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Summary. Axons often regrow to their targets and lost
functions may be restored after an injury in the
peripheral nervous system. In contrast, axonal
regeneration is generally very limited after injuries in the
central nervous system, and functional impairment is
usually permanent. The regenerative capacity depends
on intrinsic neuronal factors as well as the interaction of
neurons with other cells. Glial cells may, in different
situations, either support or inhibit axonal growth. This
review discusses the molecular mechanisms that are
involved in promoting and inhibiting axonal regeneration
in the nervous system after injuries.
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Introduction

Transection of a nerve fiber triggers a complex set of
events in the nerve cell body, in the axon proximal and
distal to the lesion, in supporting glial cells and other
non-neuronal cells. The neuronal perikaryon swells, the
nucleus is displaced against the cell membrane, and the
Nissl substance disintegrates, a sign of increased protein
synthesis. This neuronal reaction to axotomy occurs to a
different extent in different types of neurons and also
depends on factors such as the distance to the cell body.
Many proteins normally synthesized by a neuron will no
longer be produced, or will be produced at low levels
after axotomy, while other proteins that are normally
synthesized only at low levels or not at all, will be
expressed at high levels. This shift in gene expressing in
response to injury probably occurs, at least in part, in
order to optimize the neuronal capacity for regeneration
(reviewed in Aldskogius and Svensson, 1993). After
transection of a nerve fiber the axonal membrane will
rapidly seal and an end swelling, the growth cone, forms.
Thin filopodia emerging from the axonal endbulb can
sense molecular cues in the environment and transmit
signals to the growth cone, presumably resulting in the
decision of which path to choose (Davenport et al.,
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1993). When an outgrowing axon has reestablished
contact with the target, neuronal protein synthesis will
return to normal. The alteration in neuronal molecular
phenotype after axotomy seems to be triggered by the
disrupted retrograde transport of target derived factor(s),
since the phenotype can be reversed toward the normal if
the required trophic factor is supplied (see e.g. Fitzgerald
et al., 1985). However, axons often fail to regrow and
reinnervate the target, and moreover, neurons may even
die in response to transection of the axon. The
susceptibility of a neuron to death after transection of the
axon is greater during development than in adulthood,
probably as a result of decreasing dependence on trophic
support for survival in the adult animal.

While regeneration in the peripheral nervous system
(PNS) is often rapid and successful, regeneration in the
adult mammalian central nervous system (CNS) is
generally not seen. After an injury in the PNS, debris is
rapidly cleared from the denervated distal stump,
through a process known as Wallerian degeneration. The
Schwann cells in the distal nerve stump will line up to
form channels, known as the bands of Biigner, through
which the severed axons can regrow to their targets (Fig.
1). In contrast, in the injured CNS, axon-growth is in
most cases limited to the scar that will be formed by
astrocytes at the site of the injury. The Wallerian
degeneration distal to a lesion in the CNS is much
slower than in the PNS, and a dense scar will form there
with time (Fig. 1). There may be important intrinsic
differences between PNS and CNS neurons in response
to injury. However, non-neuronal factors seem to be at
least as important. Here follows an overview of some of
the suggested key players in promoting and inhibiting
axonal regeneration. This review focuses on differences
between the adult mammalian PNS and CNS in their
response to traumatic injuries. Factors that are likely to
be key determinants of the capacity of axonal
regeneration are discussed, and a few examples are
mentioned in each case.

Intrinsic neuronal regenerative capacity
Aguayo and collaborators demonstrated that axons of

CNS neurons can grow long distances through PNS
tissue by grafting segments of peripheral nerve to the
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injured brain, spinal cord, and optic nerve (Reviewed by
Aguayo et al., 1991). This clearly demonstrated that the
lack of regeneration within the CNS is not due entirely
to a weak intrinsic neuronal regenerative capacity.
Instead, this indicates that the CNS environment fails to
stimulate axon regrowth or that the CNS contains axon-
regrowth inhibiting molecules. The latter theory was also
supported by the lack of PNS axon-growth in a CNS
graft (Aguayo et al., 1978). However, intrinsic neuronal
factors may indeed limit axonal regrowth in the CNS in
some situations (reviewed by Fawcett, 1992). For
example, the capacity of CNS neurons to innervate a
peripheral nerve graft inserted in the injured spinal cord,
brain or optic nerve decreases with increasing distance
between the neuronal cell body and the injury (David
and Aguayo, 1981; Benfey and Aguayo, 1982;
Richardson et al., 1984; Vidal-Sanz et al., 1987). This is
probably a result of a weaker triggering of regenerative
programs in the neuron when the lesion is far from the
cell body, as indicated by the fact that the growth-
associated protein GAP-43 is induced in retinal ganglion
cells only if the axotomy is within the first mm of the
optic nerve (Doster et al., 1991). The distance between
the cell body and the site of axotomy does not seem to
be an important determinant of axonal regeneration in
the PNS, since axons can regrow successfully even after
the axon is cut close to the target. Other intrinsic
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Fig. 1. Schematic drawing depicting the main cellular reactions after
injuries in the PNS and CNS. In the PNS, the Schwann cells in the distal
nerve stump line up to form channels through which the axons can
regrow. In the CNS, clearance of axonal debris and myelin is slow distal
to the injury, and astrocytes form a dense scar. The axonal growth in the
injured CNS is limited to the site of the lesion.

neuronal differences that may render CNS neurons less
likely than PNS neurons to regenerate successfully may
be related to the facts that central neurons are more
likely to die after axotomy than PNS nerve cells
(Sunderland, 1978), and that the formation of ectopic
terminals on nearby neurons may impede axonal
regrowth in the CNS (Bernstein and Bernstein, 1971 ).
That axons from neurons in the brain and spinal cord
can grow in peripheral nerve grafts indicates that the
extracellular environment provided by glial and other
cell types may be crucial for the regeneration process. In
different situations non-neuronal cells may either
stimulate axon-growth by e.g. secreting neurotrophic
molecules or extracellular matrix molecules or actively
inhibit axonal regeneration by repelling growth cones.

