appropriate training regimes.

5 PERSISTENT AND INJURY-
INDUCED NEURONAL
REGENERATION IN
THE VERTEBRATE RETINA
P. Hitchcock, D.C. Otteson,
M. Ochocinska, A. Sieh, L. Kakuk
University of Michigan, W.K. Kellogg 
Eye Center, Ann Arbor, MI, USA

Persistent neurogenesis occurs in the adult
nervous system of myriad vertebrate species
including humans. All brains harbor stem
cells, although in mammals their contribution
to normal neuronal turnover or growth appears
limited to specific brain regions. The presence
of a reservoir of self-renewing multipotent
stem cells forms a common link between the
adult brain and all other adult tissues–both are
capable of generating differentiated, tissue-
specific cells. However, unlikenon-neural tis-
sues, the brain of most adult vertebrates has
only a limited capacity to replace cells lost to
injury. The neural retina of amphibians, birds
and fish is an exception. Animals within each
of these vertebrate classes has the capacity to
regenerate retinal neurons following an injury.
Interestingly, the regenerated neurons emerge
from distinct cellular sources: the retinal pig-
mented epithelium (amphibians), Müller glia

(post-hatch chickens), or resident stem cells
(teleosts). In amphibians and fish, regenerated
retina is structurally and functionally a strik-
ingly accurate recapitulation of the original.
Injury stimulates the re-expression of develop-
mental regulatory genes found in the embry-
onic retina, and at the conclusion of the
regenerative neurogenesis, all the characteris-
tic cellular and synaptic elements have been
re-formed. In addition, regenerated retina can
generate electrical responses with normal
waveforms and mediate simple behaviors. In
teleosts, cell type-specific lesions can stimu-
late cell-type specific neuronal regeneration.
In birds, retinal regeneration is limited and
although acute injury stimulates proliferation
of retinal progenitors, only a few differentiate
into mature neurons and glia. These studies
demonstrate that in some vertebrate classes
mature nervous tissue can be repaired by
intrinsic cellular mechanisms. Understanding
the intrinsic and extrinsic signaling pathways
that direct the proliferation, migration and
fates of injury-induced progenitors in regener-
ating retinas may provide new insight into the
regulation of persistent and injury-induced
neurogenesis in all nervous systems.

6 DEVELOPMENT OF A RETINAL 
PROSTHESIS TO RESTORE 
VISION TO BLIND PATIENTS
Joseph Rizzo, MD1,2;
John Loewenstein, MD2;
John Wyatt, PhD3

1Boston VAMC, 2Massachusetts Eye
and Ear Infirmary, 3Massachusetts
Institute of Technology, MA, USA

Our research team is endeavoring to build a
retinal prosthesis to restore vision to patients
with some forms of retinal disease. As proof-
of-concept, we have performed electrical
stimulation of human retina in 6 volunteers
during experiments that lasted hours. In the
five blind patients, the electrical stimulation
threshold for each patient was linearly related
to the severity of visual loss, and the amount
of charge required to stimulate the retina in
the best cases was near to generally accepted
safety levels for iridium oxide electrodes. We
were not able to achieve letter recognition.
Roughly 50% of the time the volunteers did
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not see percepts with a form that matched the
pattern of electrical stimulation, although
there was 66% “reproducibility” of the form
of the induced percepts. One of the volunteers
had normal vision—in this special case the
electrical thresholds were 25% less than the
lowest values for blind patients, but we were
not able to achieve better perceptual results
with respect to the quality of the perceived
images. These results suggest that our lack of
understanding of how to effectively stimulate
the retina hindered our ability to achieve bet-
ter quality vision. It is reasonable to assume
that experiments of this type performed with a
chronically implanted prosthesis might yield
more favorable results because of the opportu-
nity for researchers to learn how to communi-
cate with the retina and for the patients to
learn how to interpret the artificial stimuli. To
this end, our group is nearing completion of
our custom-designed, chronically implantable
microelectronic device.

7 BONE MARROW STROMAL 
CELLS (MSCS) AS A POTENTIAL 
SOURCE FOR NEURAL REPAIR
Jeffery D. Kocsis, Osamu Honmou
Neuroscience Research Center, VA
Medical Center, West Haven, CT, USA; 
Department of Neurology, Yale Univer-
sity School of Medicine, New Haven, CT, 
USA; Department of Neurosurgery,
Sapporo Medical University School of 
Medicine, Sapporo, Hokkaido 060-8543, 
JAPAN

