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Repair of neural pathways
by olfactory ensheathing cells
Geoffrey Raisman and Ying Li

Abstract | Damage to nerve fibre pathways results in a devastating loss of function,
due to the disconnection of nerve fibres from their targets. However, some
recovery does occur and this has been correlated with the formation of new (albeit
abnormal) connections. The view that an untapped growth potential resides in
the adult CNS has led to various attempts to stimulate the repair of disconnectional
injuries. A key factor in the failure of axonal regeneration in the CNS after injury
is the loss of the aligned glial pathways that nerve fibres require for their
elongation. Transplantation of cultured adult olfactory ensheathing cells into
lesions is being investigated as a procedure to re-establish glial pathways
permissive for the regeneration of severed axons.
The CNS endows the individual with its
ability to adapt and respond to the features
of the environment in which it finds itself.
The brain is the ultimate organ of evolution,
and as such the human brain enjoys the lion’s
share of genetic fine-tuning1,2. In order to
adapt successfully to external conditions,
the nervous system depends on the accuracy with which its constituent nerve cells
establish and maintain their highly complex
network of connections. It has long been
a puzzle that function, which is essentially
‘plastic’ or adaptable, is carried out by connectional circuitry which seems to be fixed.
It is a further paradox that severed nerve
fibres in the brain and spinal cord seem
incapable of effective regeneration of their
lost connections.
It is crucial to pinpoint the source of
the failure of regeneration. We propose
that there are two levels of organization in
the nervous system, with different rules
governing them. The first is the white matter
level, which is the subject of the black arrow
school of the diagrams found in neuroanatomical textbooks, and which has a regular,
predictable and fixed arrangement of nerve
fibres and pathway glial cells within — and
even largely between — species. The second
is the fine ‘neuropil’ or grey matter level,
which is where the functional connections

between nerve cells are made, and whose
structure may be in an as yet hardly detected
state of continual change3, indicating that
nerve cells retain a degree of plasticity
throughout adult life.
After disconnectional injury, regeneration
fails at the white matter level. If interventions
could be found to enable the severed nerve
fibres to regenerate across the damaged site,
the plasticity of the grey matter neuropil
might allow for new functional connections
to be restored. Many methods for repair have
been tried. None has yet reached the level of
routine application in clinical practice. This
article explores the idea that the response of
the glial cells to injury is a crucial contributor
to the failure of axon regeneration in CNS
white matter, and that repair of the glial
pathway by transplantation might enable
the inherent growth potential latent in adult
nerve fibres to be expressed as regeneration
across the injury site.
This approach, which we call the pathway
hypothesis, is only a hypothesis. It does not
exclude, and might well be complementary
to, other approaches, such as attempts to
introduce nerve growth factors, prevent
secondary damage, encourage sprouting
or neutralize inhibitory molecules, which
have been dealt with elsewhere in extensive
reviews4–7.
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Responses to injury
In contrast to the failure of regeneration in
white matter tracts, the response to injury at
the neuropil level is more positive. Loss of
fibre inputs to the neuropil has resulted in
replacement of the lost synapses by the formation of new connections in the denervated
areas, commonly referred to as ‘sprouting’8,9.
These new connections are not formed by
regeneration of the originally cut fibres, but
consist of adventitious synaptic contacts
made by intact fibres surviving in the denervated area. If the original pathway contained
unique and irreplaceable information (such
as the visual input from the retina), the new
connections would not be able to restore such
functions. However, in less dedicated pathways, the new neuropil circuits could result
in beneficial effects. It is also possible that
they could produce adverse effects10, such as
making sites unavailable for regeneration of
the original connections11 and causing abnormal sensations or abnormal movements.
However, if therapeutic interventions at the
pathway level could overcome the block to
regeneration of the originally cut axons in
the white matter tracts, the innate capacity
for synaptogenesis at the neuropil level might
provide a situation that would enable the
regenerating fibres to re-establish functional
connections with their original targets.
Although nerve fibres severed in their
course through the white matter do not
regenerate, they show an immediate local
sprouting response12–15. In the CNS, this
response is much weaker than it is in peripheral nerves, and depends on the distance of
the axotomy from the cell body16. Moreover,
after axons are lesioned in the white matter,
the sprouts arising from the cut ends of the
nerve fibres are frustrated in their attempts to
advance. Instead, branching of the cut fibres
in the area of the lesion produces localized
neuromatous configurations12,17 (FIG. 1).