Neurotrophic molecules

Much of the research on the role of neurotrophic
factors in regeneration has focused on the neurotrophin
family. This family consists of the prototypical
neurotrophic factor, nerve growth factor (NGF) and the
structurally and functionally related molecules brain-
derived neurotrophic factor (BDNF), neurotrophin 3
(NT-3) and NT-4. The neurotrophins exert their functions
by binding to specific cell surface receptors. The first
identified neurotrophin-binding molecule is a widely
expressed protein which can bind all neurotrophins with
low affinity (designated p75 or low-affinity neurotrophin
receptor). However, a group of tyrosine kinase receptors
denoted trkA, trkB and trkC seem to be more important
for mediating the effects of neurotrophins. NGF binds to
trkA, BDNF and NT-4 selectively activate trkB, and the
physiological receptor for NT-3 seems to be trkC
(reviewed by Barbacid, 1995). The existence of
alternative forms of the trkA, trkB and trkC tyrosine
kinase receptors, as well as truncated forms of trkB and
trkC which lack the tyrosine kinase domain add an extra
level of complexity. The neuro-trophins, by activating
their cognate receptors, stimulate differentiation and
neurite outgrowth, and support the survival of different,
but overlapping, groups of neurons (reviewed by Snider,
1994).

There is a wealth of circumstantial evidence
implicating neurotrophins in PNS regeneration. When a
peripheral nerve is transected, the normally low levels of
NGF, BDNF and NT-4 in the nerve increase dramatically
in the distal nerve stump (Heumann et al., 1987a; Meyer
et al., 1992; Funakoshi et al., 1993). Moreover, some
neurotrophins are expressed at increased levels in target
tissues after denervation, i.e. BDNF mRNA expression is
strongly elevated in muscle (Funakoshi et al., 1993;
Koliatsos et al., 1993) and NGF mRNA levels increase
in skin (Mearow et al., 1993).

Schwann cells normally express significant levels of
truncated trkB and trkC receptors lacking the tyrosine
kinase domain, but very low levels of p75. This
expression pattern of neurotrophin receptors is reversed
in denervated Schwann cells so that high levels of p75
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are expressed and trkB and trkC expression is strongly
decreased (Taniuchi et al., 1986, 1988; Heumann et al.,
1987b; Frisén et al., 1993; Funakoshi et al., 1993). See
Fig. 2 for a summary of changes in neurotrophin and
neurotrophin receptor expression after injury.

It has been suggested that p75 can bind NGF on the
surface of reactive Schwann cells and present NGF to
regrowing axons (reviewed by Johnson et al., 1988).
Indeed, NGF bound to distal segments of previously
severed sciatic nerves can enhance sensory neurite
growth in vitro (Sandrock and Matthew, 1987a). Since
p75 can bind all neurotrophins with similar affinity, it is
reasonable to extend this hypothesis to the other
neurotrophins. The decrease in trkB and trkC mRNA in
the distal nerve segment after transection limits
competition for ligand, thus enabling binding of neuro-
trophins with low affinity to Schwann cell surfaces.

Most studies regarding the role of neurotrophins in
peripheral nerve regeneration have hitherto focused on
NGF sensitive nerve cells, such as sensory and sym-
pathetic neurons. The weak sensory axon regeneration in
C57BL/Ola mice (a mouse strain in which macrophage
recruitment is virtually absent after injury and NGF-
synthesis increases only marginally after injury) can be
stimulated by exogenous NGF, supporting a role for
NGF in sensory axon regrowth (Brown et al., 1991).
Moreover, the rate of sensory axon regeneration through
silastic tubes has been reported to increase when NGF is
supplied (Derby et al., 1993). However, other reports
suggest a lesser role for NGF in nerve regeneration. p75
and trkA expression as well as retrograde NGF-transport
decrease in dorsal root ganglia neurons after axotomy
(Raivich et al., 1991; Verge et al., 1992), and
regeneration of sensory axons is not impeded when
endogenous NGF is inactivated with anti-NGF
antibodies (Rich et al., 1984; Diamond et al., 1987,
1992). Additionally, it does not appear that NGF is
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Fig 2. Schematic drawing illustrating alterations in immunoreactivity
and/or mRNA for neurotrophins and neurotrophin receptors after central
and peripheral nerve injury. See the text for references.

involved in survival of sensory neurons after injury (Rich
et al., 1984) or regrowth of lesioned sympathetic axons
(Gloster and Diamond, 1992). Thus, although NGF is
synthesized at highly elevated levels after
injury, it does not seem to be involved in sensory or
sympathetic axon regeneration. However, data have been
presented which indicate that NGF is involved in lesion-
induced collateral sprouting of undamaged sensory
neurons (which increase their p75 mRNA expression)
and sympathetic neurons (Mearow et al., 1991; Diamond
et al., 1992b; Gloster and Diamond, 1992). The decrease
in p75 mRNA in sensory neurons after axotomy may
indicate that neurotrophins are not involved in sensory
axon regeneration. However, trkB and trkC mRNA are
increased in dorsal root ganglia neurons after axotomy
(Ernfors et al., 1993) suggesting that BDNF, NT-3,
and/or NT-4 could be important for sensory neurons
after injury.

BDNF promotes the survival of axotomized moto-
neurons in neonatal rats (Sendtner et al., 1992a; Yan et
al., 1992; Koliatsos et al., 1993). In contrast to trkA
mRNA in sensory neurons, trkB expression by
motoneurons increases after axotomy (Piehl et al., 1994;
Kobayashi et al., 1996). The increase in trkB mRNA
probably results in an accumulation of trkB receptors in
the axonal growth cone, which could make motoneurons
more sensitive to local and target-derived neurotrophin.
A recent study in genetically engineered mice lacking
trkB receptors, has indeed demonstrated that trkB is
required for the survival of some facial motoneurons
after axotomy (Alcdntara et al., 1997).

The expression of neurotrophins and neurotrophin
receptors is altered also after injuries in the central
nervous system (see Fig. 2). NGF levels are transiently
elevated at CNS injuries (Bakhit et al., 1991; Ishikawa et
al., 1991; Lindholm, 1992). NGF synthesis in astrocytes
can be induced in vitro by several cytokines and other
molecules (Gadient, 1990; Lindholm et al., 1990;
Spranger et al., 1990; Pechén et al., 1992, 1993; Zafra et
al., 1992; Ladenheim, 1993), and the increase in NGF at
a CNS injury may be due to increased levels of
macrophage-derived cytokines. BDNF mRNA has been
found to increase in neurons in the brain after ischemia
and hypoglycemia (Lindvall et al., 1992) but not in glial
cells after traumatic injuries (Lindholm et al., 1992). p75
and truncated trkB receptors are expressed at high levels
by reactive astrocytes as well as by leptomeningeal cells
at CNS injuries (Brunello et al., 1990; Frisén et al.,
1992, 1993a,c; Risling et al., 1992; Beck et al., 1993).