A number of cell types have been used for cell
transplantation studies in animal models to
remyelinate demyelinated regions of the cen-
tral nervous system. These include committed
myelin-forming cells such as oligodendrocytes
and Schwann cells as well as precursor cells
derived from either embryonic or adult brain.
We report that mononuclear and stromal cells
derived from bone marrow can differentiate
into myelin-forming cells and form myelin in
animal models of demyelination upon direct
injection into the lesion or after intravenous
delivery. This opens the intriguing prospect of
systemic delivery of MSCs to target sites of
demyelination and to achieve myelin repair.
The mononuclear fraction from autologous

bone marrow was separated on a density gradi-
ent and various concentrations of cells were
delivered intravenously into either of two
lesion models, 1) chemically-induced spinal
cord demyelination or 2) a transient cerebral
ischemia model. Extensive remyelination of
the spinal cord was observed after autologous
bone marrow cell delivery. Many of the mye-
lin profiles observed subsequent to bone mar-
row transplantation are characteristic of
peripheral myelin. In the cerebral ischemia
model cells were delivered at various times
from 3 to 72 hours post-infarction. Reduced
infarction size and improved functional out-
come was observed at all tested times, but
greater improvement was observed at the
shortest intervals. While these approaches are
experimental in animal models, the prospect of
using an expandable and renewable source of
cells from bone marrow to repair the demyeli-
nated central nervous system (CNS) or to con-
fer neuroprotection to the infarcted CNS by
systemic delivery has implications for future
consideration of such an approach in man.

8 THE PROS AND CONS
OF OLFACTORY ENSHEATHING 
CELLS (OECS) IN CENTRAL
NERVOUS SYSTEM (CNS) REPAIR
Susan C. Barnett
University of Glasgow, Beatson Labs, 
Garscube Estate, Switchback Road,
Glasgow G61 1BD, SCOTLAND

Over the last decade, the idea of using cells
obtained from the peripheral olfactory system
for transplant mediated repair of CNS lesions
has attracted considerable interest. Evidence
has come from a range of studies in animal
models that examine the potential of OECs
to either remyelinate experimentally-created
demyelinated axons or to promote the repair of
spinal cord injury. Schwann cells have also
been proposed as a candidate for transplant-
mediated repair, as like OECs they have a per-
missive role in endogenous regeneration after
injury. We have shown using mainly in vitro
studies that OECs may have advantages over
Schwann cells in transplant-mediated repair.
For example, Schwann cells do not intermin-
gle well in an astrocyte-rich environment and
have been shown to induce characteristics
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typical of hypertrophy in astrocytes, namely an
increase in astrocyte area and up- regulation of
molecules inhibitory to axonal outgrowth,
including chondroitin sulphate proteoglycans.
Further work has demonstrated a role for the
adhesion molecule N-cadherin in orchestrating
the differences between the two glial cells.
Other recent developments for the use of
OECs in transplant-mediated repair have been
(a) Pure OEC preparations are less good at
mediating CNS repair when compared to cell
preparations that contain added meningeal
cells. (b) OECs may not promote reconnection
of the dorsal root fibres after rhizotomy from
studies using electrophysiological and immu-
nohistochemistry methods. These studies will
be discussed in relation to the use of OECs as
candidates for CNS repair.

9 LAMINA PROPRIA-DERIVED 
OLFACTORY ENSHEATHING 
CELLS IN SPINAL CORD
REGENERATION
Jane Roskams
Department of Zoology, University
of British Columbia, Vancouver BC,
V6T 1Z4, CANADA

Olfactory Ensheathing Cells (OECs) provide
a permissive glial environment for neurogene-
sis of olfactory receptor neurons and regenera-
tion in the olfactory system. Since OECs do
this throughout a lifetime, there has been con-
siderable interest in using them to promote
axonal repair and regeneration in other
regions of the adult nervous system, in partic-
ular the spinal cord. Lamina propria-derived
olfactory ensheathing cells (LP-OECs) from
olfactory mucosa, which are an accessible
source in adult humans, have thus become
prime candidates for autologous human trans-
plantation to repair spinal cord injuries. Our
lab is exploring a number of avenues of LP-
OEC action in vivo and in vitro. When mouse
LP-OECs expressing green fluorescent pro-
tein (GFP) are transplanted directly into rat
and mouse rubrospinal tract lesion sites they
demonstrate minimal migration, but signifi-
cantly attenuate scar formation, reduce cavity
formation, promote host Schwann cell inva-
sion and form a novel glial environment to
promote regeneration. In this model, profuse

axonal sprouting is seen, where multiple
axons sprout across the lesion site into the dis-
tal cord, including serotonin- and tyrosine
hydroxylase-positive axons, but rubrospinal
axons responded less robustly. When LP-
OECs are introduced rostral and caudal to the
site, a differential axonal and glial response is
seen. In contrast to previous studies, when
LP-OECs are transplanted in an attempt to
bridge the dorsal root entry zone following
dorsal root avulsion, sensory neurons
regeneration is not successful. So what under-
lies the differential abilities of OECs to
enhance regeneration and CNS-PNS boundary
formation in some cases, but not others? We
have found, for example, that OECs lose their
potency for promoting neurite outgrowth in
embryonic dorsal root ganglia and neuronal
survival with age in culture, which could have
a profound influence on the behaviour of
OECs when transplanted. I will review some
of the confounding data currently in the field
and discuss how some of the data from our lab
and others may be reconciled and extended in
order to utilize OECs in a more targeted strat-
egy to promote spinal cord regeneration.