Although a proportion of these axotomized
nerve cells atrophy or die18, those neurons
that survive offer an opportunity to devise
procedures to reconnect them to their original targets. The strategy to be adopted will
depend largely on what is perceived to be the
cause of the failure of regeneration. Why do
axons which are able to grow during development fail to do so when lesioned in the adult?
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Figure 1 | Sprouting at the cut ends of axons
in the CNS. Camera lucida drawings showing
the variety and profusion of branching at the cut
ends of three sample axons labelled by anterograde transport of biotin dextran between 9 and
13 weeks after lesion of the rat corticospinal tract.
Modified, with permission, from REF. 17 © (1995)
Elsevier Science.

Clues from development
In the embryo, the developing pattern of
neuronal connections results from the
cumulative action of a precise temporal
and spatial hierarchy of a large number of
specific molecular signals that populate the
environment through which the nerve fibres
grow19–21. The growing axons navigate by
means of cues in the vicinity of the explorative filopodia extruded from the growth
cones22. These signals are detected and
responded to by appropriate ligand–receptor
interactions with matching molecules on
the nerve fibre surface23. The outcome of
these interactions determines the decisions
made by a growing nerve fibre to advance
or retract, pause, turn, branch, and form or
detach contacts24,25, and determines the final
pattern of connections that the nerve cell
establishes.
The operation of developmental molecular signals is contingent in a stepwise fashion
on preceding events. For example, once
developing commissural spinal axons reach
the floor plate they change their direction,
abandoning their circumferential movement
and turning rostrocaudally26. As development progresses, the pattern of evolving connections becomes increasingly responsive to
inputs from within the body and from the
external environment, as well as to the evolving patterns of neural circuit activity27,28.
This enables the developing nervous
system to adapt its pattern of connections
to optimize its response to the specific
circumstances of the environment that an
individual encounters during development.
Ongoing experimental work is showing
that, in addition to molecular changes affecting synaptic efficacy29, a key mechanism in

both developmental and adult plasticity30,31 is
the ability to change the anatomical patterns
of connectivity8,32. To preserve the existing
hierarchy of connections (and maintain
previously acquired functions), ongoing
changes must accommodated in a way that
respects the same mechanisms and obeys
the same rules as the original development
of connectional patterns. Indeed, there
is mounting evidence that many of the
molecular signals acting during development either remain present or are elicitable
in the adult21,33.
Pinpointing the defect in the adult
One factor underlying the decrease in the
ability of cut axons to elongate in the adult
might be intrinsic developmental changes
taking place during the maturation of adult
neurons34–37. However, during development,
as the neural tube develops into the adult
brain, dramatic changes in the arrangement
and size of its component parts occur. Even
if adult neurons mount a growth response
at the same level as their embryonic counterparts, the sprouts formed would need to
navigate very different environments and
elongate over much greater distances than
did their embryonic counterparts38.
The absence of growth may be a result of
unfavourable extrinsic inputs, such as a lack
of positive stimuli or inhibitory influences
in the adult tissue environment4,5,36,39,40. The
importance of tissue environmental factors
in preventing axon regeneration is indicated
by the observation that cut central axons
that do not elongate after injury can do so
when confronted with transplanted pieces of
peripheral nerve, although even in this situation axons differ considerably in their growth
potential, with some havng a notoriously low
capacity for growth41.
Glial pathways
Regeneration fails in all white matter tracts
that have been studied, regardless of their
different compositions or arrangements12,
indicating that this failure involves the
operation of some common signals operating at the white matter level, shared by many
different types of nerve fibres. This focuses
attention on the interaction of the fibres
with the cellular substrate of the tract, which
in the embryo consists of the radial glia42–44
and, in the adult, of the longitudinal array of
astrocytic processes and oligodendrocytes in
the CNS45–47, and the Schwann cells and their
precursors48 in the PNS.