At this point, only speculations can be made
regarding the function of non-neuronal expression of p75
and truncated trkB receptors in the injured CNS. It is
unlikely that truncated trkB receptors can transduce a
signal to the cell since they lack the catalytic tyrosine
kinase domain. It is also doubtful whether p75 on glial
cells can mediate any biological effect of neurotrophins,
although evidence has been presented for NGF signaling
and internalization via p75 in glial cells (Kahle and
Hertel, 1992; Carter et al., 1996). Both p75 and
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truncated trkB receptors could perhaps serve a function
by binding and accumulating neurotrophins at the site of
the injury, thus making them available for axonal
endbulbs. Neurotrophins bound to the surfaces of non-
neuronal cells at a CNS lesion could possibly stimulate
axonal growth. However, the immunoglobulin-like
domains in the ectodomain of trk family receptors can
inhibit neurite growth (Tannahill et al., 1995), and the
high expression of truncated trkB receptors by reactive
astrocytes may thus possibly inhibit axon-growth.

In addition to the neurotrophins, many other
neurotrophic factors have been suggested to be of
importance after neuronal injury. Moreover, several
growth factors, best known for their effects on cells
outside the nervous system, can stimulate axonal growth
or promote neuronal survival and have been implicated
in axonal regeneration, although the roles of these
factors have not yet been studied as thoroughly as the
effects of neurotrophins (see e.g. Raivich and
Kreutzberg, 1993). The expression of ciliary neuro-
trophic factor (CNTF) decreases dramatically in the
distal stump of a severed peripheral nerve (Sendtner et
al., 1992b), but is expressed in reactive astrocytes after
CNS injury (Ip et al., 1993). CNTF lacks a signal
sequence and does not seem to be secreted from cells.
However, CNTF may possibly be released from
damaged cells, and the retrograde transport of this
molecule is indeed increased after injury (Curtis et al.,
1993). Glial cell-line derived neurotrophic factor
(GDNF), a potent neurotrophic factor which is required
for the survival of certain neurons during development
(Moore et al., 1996; Sanchez et al., 1996), is another
example of a neurotrophic factor that is produced at
increased levels in injured peripheral nerves (Trupp et
al., 1995; Hammarberg et al., 1996).

However, in spite of the wealth of circumstantial
evidence implicating several neurotrophic factors in
axonal regrowth after injury, there are in fact data
suggesting that none of them may be required for
regeneration. Axons can grow into acellular peripheral
nerve segments, in which all cells have been killed and
thus no neurotrophic factors can be synthesized (Ide et
al., 1983; Sketelj et al., 1989).

Extracellular matrix

Acellular nerve segments predominantly consist of
extracellular matrix tubes, and axon-growth in this
environment suggests that extracellular matrix proteins
may be of importance for regeneration. Much of the
attention in this context has focused on laminin and
related molecules, since this glycoprotein synthesized by
Schwann cells is one of the strongest neurite outgrowth
promoting matrix molecules known to date. Other matrix
molecules which may affect neurite growth include for
example collagen, fibronectin and tenascin (see Martini,
1994). Several different approaches have been used to
study the role of laminin in axon-growth in mammals in
vivo. Morphological studies have demonstrated that cut

PNS axons regrow in close relation to laminin
(Bignami et al., 1984; Liesi, 1985; Salonen et al., 1987;
Kuecherer-Ehret et al., 1990). Other studies have shown
the effect of blocking the interaction between axons and
laminin. These experiments have demonstrated impeded
axonal growth in acellular nerve segments pretreated
with anti-laminin (or anti-fibronectin antisera) (Wang et
al., 1992a,b), as well as weak axon-ingrowth into
extracellular matrix-coated tubes in the presence of
antibodies to the laminin/collagen receptor alB1-
integrin (Toyota et al., 1990). Furthermore, the re-
innervation of the denervated iris is slower in the
presence of antibodies to a laminin-proteoglycan
complex (Sandrock and Matthew, 1987b). Taken
together, these data suggest that laminin is important in
axonal regeneration in the PNS.

In the CNS, astrocytes express laminin during
development and reexpress laminin after injuries in the
adult. However, laminin is only synthesized locally at
injuries and not in degenerating tracts undergoing
Wallerian degeneration (Liesi et al., 1984). Axonal
sprouts which grow into the scar tissue that forms at the
lesion after a spinal cord injury are closely related to
laminin expressing astrocytes (Risling et al., 1993;
Frisén et al., 1995a). Furthermore, when neuronal cells
are cultured on spinal cord cryostat sections, the neurons
attach to laminin-rich regions of the sections and orient
their neurites after laminin in the tissue (Frisén et al.,
1995a). These data suggest that laminin may be involved
in lesion-induced sprouting in the injured spinal cord.
However, no relation was found between axonal
sprouting and laminin in the injured optic nerve
(Giftochristos and David, 1988). Possible explanations
for this discrepancy may be differences in axonal and/or
glial properties in the spinal cord and optic nerve.
Differences in laminin-sensitivity in the different
neuronal cell types could possibly be of importance;
indeed, whereas sensory neurons (which project to the
spinal cord) remain laminin-sensitive in adult animals
(Unsicker et al., 1985), retinal ganglion cell laminin-
receptors decrease after innervation of the target tissue
during development, and the neurite-outgrowth
promoting effect of laminin is lost (Cohen et al., 1986,
1989). Moreover, different populations of astrocytes in
various parts of the CNS may respond differently to
injuries, and the ability of astrocytes to support neurite
growth in vitro depends on which part of the CNS the
glial cells were taken from (reviewed by Wilkin et al.,
1990; Hatten et al., 1991).

Other matrix molecules which are upregulated after
CNS injuries include, among others tenascin, collagen,
and fibronectin (Egan and Vijayan, 1991; McKeon et al.,
1991; Bartsch et al., 1992; Laywell et al., 1992; Risling
et al., 1993) all of which may be of importance for axon
growth. The expression and role of cell adhesion
molecules belonging to e.g. the immunoglobulin and
cadherin families, which could be important for neuron-
glial interactions (Neugebauer et al., 1988; Tomaselli et
al., 1988), remains to be studied in the injured nervous
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system. Several cell adhesion molecules have been
implicated in developmental and regenerative axon-glial
interactions (Reichardt et al., 1990).