10 SCHWANN CELLS AND
OLFACTORY ENSHEATHING 
GLIA FOR REPAIR OF THE 
INJURED SPINAL CORD
M. Oudega
The Miami Project to Cure Paralysis, 
University of Miami School of Medicine, 
Miami, FL, USA

In the United States, each year the lives of
10,000 persons changes dramatically due to a
spinal cord injury resulting in paralysis. Many
of these people are below the age of 30 and
face a lifetime of disability and life-threaten-
ing complications. Following an injury to the
adult spinal cord, nervous tissue is lost pro-
gressively and regeneration of axons is poor.
Consequently, descending motor axons and
ascending sensory axons will be permanently
interrupted, which results in partial or com-
plete loss of voluntary movement and sensory
perception in arms and/or legs. In some cases,
human spinal cord injury results in complete
disconnection of the spinal cord ends. In most
cases, however, damage to the human spinal
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cord is the result of a contusion injury. It is
imperative to develop effective transplanta-
tion paradigms to limit nervous tissue loss,
promote axonal regeneration and improve
functional recovery in the injured cord. The
reparative abilities of Schwann cells (SCs)
and olfactory ensheathing glia (OEG), alone
or combined, have been studied extensively in
both a complete spinal cord transection and in
a contusion model. OEG grafts integrate well
with the spinal tissue, and result in tissue spar-
ing and axonal regeneration/sparing. In some
paradigms motor improvements following
grafting has been reported. The observed
improvements in motor outcome are variable
between paradigms. Combining SC or OEG
grafting with neuroprotection strategies,
administration of neurotrophic factors, or the
obstruction in the function of axonal growth
inhibitors in the spinal tissue may provide
means to further improve motor outcome.
Such combination strategies may ultimately
result in axonal regeneration from grafts into
the spinal cord, which will enhance the
changes for formation of synaptic connections
and improving motor outcome.

11 AN EARLY ANTI-INFLAMMATORY 
STRATEGY MARKEDLY REDUCES 
AUTONOMIC DYSREFLEXIA
AND CHRONIC PAIN AFTER
CLIP-COMPRESSION SPINAL 
CORD INJURY IN RATS
L.C. Weaver, F. Bao, D.R. Marsh,
D. Gris, M.A. Oatway, Y. Chen,
G.A. Dekaban
Spinal Cord Injury Laboratory,
BioTherapeutics Research Group, 
Robarts Research Institute, London, 
Ontario, N6A 5K8, CANADA

A significant degree of the post-traumatic tis-
sue damage and subsequent neurological defi-
cits that occur after spinal cord injury (SCI)
are due to secondary reactive processes
including the release of chemokines, cytok-
ines, free radicals and proteases, the peroxida-
tion of lipids and the influx of neutrophils and
macrophages. A selective early anti-inflam-
matory treatment may diminish the destructive
aspects of this response and limit secondary
injury. We used an early anti-integrin interven-

tion consisting of a monoclonal antibody to
the CD11d subunit of the Cd11d/CD18 inte-
grin delivered intravenously at 2, 24, and 48 h
after clip compression SCI. This antibody
treatment attenuated neutrophil (–80%) and
hematogenous macrophage (~ –40%) infiltra-
tion into the injured cord by blocking the
interaction between vascular adhesion mole-
cules and this cell surface integrin. Within the
first 72 hr after SCI the treatment decreased
ED-1 expression by 70% (estimating mac-
rophage infiltration), myeloperoxidase activity
by 40%, lipid peroxidation by 60%, iNOS
expression by 50%, cyclooxygenase-2 expres-
sion by 50%, protein nitration by 70% and
protein oxidation by 70%. At six weeks to
three months after this treatment, the locomo-
tor BBB score improved from 8 to 11, demon-
strating the ability to weight-bear rather than
simply sweep the hind legs, increases in arte-
rial pressure due to autonomic dysreflexia
were reduced by 50% and the development of
chronic pain was reduced by 50%, correlating
with significantly greater myelin and neurofil-
ament within and near the lesion. In summary,
intravenous treatment with the anti-CD11d
antibody promotes white matter sparing by
limiting oxidative damage to the spinal cord
and results in generally improved neurological
recovery. This early anti-inflammatory strat-
egy could be an important foundation that pre-
cedes later regenerative treatments.
The research was supported by the ICOS
Corporation, Canadian Institutes of Health
Research, Ontario Neurotrauma Foundation and
Heart & Stroke Foundation of Ontario.