Why should adult white matter tract
glial cells have the non-adaptive, even fatal
function of denying the damaged CNS the
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benefits of axon regeneration? One reason
could be that, in addition to their role in
forming the permissive aligned substrate
of the white matter tracts, astrocytes have
another, equally vital, function that conflicts
with their ability to provide for nerve fibre
regeneration after damage. Astrocytes are
asymmetrical cells. One surface provides
the permissive membranes that form the
substrate of the pathways along which nerve
fibres grow. This surface is furnished with
the communal molecular machinery needed
for the advance of the growth cones of different types of nerve fibres49,50. The other
surface has a closely apposed basal lamina,
which forms where the astrocytes come into
contact with fibroblasts. The basal laminacovered surfaces provide the outer coverings
of the brain and spinal cord (FIGS 2,3a). By
sealing off the nervous system from the rest
of the body, this arrangement maintains the
unique ionic environment that the brain and
spinal cord need in order to function51.
When injury occurs, the superficial
astrocytic covering of the nervous system
is broken open. This could occur as a result
of penetration from outside, or be caused
by events within the CNS, such as vascular
accidents, tumours, infections or immune
attack. This leads to the breakdown of
nervous tissue, opening of the blood–brain
barrier and exposure of nervous tissue to
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Figure 2 | Asymmetrical coating of astrocytic
surfaces. An electron micrograph showing the
basal lamina-covered surface (arrows; enlarged
in lower panel) of an astrocytic end foot (EF) facing the fibroblast (fbl)- and collagen (col)-containing meningeal space of the ventral pial surface of
the rat forebrain.
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Figure 3 | The pathway hypothesis of repair.
Schematic diagram showing the key features of
the pathway hypothesis. a | Normal arrangement
of aligned astrocytic processes (yellow) forming
the longitudinal channels associated with nerve
fibres (green) and astrocytic end feet covered by
the basal lamina (blue dashed line). b | An astrocytic scar formed after a lesion and resulting in
sealing of the outer surface by basal lamina-lined
end feet and abrogation of any through channel
for nerve fibres. c | Opening of the glial scar is
required to reconstitute open longitudinal channels for regeneration of the severed nerve fibres.
Modified, with permission, from REF. 84 © (2005)
Kluwer Academic.

non-neural connective tissue elements. In
these circumstances astrocytic processes
become highly motile, and their immediate
response is to seal off the breach. A basal
lamina is formed on those outward-facing
astrocytic surfaces that abut onto non-neural
cells such as fibroblasts and endothelial cells,
and which come to form a newly erected
external wall of the nervous system52.
The astrocytic reaction to injury preserves the ionic environment of the nervous
system and prevents further invasion by
damaging organisms, cells or other extraneous material. As such, it is a life-saving
response36,53. But in doing so, the astrocytes
and their processes congeal into a scar-like
configuration that abrogates the pathways
needed for the sprouts formed at the cut
ends of severed nerve fibres to regenerate to their original destinations (FIG. 3b).
Therefore, the penalty for this essential
emergency measure is loss of the ability to
repair nervous connections. According to
this view, a requirement for the regeneration
of the severed nervous connections would
be that the astrocytic scar must somehow
be re-opened, so as to provide the aligned
astrocytic pathways54,55 needed for the intrinsic growth capacity of the nerve cells to be
expressed (FIG. 3c).
Repair by transplantation
Schwann cells. Cajal12 proposed that, as
severed nerve fibres are able to regenerate in
adult peripheral nerves, there was something
in the PNS environment that is permissive to

their growth, and that by transplanting pieces
of peripheral nerve into CNS lesions it might
be possible to transfer this growth-permissive
capacity to severed central fibres that otherwise would not regenerate. This seminal
proposal led to the discovery of nerve growth
factors56, and also to the transplantation of
peripheral nerve grafts57 or cultured Schwann
cells into disconnectional injuries of the
CNS58. So far, however, neither approach has
led to a completely effective repair strategy.
Both strategies induce elongative growth of
severed central axons within the grafted tissue, but few axons are able to leave the graft
and re-enter the astrocytic territory of the
host59. They are therefore unable to restore a
functionally significant level of connections.
This valve-like effect of allowing axon
growth into the graft but not out of it is
comparable to the barrier faced by cut
dorsal root axons as they regenerate through
the Schwann cell territory of the central
branches of the dorsal roots but, on reaching
the surface of the spinal cord, are unable
to enter the glial territory of the CNS60.