Axon-growth inhibiting molecules

Through the years theories regarding cell extension
and migration have mostly focused on stimulating cues
in the environment, but more recently growth control by
repulsion has gained increasing interest. Schwab and
collaborators have provided a large body of evidence for
the presence of neurite growth-inhibiting molecules
within the brain and spinal cord (reviewed in Schwab et
al., 1993). One of the first strong indications for the
presence of axon-growth inhibiting activity was the
finding that cultured neurons can attach to and send out
neurites on slices of peripheral nerves and CNS gray
matter, but not on CNS white matter even in the presence
of neurotrophic factors (Schwab and Thoenen, 1985;
Carbonetto, 1987). Cocultures of neurons and glial cells
demonstrated that neurites readily grew over astrocytes
but when the growth cones came in contact with
oligodendrocytes they not only ceased to grow, but
collapsed and were retracted (Schwab and Caroni,
1988). That oligodendrocytes are important inhibitors in
vivo is supported by studies demonstrating that
regeneration in the embryonic spinal cord is enhanced
when the onset of myelination is delayed (Keirstead et
al., 1992) or oligodendrocyte precursor cells are
eliminated by x-irradiation (Savio and Schwab, 1990).
Recently, some functional recovery was made possible in
spinal cord transected paraplegic rats when axons were
directed from the white matter to the gray matter with
PNS grafts bridging the lesion (Cheng et al., 1996), thus
probably circumventing the inhibitory oligodendro-cytes
in the white matter.

Two oligodendrocyte-derived molecules that are at
least in part responsible for this dramatic effect on axon-
growth are myelin-associated proteins designated NI-35
and NI-250 (Caroni and Schwab, 1988). They seem to
cause growth cone collapse and retraction by binding to
neuronal receptors which, via G-proteins, induce rapid
influx of extracellular calcium (Bandtlow et al., 1993;
Igarashi et al., 1993). Inhibition of axonal growth
in vivo by these oligodendrocyte proteins is indicated
by the fact that transected cortico-spinal and septo-
hippocampal axons show extensive axon-growth in
the presence of neutralizing antibodies to NI-35 and
NI-250 (Schnell and Schwab, 1990, 1993; Cadelli and
Schwab, 1991). Myelin-associated glycoprotein (MAG)
is another oligodendrocyte-derived molecule that
inhibits axonal growth in vitro (McKerracher et al.,
1994; Mukhopadhyay et al., 1994), but it may not be
a major inhibitor in vivo (Bartsch et al., 1995). Several
other molecules produced by oligodendrocytes that
can inhibit axon-growth have been described, but their
significance remains to be established (Schwab et al.,
1993).

I\/%yelin-related axonal-growth inhibiting molecules

thus seem to be very important inhibitors of axonal
regeneration in the CNS. However, myelin is removed
from degenerating tracts with time, but the axons still do
not regrow, suggesting that other factors may be
important. The finding that the initially strong re-
generative response of retinal ganglion cells ceases
within a few weeks after injury (Thanos and Vanselow,
1989), led to the suggestion that the slow myelin
removal in Wallerian degeneration in the CNS (where
myelin is cleared away only after the regenerative
attempts by retinal neurons have stopped) is a major
reason for the lack of regeneration in the CNS (David et
al., 1990). However, neurons fail to attach in vitro to
sections of tracts undergoing Wallerian degeneration in
the spinal cord even long after the injury, at a time when
little myelin can be detected (Frisén et al., 1994).
Furthermore, lack of axon ingrowth in the adult spinal
cord dorsal horn after dorsal root injury, where few
oligodendrocytes are found (Carlstedt, 1985), indicates
that factors other than myelin-related molecules
may counteract CNS regeneration. Indeed, other
axon-growth inhibiting factors (e.g. glial hyaluronate-
binding protein, GHAP) are expressed by astrocytes
in areas of Wallerian degeneration, but not, or at
substantially lower levels, in astrocytic scars formed at
traumatic injuries (Mansour et al., 1990; Bovolenta et
al., 1993).

In the last few years, a plethora of novel axon-growth
inhibiting molecules have been identified as a result of
searches for molecules involved in axonal guidance
during the development of the nervous system. Emerging
evidence strongly implicate several of these proteins, for
example semaphorins, netrins and ligands for Eph-
related tyrosine kinase receptors, in axonal pathfinding
(Goodman, 1996), but very little is yet known regarding
their possible role in axonal re-generation.

Cooperation with non-nervous system cells

Transection of a peripheral nerve results in the rapid
disintegration of the barrier between the blood and the
nerve tissue, i.e. the blood-nerve barrier, distal to the
injury (Olsson, 1966; Mellick and Cavanagh, 1968).
This enables the fast recruitment of mononuclear leuko-
cytes which phagocytize degrading axons and myelin
(see Beuche and Fride, 1984) (Fig. 3). The importance of
macrophages in the repair after injuries in the nervous
system is indicated by, for example, the finding that
regeneration of sensory axons is very slow in the mouse
strain C57BL/Ola, in which macrophage recruitment to
an injured nerve is almost absent (Lunn et al., 1989).
Macrophages which invade an injured nerve seem, via
interleukin-1, to induce NGF-synthesis by non-neuronal
cells (Lindholm et al., 1987; Heumann et al., 1987b),
and the weak sensory axon regrowth in C57BL/Ola mice
can be supported by exogenous NGF (Brown et al.,
1991).

After an injury in the CNS, macrophages rapidly
invade the lesion area. However, macrophage infiltration
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distal to a CNS injury is slow (Fig. 3), resulting in the
delayed clearance of debris in tracts undergoing
Wallerian degeneration (Frisén et al., 1994). Macro-
phages may be detrimental or beneficial following CNS
injury. Suppression of macrophage invasion after
transient spinal cord ischemia in rabbits improves
functional recovery and promotes motoneuron survival
(Giulian and Robertson, 1990). A possible role for
macrophages could be to phagocytize debris from
axotomized neurons undergoing retrograde cell death.
Furthermore, it is well known that a large number of
synapses on motoneurons disappear after axotomy. In
addition to phagocytosis of necrotic neuronal somata,
macrophages could therefore be involved in phago-
cytosis of terminals on moto-neurons (Blinzinger and
Kreutzberg, 1968). Morphological indications of
macrophage phagocytosis of neuronal elements have
been demonstrated on seemingly intact neurites during
development (Innocenti et al., 1983) as well as on axons
in sciatic nerve-end neuromata (Frisén et al., 1993b). An
alternative way in which macrophages may negatively
affect neurons unaffected by the initial trauma is by
secreting neurotoxic molecules (Théry et al., 1991). In
contrast, macrophages can counteract the inhibitory
action of optic nerve white matter on neurite growth in
vitro, and could therefore be important in axonal
sprouting in the injured CNS (David et al., 1990).
Macrophages are thus implicated in injury reactions in
both the PNS and CNS, in part by acting as regulators of
some of the other determinants of axonal regeneration
mentioned above.