12 INTRASPINAL SPROUTING AND 
NEUROPATHIC PAIN FOLLOW-
ING DORSAL RHIZOTOMY
Matt S. Ramer
ICORD (International Collaboration
on Repair Discoveries), the University
of British Columbia, Vancouver, BC, 
CANADA

Descending monoaminergic axonal systems
(serotonergic, noradrenergic and dopaminer-
gic) have complex roles in nociceptive signal-
ling. In the absence of injury, these are thought
to have primarily an anti-nociceptive role,
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inhibiting pain transmission directly at the
level of the primary afferent terminal, the sec-
ond-order projection neuron, or indirectly via
inhibitory interneurons. However, these sys-
tems may also mediate descending facilitation,
enhancing pain signalling at these same loci.
We have investigated changes in monoaminer-
gic transmitter content following cervical dor-
sal root injuries in rats and mice, as a clinically
relevant model of brachial plexus avulsions,
which often produces severe intractable phan-
tom-like spontaneous pain, as well as
enhanced evoked pain in humans. In both rats
and mice, cervical rhizotomy induces seroton-
ergic and (to a lesser extent) noradrenergic
sprouting in the spinal cord dorsal horn. Since
myelin-derived proteins (such as NogoA, oli-
godendrocyte myelin glycoprotein and mye-
lin-associated glycoprotein) have been shown
to inhibit injury-induced and spontaneous
plasticity of spinally-projecting axons, we
examined sprouting in Long-Evans Shaker
(LES) rats, which lack central nervous system
(CNS) myelin in adulthood, following dorsal
rhizotomy. We also used a soluble Nogo
receptor (sNogoR) in normally-myelinated LE
rats to pharmacologically antagonize myelin
inhibitory proteins. Since the Nogo receptor is
thought to signal through p75, we character-
ized monoaminergic sprouting in p75 null-
mutant mice. Finally, since p75 has been
shown to inhibit regeneration through activa-
tion of the small GTPase Rho, we used a spe-
cific antagonist of a downstream effector of
Rho (Rho-kinase), Y-27632. In all cases, we
found that serotonergic and noradrenergic
sprouting was enhanced following dorsal
rhizotomy. These results support the myelin-
NogoR-p75-Rho model of axonal inhibition
within the adult CNS, and suggest pharmaco-
logical routes to enhance plasticity of descend-
ing monoaminergic systems following dorsal
rhizotomy. Further experiments are underway
to characterize the behavioural consequences
of cervical dorsal rhizotomy and pharmaco-
logical antagonism of myelin signalling.
Supported by the ISRT, CRPF, and MSFHR.

13 GROWTH AND GUIDANCE
FACTORS MODULATING
NOCICEPTIVE AFFERENT 
SPROUTING WITHIN
THE ADULT SPINAL CORD
George Smith
University of Kentucky, Lexington,
KY, USA

Spinal cord injury or nerve growth factor appli-
cation to the dorsal horn causes abnormal pain
through undefined mechanisms. One potential
mechanism is aberrant sprouting of calcitonin
gene-related peptide (CGRP) and substance-P
(SP) sensory afferents within the spinal cord.
To examine if NGF-induced sprouting of these
peptidergic axons contribute to abnormal pain,
we over-expressed GFP or NGF using recom-
binant adenoviruses. Injections of NGF/Aden-
ovirus (Ad), but not GFP/Ad, into adult lumbar
spinal cords induced robust sprouting of
CGRP(+) fibers and led to the development of
thermal hyperalgesia, mechanical allodynia,
and touch mediated vocalization within
2 weeks. Since NGF could contribute to abnor-
mal pain independent of sprouting,
semaphorin3A (Sema3A) was used to inhibit
sprouting without affecting other NGF-medi-
ated events. During spinal cord development,
Sema3A acts as a chemorepulsive factor to
restrict CGRP(+) fiber growth to lamina I & II.
For these experiments, we constructed an aden-
ovirus encoding Sema3A which demonstrated
excellent in vitro chemorepulsion that was
dependent on the dose of NGF. To examine
sprouting within the spinal cord, we co-injected
sema3A/Ad or GFP/Ad with NGF/Ad at either
a high (> 10 fold above physiological conc.) or
low concentration (< 8 fold above physiologi-
cal conc.). Co-injections of GFP/Ad with either
NGF/Ad dose resulted in robust sprouting of
both CGRP(+) and SP(+) fibers and abnormal
pain. Behaviorally, these animals showed ther-
mal hyperalgesia, mechanical allodynia and
touch mediated vocalization. Co-injection of
Sema3A demonstrated statistically significant
reductions in spouting to normal densities, but
only at the lower concentration of NGF/Ad.
Interestingly, only reductions in mechanical all-
odynia were observed in these animals. These
findings demonstrate 1) the molecular interplay
between chemoattractive and chemorepulsive
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factors can govern sprouting, 2) sprouting only
partially contributes to NGF-mediate pain
mechanisms, and 3) chemorepulsive factors
may be useful as a potential therapy for control-
ling aberrant sprouting that results in abnormal
function.
Supported by: NINDS, NS38126.