The reasons for the difficulty axons face in
growing from a Schwann cell to an astrocytic
territory are unknown. In the case of the
transplants, one possibility is that the grafted
tissue expresses a higher concentration of
axon-attracting factors than the surrounding
CNS tissue, forming a sink that traps the
axons. Another possibility is timing: grafts
owe their growth-promoting effects to living
cells61, and their incorporation into the host
tissue is a dynamic process, changing with
time. During the period required for axons
to grow through the grafts, the evolution of
events in the participating cells could somehow make the graft–host interface impenetrable for exit. Until these phenomena are
better understood, Schwann cells remain
only a potential future component of a repair
strategy, either alone or combined with other
treatment options62.
Olfactory ensheathing cells (OECs). Cajal’s
idea of transferring something from a part
of the nervous system that can sustain axon
growth into brain and spinal cord lesions
where cut axons fail to grow had led him
logically to peripheral nerves as a source of
reparative tissue. A century later, even more
impressive axon growth has been found in
the olfactory system. The primary olfactory
projection is the only part of the nervous
system known to retain the property of axon
growth throughout adult life, an embryonic
feature that is also associated with the
continued expression of markers present in
developing neural tissue63.
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Whereas most of the nervous system
develops by physically continuous outgrowth
from the neural tube and crest, the olfactory
system develops from a separate placode on
the surface of the body64. The developing
olfactory nerves therefore tunnel their way
through intervening mesenchyme to reach
the future olfactory bulbs on the rostral surface of the telencephalic hemispheres. Their
pathway is pioneered by a specialized type of
glial cell, the OECs65–70.
Throughout adult life, the olfactory neuroepithelium retains the embryonic capacity
for continual renewal of olfactory receptor
neurons from adult stem cells located in the
depths of the epithelium71,72. As olfactory
receptor neurons die, they are continually
replaced73–75, and the newly formed neurons
grow axons that traverse the olfactory nerve
bundles and enter the olfactory bulbs of the
adult brain. If the adult olfactory nerves are
severed, the axotomized neurons undergo
rapid retrograde cell death, the process of
cell generation in the olfactory epithelium
is greatly accelerated76 and newly formed
neurons grow axons that cross the lesion and
re-establish contact with the brain77–79. After
damage to the olfactory nerves in the adult,
the OECs persist and continue to provide
open channels along which the regenerating
olfactory nerves grow back to the olfactory
bulbs80,81.
Electron microscopy studies show that
each OEC consists of a thin cytoplasmic
sheet that is curved over to enclose a tunnellike space through which run approximately
1000 olfactory fibres bundled into a labyrinth
of interconnected locular channels, formed
by the ingrowth of sheet-like processes
from the enclosing perimeter82 (FIG. 4). The
olfactory nerves consist of an end-to-end
series of these OEC tunnels conveying the
nerve fibres from the mucosa through the
cribriform plate to the olfactory bulbs. At the
entry point into the bulbs, the OECs interact
with the astrocytic processes covering the
pial surface of the brain so that the closure of
the surface of the CNS provided elsewhere
by the sub-pial astrocytic processes is opened
here to provide a growth-permissive pathway,
enabling the olfactory axons to enter the
olfactory bulbs66,83.
Based on reasoning analogous to that
of Cajal, taking OECs from the olfactory
nerves and transferring them into lesions
of CNS tracts could transfer the property
allowing regenerating axons to re-enter the
astrocytic environment of the CNS84. As
in the olfactory nerve, this would involve
constituting a continuous growth-permissive
channel so that the inner, astrocytic surfaces,
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Figure 4 | Olfactory ensheathing cell processes enclosing olfactory axons. Electron
micrograph of a cross section through a bundle of
over 30 olfactory axons (small circular profiles)
ensheathed in a channel formed by the interweaving of the sheet-like olfactory ensheathing
cell processes (red and green) arising from adjacent olfactory ensheathing cell bodies (out of the
picture). Modified, with permission, from REF. 82
© (2003) Kluwer Academic.

which are permissive to the growth of nerve
fibres, become re-aligned to form a bridging
pathway that allows the severed nerve fibres
to cross the lesion (FIG. 5).