The glial scar - a physical barrier for axonal
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Fig. 3. Disruption of the barrier to blood and recruitment of
macrophages is different in the PNS and in the CNS. In the PNS, the
blood-nerve barrier is disrupted throughout the distal segment of a
severed nerve. This enables rapid invasion of macrophages which
engulf myelin and axonal degradation products. In the CNS, the
disruption of the blood-brain barrier is limited to the lesion are.
Macrophages will rapidly enter the CNS at the lesion and clear this area
from debris, but macrophage recruitment and removal of debris distal to
the lesion is very slow.

The glial scar - a physical barrier for axonal
regrowth?

After lesions in the CNS, astrocytes both at the injury
and in denervated tracts undergo hypertrophy and
increase the synthesis of the intermediate filament
proteins glial fibrillary acidic protein, nestin and
vimentin (Eddleston and Mucke, 1993; Frisén et al.,
1995b). Within a few weeks the astrocytes form a dense
network of processes, referred to as the glial scar. The
fact that this tissue appears compact histologically led to
the suggestion that it may constitute a physical barrier
for axon regrowth (reviewed in Reier et al., 1989). An
axon-growth inhibitory effect of astrocytes has been
supported for example by studies on regeneration of the
central branch from primary sensory neurons: after a
dorsal root crush in the adult rat, the sensory axons
regrow to the dorsal root transitional zone, where most
axons then stop growing and form terminals on
astrocytes (Carlstedt, 1985). When the axons make
contact with astrocytes, the neurofilament synthesis in
the neuronal cell body ceases. Astrocytes have therefore
been suggested to activate an inherent neuronal
physiological stop mechanism (Liuzzi and Lasek, 1987;
Liuzi and Tedeschi, 1992).

Despite the wealth of data suggesting axon-growth
inhibition by astrocytes, these glial cells are believed to
be important in axonal growth promotion and guidance
during embryogenesis. Furthermore, astrocytes in
culture form a suitable substrate for cocultured neurons,
and neurites readily grow over the astrocytes (reviewed
in Hatten et al., 1991). Moreover, already by the turn of
the century scientists such as Santiago Ramoén y Cajal
noticed that after injuries in the CNS, axons sent sprouts
into the scar formed at the lesion, although they failed to
grow beyond this scar. The axonal sprouts in the scar
tissue are closely associated with astrocytes. In many
situations scar tissue sprouts seem to be aborted within
one month after an injury (Ramén y Cajal, 1928).
However, several studies have demonstrated that axonal
sprouts in the spinal cord can persist for more than a
year in the glial scar formed after an incision (Risling et
al., 1983, 1992; Frisén et al., 1993a). After a ventral
funiculus incision or after ventral root avulsion and
replantation, many motoneuron axons manage to
traverse the glial scar and reinnervate the ventral root,
and may even reinnervate the target tissue in a functional
manner (Cullheim et al., 1989; Carlstedt et al., 1993,
1995).

Ramén y Cajal hypothesized from the fact that
axonal sprouts grow into the scar tissue formed at lesions
that stimulatory substances for axon growth may be
present in the scar (Ramoén y Cajal, 1928). Many
decades later this hypothesis proved to be true (Nieto-
Sampedro et al., 1982). Among the neurotrophic factors
that have been described to be expressed at increased
levels in glial scars are NGF (Ishikawa et al., 1991;
Lindholm et al., 1992), basic fibroblast growth factor
(Frautschy et al., 1991; Ishikawa et al., 1991; Logan et
al., 1992; Koshinaga et al., 1993), insulin-like growth
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factor 1 (IGF-1; Garcia-Estrada et al., 1992),
transforming growth factor- (Lindholm, 1992), and
CNTF (Ip et al., 1993). Furthermore, expression of
neurite-growth promoting extracellular matrix molecules
such as laminin, collagen, fibronectin, and tenascin may
be of importance (discussed above). The majority of
these axon-growth promoting molecules are synthesized
by astrocytes. In addition to these axon growth-
promoting molecules, axon growth-inhibiting activity is
also found at CNS lesions (Rudge and Silver, 1990;
McKeon et al., 1991).

One explanation to the contradictory reports on the
role of astrocytes and glial scars on axonal elongation is
that astrocytes react differently to different types of
injuries. Glial scars are formed both at the site of an
injury, such as an incision, and distal to this point where
the distal segments of the transected axons degenerate,
i.e. Wallerian degeneration. These two types of scars, the
type that is formed at the site of a penetrating injury and
the type that forms in a tract undergoing Wallerian
degeneration, differ in many respects, not least in their
capacity to promote axonal growth. The increased
synthesis of axon-growth promoting molecules is limited
to the type of glial scar that forms at the site of the
injury, and does not take place in the scar that forms in
the zone undergoing Wallerian degeneration. The
differential capacity to promote axon-growth in these
two types of glial scars has been demonstrated in in vitro
experiments where neuronal cells have been cultured on
tissue sections from the injured CNS. Neurons can attach
and extend neurites on astrocytes in sections from a glial
scar formed at a penetrating injury, but fail to attach to
sections of a denervated tract undergoing Wallerian
degeneration (David et al., 1990; Frisén et al., 1994).

The regulation of the astrocytic phenotype with
regard to neurite-growth promotion is poorly unders-
tood. Possible factors leading to a change in astrocyte
properties after injury may for example be the direct
trauma to the cell, a change in the extracellular
environment caused by the blood-brain barrier disruption
with concomitant influx of blood cells and plasma, or
signals from severed neurons or glial cells. In vitro
studies have identified molecules able to induce
synthesis of NGF, BDNF, bFGF, and laminin by
astrocytes (Gadient et al., 1990; Lindholm et al., 1990;
Spranger et al., 1990; Pechdn et al., 1992, 1993; Toru-
Delbauffe et al., 1992; Zafra et al., 1992; Baghdassarian
et al., 1993; Ladenheim et al., 1993). Interestingly, some
data suggest that macrophages may be involved in the
regulation of astrocytic properties after injury. Local
high levels of TGF-f at the lesion site, probably at least
in part derived from macrophages invading the site after
CNS injury, may inhibit glial proliferation and induce
laminin- and NGF-synthesis by astrocytes (Lindholm et
al., 1990, 1992; Toru-Delbauffe et al., 1992;
Baghdassarian et al., 1993).