14 NOVEL ELECTRICAL
STIMULATION TECHNIQUES FOR 
RESTORING LIMB FUNCTION
Vivian Mushahwar
Department Biomed Eng, Fac Med & 
Dent, University Alberta, Edmonton, 
Alberta, CANADA

In the absence of spinal cord regeneration after
injury, techniques such as functional electrical
stimulation (FES) have been developed to
restore some of the lost motor functions. In
this talk, I will describe existing FES systems
for restoring hand and leg function after spinal
cord injury (SCI). I will also present a novel
FES technique, intraspinal microstimulation
(ISMS), focused on restoring function by
directly activating spinal circuitry through ind-
welling microelectrodes. We have shown in
experiments conducted in intact adult cats with
chronically implanted electrodes that ISMS is
safe, feasible and can generate synergistic limb
movements which remain stable for long peri-
ods of time. No signs of discomfort are seen
even when ISMS in the ventral horn of the
lumbosacral enlargement generates powerful
limb movements, some capable of lifting the
animals’ hindquarters. More recently, we
applied ISMS in chronically spinalized cats
and found that modulated, fatigue resistant
weight-bearing stepping can be induced using
patterned stimulation paradigms. Furthermore,
non-patterned, or tonic, low-level ISMS deliv-
ered simultaneously through 2–4 adjacently
located electrodes in the lumbosacral enlarge-
ment can elicit rhythmic locomotor activity
resulting in weight-bearing stepping of the
hindlimbs. This suggests that low-level tonic
ISMS can recruit local neuronal elements
involved in the generation of rhythmic loco-
motion. In contrast to the non-load bearing
locomotor activity elicited by epidural stimu-
lation of the spinal cord in cats and humans

with complete SCI, tonic ISMS is capable of
evoking weight-bearing stepping. I will dis-
cuss the use of various ISMS patterns to mod-
ulate neuronal membrane properties to reduce
spastic hypertonus after spinal cord injury. I
will then conclude by showing examples of the
added benefits obtained by combining various
therapeutic approaches, e.g., pharmacology,
locomotor training and ISMS, in restoring
functional walking after SCI.

15 VERTEBRATE LIMB
REGENERATION AND THE
ORIGIN OF LIMB STEM CELLS
David M. Gardiner
University of California Irvine, Irvine 
CA, USA

Salamanders are unique among tetrapod verte-
brates in their ability to regenerate their limbs
as adults. As a consequence, salamander limb
regeneration has been extensively studied by
several generations of biologists, and there is a
wealth of cellular and molecular data that have
provided valuable insights into the mecha-
nisms controlling tissue and organ regenera-
tion. Recent advances in molecular biology,
bioinformatics and functional analysis have
stimulated a renewed interest in regeneration
that has led to exciting new opportunities to
understand regenerative mechanisms, and ulti-
mately to stimulate regenerative responses in
humans. Numerous studies have demonstrated
the critical role of interactions between con-
nective tissue fibroblasts and nerves in the
control of growth and pattern formation dur-
ing regeneration. Nerves provide critical fac-
tors that allow fibroblasts to dedifferentiate
and form a blastema, and in turn, fibroblasts
generate a blueprint that directs the pattern of
growth of nerves in the newly formed limb. In
order to investigate the nature of these interac-
tions we have developed a Step-Wise Model
for limb regeneration that allows for the
experimental dissection of limb regeneration
into discrete parts, each of which can be stud-
ied independently of the others. Progress in
this endeavor is being accelerated by the avail-
ability of an EST database for regenerating
axolotl limbs, and by advances in techniques
for somatic cell transgenesis.
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16 MSX GENES AND BMP
SIGNALING IN MAMMALIAN 
DIGIT REGENERATION
Ken Muneoka
Department of Cell and Molecular
Biology, Division of Developmental
Biology, Tulane University, New 
Orleans, LA, USA

The regeneration of digit tips in mammals,
including humans and rodents, represent a
model for organ regeneration in higher verte-
brates. We had previously characterized digit tip
regeneration in fetal and neonatal stages of digit
formation in the mouse and found that regenera-
tive capability correlated with the expression
domain of the Msx1 gene. Using the stage 11
(E14.5) digit we now show that digit tip
regeneration occurs in organ culture and that
Msx1, but not Msx2, mutant mice display a
regeneration defect. Associated with this pheno-
type we find that Bmp4 expression is down-reg-
ulated in the Msx1 mutant digit and that mutant
digit regeneration can be rescued in a dose-
dependent manner by treatment with exogenous
BMP4. Studies with the BMP binding protein
NOGGIN show that wild type digit regenera-
tion is inhibited without inhibiting expression of
Msx1, Msx2 or Bmp4. These data identify a
signaling pathway essential for digit regenera-
tion in which Msx1 functions to regulate BMP4
production. We also provide evidence that
endogenous Bmp4 expression is regulated by
the combined activity of Msx1 and Msx2 in the
forming digit tip, however we discovered a
compensatory Msx2 response that involves an
expansion into the wild type Msx1 domain.
Thus, while both Msx1 and Msx2 function to
regulate Bmp4 expression in the digit tip, the
data are not consistent with a model in which
Msx1 and Msx2 serve completely redundant
functions in the regeneration response. These
studies provide the first functional analysis of
mammalian fetal digit regeneration and identify
a new function for Msx1 and BMP4 as regula-
tors of the regenerative response.