Transplantation of OECs
OECs are thought to be generated from a
self-renewing population of stem cells in the
mucosa85,86. They can be cultured from
the adult olfactory bulb or mucosa68,69,87–90,
and a number of groups have independently
provided evidence that transplantation of
cultured adult OECs into lesions induces
regeneration of axons in long fibre
tracts88,91–102 and regeneration of dorsal root
axons into the spinal cord60,103.
In contrast to transplanted Schwann
cells, OECs do not seem to trap regenerating
axons in the grafted tissue, possibly because
they cause less expression of inhibitory
molecules by the host astrocytes104–107. The
ability of transplanted OECs to allow axons
to leave the graft and re-enter the host tissue
of the spinal cord91,92,94,108–110 would place the
regenerating axons in a position to establish
functional connections with the host tissue.
Re-entry of regenerating axons from OEC
transplants parallels the ability of OECs
in situ to mediate the entry of the olfactory
axons through the glia–pial surface of the
brain and into the astrocytic territory of the
olfactory bulb glomeruli66,83,111.
A number of authors91,93,97,108,112,113 have
reported that transplantation of OECs results
in the return of lost functions. However, the
correlation of recovery of function with
the presence of nerve fibres regenerating
through the graft and re-entering the host
spinal cord94 remains a subject for further

investigation. In a quantitative study, we
found that restoration of paw retrieval movements was associated with regeneration of
as few as 0.5% of corticospinal tract fibres in
the rat108. In this study we saw regenerating
fibres crossing the transplant and entering
the caudal part of the corticospinal tract to
arborize in appropriate terminal areas in the
spinal grey matter. However, we do not know
how far the regenerating fibres can travel,
nor to what extent they establish normal patterns of connections at appropriate levels
of the spinal cord. A working hypothesis is
that the CNS might have sufficient adaptability to take functional advantage of a small
number of abnormally distributed connections, provided that they can re-establish
a flow of unique information to roughly
appropriate zones of the neuropil.
Apart from mediating the reconnection
of severed fibres, the transplanted cells have
other beneficial effects, such as the promotion
of remyelination114–116, secretion of growth
factors80,117, vascularization, sparing from
secondary damage118 and enhancement of
sprouting119, all of which may have an important bearing on functional recovery. However,
since the time of the classical nineteenth century neurological studies (such as the description of the Brown-Sequard syndrome120), our
understanding of spinal, and indeed CNS
function, makes the assumption that disconnectional injuries causing severance of specific pathways are the cause of the specific loss
of the functions mediated by those pathways.
a

Therefore, we propose that, until proved
otherwise, the primary hypothesis to explain
the benefits observed after transplantation
of OECs is the re-establishment of functionally useful neural circuitry as a result of the
formation of connections by regeneration of
lesioned axons.
Conflicting results
In addition to the spinal cord and spinal
roots, the encouraging indications for the
potential reparative properties of OECs in
the optic nerve121 and the PNS122–124 have
led to considerable interest, as a result of
which a number of uncertainties have been
identified. Several groups have failed to
demonstrate repair either in spinal tracts
or in dorsal roots125–127, and in a number of
cases the same authors have reported both
positive92,95,103,118,128–130 and negative outcomes126,131–135. At this stage, these difficulties
remain to be resolved.
One possible source of these discrepancies is the tissue used to obtain the OECs.
There is a lively discussion about whether
there are significant differences between
OECs derived from the olfactory bulb
and those from the olfactory mucosa135,136.
Another is the purity of the cells. Most
groups use purified OECs69. In our experience94,108,137, effective transplants require
the OECs to be co-transplanted with the
olfactory nerve fibroblasts (ONFs), with
which they are intimately associated in
their parent tissues81,128,139,140. Culture of the
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Figure 5 | Closure of pathway by astrocytic scar and re-opening by OECs. Repair of the astrocytic pathway by transplantation of olfactory ensheathing cells (OECs) into an electrolytic lesion of
the adult rat corticospinal tract. a | The normal longitudinally aligned parallel array of astrocytic
processes (fine black lines running vertically). Arrowhead shows an astrocytic cell body. b | Dense scar
tissue (S) formed by astrocytic processes congealing to form a dense mass around a lesion (Les).
c | Reorganization of the astrocytic processes to form a newly aligned pathway (fine black lines; for
examples, see arrowheads) across a lesion into which OECs have been transplanted (tr). Scale bar, 50
μm. Modified, with permission, from Spinal Cord REF. 180 © (2006) Macmillan Publishers Ltd.