The ingrowth of axons into CNS scar tissue
demonstrates that the adult mammalian CNS has a
potential to support axon-growth. This might perhaps

involve reactivation of developmental programs used to
support and guide growing axons during embryogenesis.
An understanding of the molecular basis for the axon
growth promotion by reactive glial cells, and the
elucidation of the signals which induce this permissive
glial phenotype may in the future lead to strategies to
manipulate glial features and promote axonal
regeneration.

Is the blood-brain barrier a barrier for axonal
regeneration?

In the intact brain and spinal cord, as well as in
peripheral nerves, the nervous tissue is protected from
the outer environment by a barrier to the blood. The
barrier between the blood and the CNS, the blood-brain
barrier (BBB), resides in the endothelium of blood
vessels in the CNS: these endothelial cells do not take up
molecules by endocytosis to the same extent as do those
outside the CNS and they are interconnected by tight
junctions which hinder passive diffusion of molecules
through the vessel wall. These features are believed to be
induced in the endothelial cells by soluble factors from
neighboring astrocytes (Janzer and Raff, 1987; Lobrinius
et al., 1992).

The role of the barrier between blood and nervous
tissue in the context of nerve regeneration is intriguing.
In most, if not all, regenerating systems no barrier is
present during axon regrowth. In lower animals such as
amphibians, in which CNS regeneration is possible, the
BBB is disrupted in the denervated part of an injured
tract (Kiernan and Contestabile, 1980). In mammals the
blood-nerve barrier is similarly disrupted distal to a
peripheral nerve lesion (Olson, 1966; Mellick and
Cavanagh, 1968). Moreover, olfactory receptor neurons
residing in the nasal mucosa are exchanged throughout
life in mammals, and axons from new receptor cells
grow to the glomeruli in the olfactory bulb (Graziadei
and Monti Graziadei, 1979). The BBB is incomplete in
the superficial olfactory bulb where the axon ingrowth to
the CNS occurs (Balin et al., 1986). After injuries in the
CNS, the BBB is disrupted locally at the site of the
injury, and not, as in the PNS, throughout the denervated
area (Olsson, 1966; Mellick and Cavanagh, 1968) (Fig.
3). This defect in the BBB is usually repaired within a
month (Kiernan, 1985), which correlates with the
retraction of lesion-induced sprouts in the CNS (Ramén
y Cajal, 1928). However, in the situation of spinal cord
injuries, where axonal sprouts may persist for much
longer times, the BBB defect is much more persistent
(Risling et al., 1989, 1990; Frisén et al., 1993a).

Is the correlation between axon-growth and absence
of a barrier to the blood merely a coincidence or can the
contact between the blood and nervous tissue be causally
related to axonal growth? The absence of a complete
barrier could enable molecules as well as cells to pass
from the blood to the nervous tissue. In a peripheral
nerve the rapid disruption of the blood-nerve barrier
makes it possible for macrophages to enter the nerve
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distal to an injury (Fig. 3). These blood-derived cells
phagocytize myelin and axonal debris, and may secrete
potent cytokines and growth factors. Macrophages
rapidly enter the lesion area after brain or spinal cord
trauma, but fail initially to enter the denervated tract (see
above and Fig. 3). Macrophages may also be of
importance in the injured CNS not least because of their
ability to neutralize inhibitory properties in the
mammalian CNS (David et al., 1990). Macrophage-
derived cytokines may also be intimately involved in the
glial reactions seen at the injury. In addition, molecules
that normally circulate in plasma, such as growth factors
and cytokines, which may enter the injured spinal cord at
a site of failing blood-brain barrier, could be important
for axon growth.

Future perspectives

Very much has been learned about axonal re-
generation during the past few decades, and the
industrious activity in this field is likely to increase our
understanding substantially during the coming years.
The first step on the road to enhancing axonal
regeneration in the CNS must be to promote neuronal
survival and axonal growth. Elucidating the mechanisms
behind injury-induced nerve cell death and determinants
of intrinsic neuronal regenerative capacity will be of
fundamental importance. Other pivotal studies for the
near future will be further characterization of axon
growth-inhibiting molecules in the CNS. This will
facilitate the search for neuronal receptors transmitting
signals which cause axons to stop growing.
Identification of neuronal receptors for CNS axon
growth-inhibiting molecules, and the development of
antagonist drugs to such receptors may prove
instrumental in the treatment of brain and spinal cord
injuries. Increased knowledge regarding the regulation of
astrocyte features, enabling the targeted induction of an
axon growth permissive phenotype after injury may also
prove valuable. However, even if axon growth can be
induced in the adult CNS, will these axons be able to
navigate to their appropriate target? Misdirected growth
of axons and innervation of inappropriate targets may
very well constitute a worse situation than no axon
growth. Axonal pathfinding during embryogenesis is
directed by distinct molecular cues in the path of the
growing axons and on the target cells. The molecular
nature of some of these axon guidance cues have
recently been unveiled. Are these guidance cues only
expressed during embryogenesis, or are they present also
in the adult tissues (or are they reexpressed after injury)
so that they could direct regrowing axons to the
appropriate target? Some experiments give reason to
hope that this is the case (Wizenmann et al., 1993; Bihr
and Wizenmann, 1996). The identification of molecules
that support or inhibit axonal growth have resulted in a
major leap forward in our understanding of axonal
regeneration, and it is likely that as more molecular key
players in axonal growth are being unveiled that it soon

may be possible to restore severed neural circuits in the
injured mammalian CNS.

Acknowledgments. | am indebted to Drs. D. Clarke, M. Jaramillo and .
Silos-Santiago for thoughtful discussions and suggestions on the
manuscript. The experiments from the authors lab described here were
supported by the Swedish Medical Research Council, Stiftelsen Elsa
och Sigurd Goljes minne, Hans och Loo Ostermans fond, Ake Wibergs
stifelse, Jeanssons stifelse, Tore Nilssons fond and the Swedish
Medical Society.

References

Aguayo A.J., Dickson R., Trecarten J., Attiwell M., Bray G.M. and
Richardson P. (1978). Ensheathment and myelination of
regenerating PNS fibres by the transplanted optic nerve glia.
Neurosci. Lett. 9, 97-104.

Aguayo A.J., Rasminsky M., Bray G.M., Carbonetto S., McKerracher L.,
Villegas-Pérez M.P., Vidal-Sanz M. and Carter D.A. (1991).
Degenerative and regenerative responses of injured neurons in the
central nervous system of adult mammals. Phil. Trans. R. Soc. Lond.
331, 337-343.