17 DETERMINING THE MOLECULAR 
BASIS FOR CELLULAR
PLASTICITY DURING NEWT
LIMB REGENERATION
D.L. Atkinson 1; V. Vinarsky 1,2,3;
T.J. Stevenson 1; S.J. Odelberg 1,2
1 Departments of Internal Medicine;
2 Neurobiology and Anatomy, University 
of Utah, Salt Lake City, UT, USA;
3 Howard Hughes Medical Institute, 
Department of Cell Biology, Harvard 
Medical School; Department of Cardiol-
ogy, Children’s Hospital, Boston, MA, 
USA

Newts and other salamanders have the remark-
able ability to regenerate lost structures and
injured organs, including their limbs, tails, spi-
nal cords, retinas, lenses, optic nerves, jaws,
and heart ventricles. These regenerative pro-
cesses require an extraordinary degree of cel-
lular plasticity that is observed in only a few
vertebrates, such as the salamanders. For
example, following the initial wound healing
phase of newt limb regeneration, internal limb
cells residing within approximately 2 mm of
the amputation plane begin to dedifferentiate
and migrate distally to form a pool of multipo-
tent and committed progenitor cells known as
the regeneration blastema. The blastemal cells
later redifferentiate to form all of the cell types
that comprise the internal tissues of the regen-
erated limb. We have previously shown that
proteins present in regenerating newt limbs,
but absent in nonregenerating limbs, can
induce both newt and mouse myotubes to ded-
ifferentiate (McGann et al., PNAS 98:13699-
13704, 2001). In an effort to identify the genes
that encode these dedifferentiation-initiating
proteins, we have performed differential dis-
play analyses between regenerating and nonre-
generating newt limbs and have cloned and
sequenced the entire coding regions for more
than 130 of the up-regulated newt genes. We
are currently performing both in vitro and in
vivo assays to elucidate the biochemical, cel-
lular, and biological function of these genes
during the initial stages of limb regeneration.
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18 MOLECULAR DETERMINANTS 
OF SUCCESSFUL
REGENERATION IN THE
CENTRAL NERVOUS SYSTEM 
(CNS) OF ADULT ZEBRAFISH
C.G. Becker, B.C. Lieberoth,
F. Morellini, J. Feldner, T. Becker
Zentrum für Molekulare Neurobiologie 
Hamburg, Universität Hamburg, Martin-
istr. 52, D-20246 Hamburg, GERMANY

Successful axon regeneration in the CNS of
zebrafish is accompanied by increased expres-
sion of growth-promoting cell recognition
molecules, such as the L1-related immunoglo-
bulin superfamily molecule L1.1. After a
complete transection of the spinal cord in
adult zebrafish, expression of L1.1 is tran-
siently increased in axotomized supraspinal
neurons with spinal axons, which correlates
with axon regrowth, and in non-axotomized
spinal interneurons, which may correlate with
plasticity of spinal-intrinsic circuitry. In con-
trast, spinal neurons with axons ascending to
the brain and supraspinal neurons with
descending axons in certain brain nuclei show
a low capacity to regrow their axons and to
up-regulate L1.1. To analyze the function of
L1.1 during regeneration, anti-sense mor-
pholinos to L1.1 were applied to a spinal
transection site. Morpholinos were retro-
gradely transported into axotomized neurons
in the brain. L1.1 immunoreactivity was
reduced in these supraspinal neurons and in
the spinal cord gray matter at a distance of up
to 4 mm around the lesion site for at least
6 weeks. Animals treated with L1.1 mor-
pholino showed significantly decreased num-
bers of supraspinal neurons with regenerated
spinal axons (33% of control groups) at
6 weeks post-lesion. Videotracking of freely
swimming fish 6 weeks after a spinal transec-
tion revealed that L1.1 morpholino treated
fish swam shorter distances and exhibited a
lower average and maximal swim velocity
than lesioned control fish. These observations
suggest that up-regulation of L1.1 expression
is a necessary component of axon regrowth
from supraspinal neurons with spinal axons
and for functional recovery after a spinal cord
lesion. L1.1 dependent plasticity of intraspinal

circuitry may also contribute to functional
recovery after injury.
Supported by the Christopher Reeve Paralysis
Foundation.