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OECs and ONFs together results in the cells
becoming embedded in an endogenously
produced semi-solid gel-like matrix, which
also provides an efficient method of removing the donor cells from the tissue culture
dish, placing them accurately and retaining
them without loss in the host transplantation site137. After transplantation, the ONFs
associate with the OECs in the form of a
perineurial-like outer sheath141.
Whether or not Schwann cells contaminate the cell preparations142,143 (which
seems unlikely, at least in the case of OECs
derived from the olfactory bulb), and
whether they or endogenous Schwann
cells also contribute to remyelination will
only be settled definitively once there is
a clear method for distinguishing OECs
from Schwann cells144–146. There is considerable discussion about whether OECs can
myelinate host axons143,147–149. Two groups
have published convincing double labelling
experiments114,115,150 showing peripheral
type myelin formed by labelled OECs
transplanted into the spinal cord. A review
of the literature on this topic is beyond the
scope of the present article. Similarly, there
is still no consensus on the extent to which
transplanted OECs migrate within the host
tissue101,124,133,135,151, nor on whether migration
would be needed for their reparative effects.
There is also considerable variation in
the outcome measures being reported. The
desired final outcome is recovery of function. Promising intermediate outcomes are
restoration of connections, remyelination,
revascularization and sparing of tissue from
secondary damage. Less convincing is the
use of computer-assisted graphics programmes to assess the size of the lesion. As
the spinal cord can accommodate damaged
or cystic areas of considerable size without
corresponding tissue loss, the amount of
spared tissue would be a much more convincing measure than the size of the lesion.
Most investigations have studied the
effects of transplantation of OECs or other
therapeutic interventions carried out at or
shortly after the time of the injury. This
necessitates the use of a control group to
distinguish the benefits of the interventions
from the spontaneous recovery that occurs
after any injury. In the immediate post-lesion
period, recovery could also be obtained as a
result of interventions having non-specific
beneficial effects, such as protection of spinal
tissue against secondary damage.
The delayed transplantation paradigm
makes it possible to establish that the effects
of the lesion are permanent, and that the
glial scar has already formed before the

intervention is carried out. This has the
advantage that the pre-transplantation data
from the individual animals serves as its own
control, and the benefits are more likely to
be due to reconstruction of specific pathways, rather than protection from secondary
damage.
A consensus opinion on the value or
otherwise of transplantation of OECs will
only be reached once comparisons are made
using a similar source and mode of cell
preparation, so that equivalent populations
of cultured cells are transplanted using
comparable surgical procedures, into exactly
similar experimental lesions, with comparable anatomical or functional outcome
measures. Finally, it must be cautioned that
the present evidence for a positive effect of
OEC transplants rests on only a few specific
pathways. To what extent these results can be
generalized to other pathways will depend
on a case-by-case investigation.
Conclusions
While subject to confirmation, there are sufficient positive experimental observations to
raise the hope that transplantation of OECs
will have a role in developing methods for
repair of disconnectional injuries to white
matter tracts in the adult CNS. The pathway
hypothesis proposes that reconstruction of
aligned glial pathways would allow regenerating axons to cross lesions in adult white
matter tracts, and take advantage of the
ongoing plasticity in the denervated neuropil

to establish functionally useful connections.
This remains a hypothesis. The evidence for
such a mechanism will require anatomical
(including ultrastructural) demonstration
that transplantation of OECs into a lesion site
does indeed open up such a pathway through
the glial scar, and that the pathway is provided
with the appropriate secreted and membranebound growth-promoting molecules.
This proposal is not incompatible with
the wider field of endeavours to bring about
repair of CNS injuries by interventions to
reduce secondary damage118,152, growth
factors to trigger, maintain or restore axon
growth118,153, or methods to open up pathways
for the regeneration of cut axons by neutralization of inhibitory molecules associated
with astrocytes36,154, oligodendrocytes4,5,7 or
fibroblasts40. That such molecular interventions would also require reconstitution of a
structural pathway is becoming accepted62,155.