Alcantara S., Frisén., del Rio J.A., Soriano E., Barbacid M and Silos-
Santiago I. (1997). trkB signalling is required for postnatal survival of
CNS neurons and prtoects hippocampan and motor neurons form
axotomy-induced cell death. J. Neurosci. 17, 3623-3633.

Aldskogius H. and Svensson M. (1993). Neuronal and glial cell
responses to axon injury. Adv. Struct. Biol. 2, 191-223.

Baghdassarian D., Toru-DelBauffe D., Gavaret J.M. and Pierre M.
(1993). Effects of transforming growth factor-81 on the extracellular
matrix and cytoskeleton of cultured astrocytes. Glia 7, 193-202.

Bahr M. and Wizenmann A. (1996). Retinal ganglion cell axons
recognize specific guidance cues present in the deafferented adult
rat superior colliculus. J. Neurosci. 16, 5106-5116.

Bakhit C., Armanini M., Wong W.L.T., Bennet G.L. and Wrathall J.R.
(1991). Increase in nerve growth factor-like immunoreactivity and
decrease in choline acetyltransferase following contusive spinal cord
injury. Brain Res. 554, 264-271.

Balin B.J., Broadwell R.D., Salcman M. and El-Kalliny M. (1986).
Avenues for entry of peripherally administered protein to the central
nervous system in mouse, rat, and squirrel monkey. J. Comp.
Neurol. 251, 260-280.

Bandtlow C.E., Schmidt M.F., Hassinger T.D., Schwab M.E. and Kater
S.B. (1993). Role of intracellular calcium in NI-35-evoked collapse of
neuronal growth cones. Science 259, 80-83.

Barbacid M. (1995). Structural and functional properties of the TRK
family of neurotrophin receptors. Ann. NY Acad. Sci. 766, 442-458.

Bartsch U., Bartsch S., Dérries U. and Schachner M. (1992). Immuno-
histochemical localization of tenascin in the developing and lesioned
adult mouse optic nerve. Eur. J. Neurosci. 4, 338-352.

Bartsch U., Bandtlow C.E., Schnell L., Bartsch S., Spillman A.A., Rubin
B.P., Hillenbrand R., Montag D., Schwab M.E. and Schachner M.
(1995). Lack of evidence that myelin-associated glycoprotein is a
major inhibitor of axonal regeneration in the CNS. Neuron 15, 1375-
1381.

Beck K.D., Lamballe F., Klein R., Barbacid M., Schauwecker P.E.,
McNeill T.H., Finch C.E., Hefti F. and Day J.R. (1993). Induction of
noncatalytic trkB neurotrophin receptors during axonal sprouting in



865

Determinants of axonal regeneration

the adult hippocampus. J. Neurosci. 13, 4001-4014.

Benfey M. and Aguayo A.J. (1982). Extensive elongation of axons from
rat brain into peripheral nerve grafts. Nature 296, 150-152.

Bernstein J.J. and Bernstein M.E. (1971). Axonal regeneration and
formation of synapses proximal to the site of lesion following
hemisection of the rat spinal cord. Exp. Neurol. 30, 336-351.

Beuche W. and Friede R.L. (1984). The role of non-resident cells in
Wallerian degeneration. J. Neurocytol. 13, 767-796.

Bignami A., Chi N.H. and Dahl D. (1984). Laminin in rat sciatic nerve
undergoing Wallerian degeneration. J. Neuropathol. Exp. Neurol. 43,
94-108.

Blinzinger K. and Kreutzberg G. W. (1968). Displacement of synaptic
terminals from regenerating motoneurons by microglial cells. Z.
Zellforsch. Mikrosk. Anat. 85, 145-157.

Bovolenta P., Wandosell F. and Nieto-Sampedro M. (1993).
Characterization of a neurite outgrowth inhibitor expressed after
CNS injury. Eur. J. Neurosci. 5, 454-465.

Brown M.C., Perry V.H., Lunn E.R., Gordon S. and Heumann R. (1991).
Macrophage dependence of peripheral sensory nerve regeneration:
possible involvement of nerve growth factor. Neuron 6, 359-370.

Brunello N., Reynolds M., Wrathall J.R. and Mocchetti 1. (1990).
Increased nerve growth factor receptor mRNA in contused rat spinal
cord. Neurosci. Lett. 118, 238-240.

Cadelli D. and Schwab M.E. (1991). Regeneration of lesioned septo-
hippocampal acetylcholinesterase-positive axons is improved by
antibodies against the myelin-associated neurite growth inhibitors
NI-35/250. Eur. J. Neurosci. 3, 825-832.

Carbonetto S., Evans D. and Cochard P. (1987). Nerve fiber growth in
culture on tissue substrata from central and peripheral nervous
systems. J. Neurosci. 7, 610-620.

Carlstedt T. (1985). Regenerating axons form terminals at astrocytes.
Brain Res. 347, 188-191.

Carlstedt T., Grane P., Hallin R.G. and Norén G. (1995). Return of
function after spinal cord implantation of avulsed spinal nerve roots.
Lancet 346, 1323-1325.

Carlstedt T., Hallin R., Hedstrém K. and Nilsson-Remahl . (1993).
Functional recovery in primates with brachial plexus injury after
spinal cord implantation of avulsed ventral roots. J. Neurol.
Neurosurg. Psych. 56, 649-654.

Caroni P. and Schwab M.E. (1988). Two membrane protein fractions
from rat central myelin with inhibitory properties for neurite growth
and fibroblast spreading. J. Cell Biol. 106, 1281-1288.

Carter B.D., Kaltschmidt C., Kaltschmidt B., Offenhauser N., Béhm-
Mattei R., Baeuerle P.A. and Barde Y.-A. (1996). Selective
activation of NF-kB by nerve growth factor through the neurotrophin
receptor p75. Science 272, 542-545.

Cheng H., Cao Y. and Olson L. (1996). Spinal cord repair in adult
paraplegic rats: partial restoration of hind limb function. Science 273,
510-513.

Cohen J., Burne J.F., Winter J. and Bartlett P. (1986). Retinal ganglion
cells lose response to laminin with maturation. Nature 322, 465-467.

Cohen J., Nurcombe V., Jeffrey P. and Edgar D. (1989). Developmental
loss of functional laminin receptors on retinal ganglion cells is
regulated by their target tissue, the optic tectum. Development 107,
381-387.

Cullheim S., Carlstedt T., Lindd H., Risling M. and Ulfhake B. (1989).
Motorneurons reinnervate skeletal muscle after ventral root
implantation into the spinal cord of the cat. Neuroscience 29, 725-
733.