19 THE NEURAL RECOGNITION 
MOLECULE L1 AND FUNCTIONAL 
RECOVERY IN MAMMALS
Melitta Schachner
Zentrum fuer Molekulare Neurobiologie, 
Universitaet Hamburg Falkenried 94, 
Hamburg, GERMANY

Recognition molecules of the immunoglobu-
lin superfamily are mediators of important
developmental events, such as neural prolifer-
ation and migration, neurite outgrowth and
fasciculation, synaptogenesis and synaptic
plasticity in the adult. More recent studies
have shown that these molecules are also
involved in regeneration after injury in the
central and peripheral nervous systems of
mammals. My presentation will focus on the
neural cell adhesion molecule L1 which has
been shown to overcome inhibitory cues that
predominate in the adult central nervous sys-
tem of mammals. When infused in soluble L1
form as L1-Fc dimer close to the lesion site
immediately after contusion injury, L1
enhances functional recovery of hindlimb
movements of adult rats. Some regrowth of
axons of the corticospinal tract is detected, but
does not correlate with the degree of func-
tional recovery. L1 also beneficially enhances
neuronal differentiation: Exposure of neural
stem cells to L1 in cell culture increases their
potential to differentiate into neurons and into
particular neurotransmitter specific pheno-
types. Furthermore, expression of L1 in neural
stem cells enhances their ability to migrate
from the injection site in the substantia nigra
of one hemisphere to the other hemisphere
and to differentiate into tyrosine hydroxylase
positive dopaminergic neurons in an MPTP
Parkinson’s lesion paradigm in aged mice.
Injection of these stem cells into mice ectopi-
cally expressing L1 in astrocytes under the
control of the mouse glial fibrillary acidic pro-
tein promoter results in synergism of the posi-
tive effects of L1, not only for migration and
differentiation, but also for survival of the
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injected stem cells. Interestingly, the L1
expressing transgenic mice react less severely
towards MPTP treatment when compared to
their wild type control littermates. Finally, the
importance of the HNK-1 carbohydrate
expressed by neural recognition molecules
enhances preferential regrowth of motor
axons of the cut femoral nerve of adult mice
into the correct nerve branch, identifying a
molecular cue that determines an appropriate
pathway choice. It is expected that these find-
ings will be relevant in clinical settings of ner-
vous system damage in humans.

20 CELL BODY TREATMENT
STRATEGIES TO PROMOTE 
AXONAL REGENERATION AFTER 
ACUTE AND CHRONIC SPINAL 
CORD INJURY
Wolfram Tetzlaff, Jie Liu, Brian Kwon
ICORD (International Collaboration on 
Repair Discoveries), University of Brit-
ish Columbia, Departments of Zoology & 
Surgery, University of British Columbia, 
Vancouver, British Columbia, CANADA

Regeneration of the injured spinal cord is
hampered by an inhibitory environment asso-
ciated with central nervous system myelin and
the lesion site. In addition, the parental neu-
rons in the brain fail to mount and maintain a
vigorous growth response and many undergo
massive atrophy or are believed to die. We
have shown previously that the atrophy of rat
rubrospinal neurons (RSN) after cervical axot-
omy could be fully reversed with the trophic
factor BDNF applied to the vicinity of the red
nucleus. This regimen was even successful
when initiated as late as one year after injury.
Importantly, we found no evidence for death
of rubrospinal neurons. This treatment pro-
moted the regeneration of the chronically
injured neurons into peripheral nerve bridges
which otherwise fails by 1–2 months after
lesion. Unfortunately, the application of
BDNF to the injured spinal cord (3 doses
tested) was not successful when initiated at
2 months after injury and the number of
rubrospinal neurons regenerating into PN
bridges at that time was minimal. Immunohis-
tochemistry for trkB demonstrated a marked
decline along the proximal rubrospinal axon

stumps, consistent with the failure to respond
to BDNF at the level of the cord. In contrast
the RSN cell bodies still expressed trkB even
a year after axotomy, albeit at low levels. We
are currently exploring alternative delivery
methods such as BDNF expressing viruses
(using AAV and Lentivirus based vectors)
which in our hands prevented some of the
RSN atrophy in the acute setting. In addition,
we are refining the cell body treatment regi-
men using cAMP, and observed in our prelim-
inary series the sprouting of rubrospinal axons
into and 1mm beyond the site of an acute
crush of the lateral funiculus (C3).
Supported by Canadian Institute for Health
Research, Christopher Reeve Paralysis Foun-
dation, BC-Neurotrauma Foundation and the
Rick Hansen MIM Foundation.

21 BALANCING INHIBITORY
SIGNALS WITH GROWTH
SIGNALS IN THE INJURED
SPINAL CORD
Mark Tuszynski, Armin Blesch,
Leonard Jones, Paul Lu, Karin Low, 
Laura Taylor
Center for Neural Repair, Department of 
Neurosciences, University of California, 
San Diego, CA, USA

The failure of axonal growth in the injured
central nervous system results from a lack of
sufficient growth-stimulating factors, the
absence of growth substrates in injury sites,
and the presence of several inhibitors to
growth. We will present evidence that the pro-
vision of growth-stimulating factors can tip
the balance toward axon growth over inhibi-
tory substrates in the injured spinal cord. Sur-
prisingly, migrating Schwann cells are a
source of both inhibitors (including NG2, a
member of the chondroitin sulfate proteogly-
can family of extracellular matrix molecules),
and growth-stimulating factors (such as L1
and laminin) in the injured spinal cord. Over-
expression of growth factors locally within
sites of spinal cord injury by gene delivery
increases axon growth, while paradoxically
also increasing the expression of NG2 by
Schwann cells. Thus, axon growth results
from a balance of inhibition and stimulation,
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and growth over an inhibitory milieu can be
induced by delivery of sufficient quantities of
growth stimulators.