Likewise, the present proposal that
pathway reconstruction on its own could be
sufficient for at least a degree of repair does
not imply that growth factors and removal of
inhibitory influences do not have a role, only
that the transplanted cells are able to provide
the needed growth factors156,157, and that the
anatomical re-arrangements induced by
the transplants provide a sequestered growthpermissive channel which results in the inhibitory surfaces of the astrocytes being turned
aside, and the axons being shielded from
non-astrocytic inhibitory influences such as
myelin or fibroblasts present in the tissue.

Box 1 | Clinical outlook
For the purposes of clinical application, a number of groups have demonstrated the production of
olfactory ensheathing cells (OECs) by tissue culture of adult olfactory neuroepithelium obtained from
biopsy samples of the upper nasal lining71,169. This avoids the need for craniotomy and opens the way
for use of the patient’s own autografted material for transplantation repair. An initial published clinical
trial has shown no adverse effects one year after transplanting autologous cultured adult human
mucosal OECs into spinal injuries170. At the time of writing, two neurosurgical teams171,172 have now
gone a step further and adopted transplantation of olfactory tissue as a clinical procedure for treating
patients with spinal cord injury (as well as for other conditions). With regards to the cell source, the
Lisbon team172 uses direct transplantation of minced olfactory mucosa without culture, and the Beijing
team171 uses allografts of cells cultured from human embryonic olfactory bulbs.
In setting up a clinical trial to validate these or any other procedures, it would be difficult to justify
a full-control surgical procedure in which patients would be asked to submit to the considerable
risks of transplantation of a neutral, non-reparative cell type. However, a randomized double-blind
controlled trial with at least some surgical intervention168,173–176 would be the route for
transplantation of OECs to gain general acceptance as a basis for a future treatment. In the
meantime, however, it would be valuable if the safety aspects177 and independent longitudinal preand post-operative neurological assessments were available for as many of the patients currently
being treated with OEC transplants as possible.
Clinical demonstration of the effectiveness of adult OEC autografts would be an important
stimulus to research in this area, and would open the door to treating a wide variety of currently
incurable injuries of the brain, spinal cord and cranial and spinal nerves166. Arising from the rat
experiments60,124, one possibility we are exploring is a trial of OECs in brachial plexus avulsion, a
situation where the prognosis is clear, surgical procedures are already in practice178,179 and sufficient
numbers of cells are available for transplantation.
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Although the interaction of OECs with
astrocytes is central to the pathway hypothesis, our understanding of the expression
profile of the OECs146 and the signalling
events by which OECs interact with neurons158 and astrocytes104,105 is in its infancy.
The elucidation of the molecular basis of
the interaction of OECs with astrocytes in
CNS lesions, their interaction with Schwann
cells in root and peripheral nerve lesions
and their link to the cytoskeletal motors
needed to carry out the re-alignment of
astrocytic processes could be a key to a
novel and productive approach to reparative
molecular interventions. Further elucidation
of the molecular signals that govern the
regeneration of severed nerve fibres and the
re-establishment of neural connections will
provide information for future combinatorial approaches6, which could enhance the
effectiveness of cell transplants in the repair
of disconnectional injuries.
Looking to the future, initial success will
doubtless stimulate the development of more
effective transplants by genetic modification
of OECs118,130,159, cells derived from other
tissues160–162, or enhancing the currently
limited regenerative benefits of Schwann
cells138,163. In addition to the use of an
endogenous matrix, various biomaterials are
being investigated128,164,165, and these could
enhance the orientation and retention of the
small numbers of cells currently available for
transplantation.
From the point of view of patients, clinicians and the lay public, the current plethora
of peer-reviewed publications6 claiming
repair of spinal cord injury in laboratory
animals, which often discounts the striking
spontaneous recovery that occurs without
intervention in both animals and man166–168,
serves as a warning that dead rats tell no
tales. Only once the first benefits can be convincingly and reproducibly demonstrated
in human clinical trials (BOX 1) will the
research reach the level of credibility needed
to accelerate our limping progress into this
new phase of neuroscientific history. But
whatever the remaining difficulties, we
should not doubt the importance of the goal.
Repair of brain and spinal cord injury would
be one of the most significant contributions
that the field of neuroscience could make to
mankind.
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