22 THE INDUCTION OF NEURITE 
REGENERATION IN ADULT
SPINAL CORD USING EQUINE 
INFECTIOUS ANAEMIA BASED 
LENTIVIRAL VECTORS
M. Maden1, P.K. Yip2, J. Corcoran1,
L.F. Wong3, J. Grist2, M. Craigon3,
S. Lee3, L.E. Walmsley3,
N.D. Mazarakis3, S.M. Kingsman3,
S.B. McMahon2

1MRC Centre for Developmental
Neurobiology; 2Centre for Neuroscience 
Research, King’s College London, Lon-
don SE1 1UL, UK; 3Oxford BioMedica 
(UK) Limited, Oxford Science Park, 
Oxford OX4 4GA, UK

Retinoic acid (RA) is a biologically active
metabolite of vitamin A and is present in the
nervous system in developing embryos and
adult animals. In embryonal carcinoma cells
RA induces neuronal differentiation and in
many types of developing neurons RA stimu-
lates the length and number of neurites. This
suggests a role for RA in the nervous system.
We have studied the retinoid receptor require-
ment for this neuronal effect and have shown
that one specific receptor is activated, retinoic
acid receptor b2 (RARb2). In embryonic
mouse spinal cord which is stimulated to
regenerate by RA, RARb2 is up-regulated, but
in contrast in the adult mouse cord which does
not respond to RA, RARb2 is not up-regu-
lated. We have tested the importance of
RARb2 in neurite outgrowth in vitro using
equine infectious anaemia virus (EIAV)-
based lentiviral vectors to transfect RARb2
into adult spinal cord. Neurite outgrowth was
stimulated as a result. We have now begun a
programme to ask whether EIAV vectors can
be used in vivo to express high levels of
RARb2 in the adult cord and dorsal root gan-
glia and to determine whether this can induce
neurite outgrowth. We show that expression is
possible in vivo and that the efficiency of
transduction is much higher than can be
achieved in vitro. Neurite regeneration was
observed in cultured explants of transfected

cords and we will describe the results of ana-
tomical and behavioural studies on such ani-
mals transfected in vivo. We have also begun a
microarray analysis of the genes that are up-
and down-regulated following transfection of
spinal cord with RARb2.

23 FULLERENE NANOPARTICLES
AS NEUROPROTECTANT AGENTS
Uri Sagman, MD, FRCPC
President and CEO—C Sixty, Inc.
Toronto, Ontario, CANADA

Nanotechnology is the focus of major
research initiatives in the life sciences sector
worldwide. It has been recognized that
fullerenes and carbon nanotubes are one of the
key building blocks for nanoscale materials.
The fullerene molecule, a hollow sphere made
up of 60 carbon atoms was discovered in 1985
as the third and unprecedented new form of
elemental carbon in nature. It was dubbed
buckminsterfullerene (or fullerene) because of
its geodesic character. Fullerene compounds
(fullerols), are ideal free-radical scavengers.
The hallmark of neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s dis-
ease or Lou Gehrig’s disease is attack by oxy-
gen radicals on neuronal tissue. Oxidative
stress by oxygen radicals has been demon-
strated to induce cellular instability by a cas-
cade of events leading to programmed cell
death. Abrogation of oxidative stress therefore
remains a major focus of efforts for curtailing
the devastating impact of neurodegenerative
diseases. The excellent neuroprotectant effi-
cacy of fullerenes reflects their ability to react
with oxygen radical species such as superox-
ide radicals (O2

–*) in addition to hydroxyl
radicals (*OH) which attack lipids, proteins,
DNA, and other macromolecules in the cell.
When modified to allow water solubility and
the ability to cross the blood/brain barrier, ful-
lerols have been demonstrated to absorb mul-
tiple reactive oxygen radicals per fullerene
molecule and to reduce the toxicity of free-
radical assault on neuronal tissue. A Tris mal-
onic acid fullerene derivative (C3 tris) has
been shown to be a potent free-radical scaven-
ger. It also inhibits the excitotoxic death of
cultured cortical neurons induced by
exposure to N-methyl-D-aspartate (NMDA),
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amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA), or oxygen-glucose depri-
vation. The C3-tris compound fully blocks
even rapidly triggered, NMDA receptor-medi-
ated toxicity. The C3-tris molecule also
reduced apoptotic neuronal death induced by
either serum deprivation or exposure to A1-42
protein. More importantly, the infusion of C3-
tris compound in a transgenic mouse carrying

the human mutant (G93A) superoxide dismu-
tase gene responsible for a form of familial
amyotrophic lateral sclerosis (ALS), delayed
both death and functional deterioration, in
some cases by as much as 30%. Encouraging
observations on the effect of fullerols in mod-
els of Parkinson’s disease and occlusive
stroke models have also been documented.
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