Curtis R., Adryan K.M., Zhu Y., Harkness P.J., Lindsay R.M. and
DiStefano P.S. (1993). Retrograde axonal transport of ciliary
neurotrophic factor is increased by peripheral nerve injury. Nature
365, 253-255.

Davenport R.W., Dou P., Rehder V. and Kater S.B. (1993). A sensory
role for neuronal growth cone filopodia. Nature 361, 721-724.

David S. and Aguayo A.J. (1981). Axonal elongation into peripheral
nervous system “bridges” after central nervous system injury in adult
rats. Science 214, 931-933.

David S., Bouchard C., Tsatas O. and Giftochristos N. (1990).
Macrophages can modify the nonpermissive nature of the adult
mammalian central nervous system. Neuron 5, 463-469.

Derby A., Engelman V.W., Frierdich G.E. Neises G., Rapp S.R. and
Roufa D.G. (1993). Nerve growth factor facilitates regeneration
across nerve gaps: morphological and behavioural studies in rat
sciatic nerve. Exp. Neurol. 119, 176-191.

Diamond J., Coughlin M., Macintyre L., Holmes M. and Vishieau B.
(1987). Evidence that endogenous B nerve growth factor is
responsible for the collateral sprouting, but not the regeneration, of
nociceptive axons in adult rats. Proc. Natl. Acad. Sci. USA 84, 6596-
6600.

Diamond J., Foerster A., Holmes M. and Coughlin M. (1992a). Sensory
nerves in adult rats regenerate and restore sensory function to the
skin independently of endogenous NGF. J. Neurosci. 12, 1467-
1476.

Diamond J., Holmes M. and Coughlin M. (1992b). Endogenous NGF
and nerve impulses regulate the collateral sprouting of sensory
axons in the skin of the adult rat. J. Neurosci. 12, 1454-1466.

Doster S.K., Lozano A.M., Aguayo A.J. and Willard M.B. (1991).
Expression of the growth associated protein GAP-43 in adult rat
retinal ganglion cells following axon injury. Neuron 6, 635-647.

Eddleston M. and Mucke L. (1993). Molecular profile of reactive
astrocytes — implications for their role in neurologic disease.
Neuroscience 54, 15-36.

Egan R.A. and Vijayan V.K. (1991). Fibronectin immunoreactivity in
neural trauma. Brain Res. 568, 330-334.

Ernfors P., Rosario C.M., Merlio J.-P., Grant G., Aldskogius H. and
Persson H. (1993). Expression of mRNAs for neurotrophin receptors
in the dorsal root ganglion and spinal cord during development and
following peripheral or central axotomy. Mol. Brain Res. 17, 217-226.

Fawcett J.W. (1992). Intrinsic neuronal determinants of regeneration.
TINS 15, 5-8.

Fitzgerald M., Wall P.D., Goedert M. and Emson P.C. (1985). Nerve
growth factor counteracts the neurophysiological and neurochemical
effects of chronic sciatic nerve section. Brain Res. 332, 131-141.

Frautschy S.A., Walicke P.A. and Baird A. (1991). Localization of basic
fibroblast growth factor and its mRNA after CNS injury. Brain Res.
553, 291-299.

Frisén J., Verge V.M.K,, Cullheim'S., Persson H., Fried K., Middlemas
D.S., Hunter T., Hokfelt T. and Risling M. (1992). Increased levels of
trkB mRNA and trkB protein-like immunoreactivity in the injured rat
and cat spinal cord. Proc. Natl. Acad. Sci. USA 89, 11282-11286.

Frisén J., Fried K., Sjogren A.M. and Risling M. (1993a). Growth of
ascending spinal axons in CNS scar tissue. Int. J. Dev. Neurosci. 4,
461-475.

Frisén J., Risling M. and Fried K. (1993b). Distribution and axonal
relations of macrophages in a neuroma. Neuroscience 55, 1003-
1013.

Frisén J., Verge V.M.K., Fried K., Risling M., Persson H., Trotter J.,



866

Determinants of axonal regeneration

Hokfelt T. and Lindholm D. (1993c). Characterization of glial trkB
receptors: differential response to injury in the central and peripheral
nervous system. Proc. Natl. Acad. Sci. USA 90, 4971-4975.

Frisén J., Haegerstrand A., Fried K., Piehl F., Cullheim S. and Risling M.
(1994). Adhesive/repulsive properties in the injured spinal cord:
relation to myelin phagocytosis by macrophages. Exp. Neurol. 129,
183-193.

Frisén J., Haegerstrand A., Risling M., Fried K., Elde R., Hokfelt T. and
Cullheim S. (1995a). Spinal axons in CNS scar tissue are closely
related to laminin-immunoreactive astrocytes. Neuroscience 65,
293-304.

Frisén J., Johansson C.B., Torok C., Risling M. and Lendahl U. (1995b).
Rapid, widespread, and longlasting induction of nestin contributes to
the generation of glial scar tissue after CNS injury. J. Cell Biol. 131,
453-464.

Funakoshi H., Frisén J., Barbany G., Timmusk T., Zachrisson O., Verge
V.M.K. and Persson H. (1993). Differential expression of mRNAs for
neurotrophins and their receptors following axotomy of the sciatic
nerve. J. Cell Biol. 123, 455-466.

Gadient R.A., Cron K.C. and Otten U. (1990). Interleukin-1B and tumor
necrosis factor-a synergistically stimulate nerve growth factor (NGF)
release from cultured rat astrocytes. Neurosci. Lett. 117, 335-340.

Garcia-Estrada J., Garcia-Segura L.M. and Torres-Aleman |. (1992).
Expression of insulin-like growth factor | by astrocytes in response to
injury. Brain Res. 592, 343-347.

Giftochristos N. and David S. (1988). Laminin and heparan sulphate
proteoglycan in the lesioned adult mammalian central nervous
system and their possible relationship to axonal sprouting. J.
Neurocytol. 17, 385-397.

Giulian D. and Robertson C. (1990). Inhibition of mononuclear
phagocytes reduces injury in the spinal cord. Ann. Neurol. 27, 33-42.

Gloster A. and Diamond J. (1992). Sympathetic nerves in adult rats
regenerate normally and restore pilomotor function during an anti-
NGF treatment that prevents their collateral sprouting. J. Comp.
Neurol. 326, 363-374.

Goodman C. S. (1996). Mechanisms and molecules that control growth
cone guidance. Annu. Rev. Neurosci. 19, 341-377.

Graziadei P.P.C. and Monti Graziadei G.A. (1979). Neurogenesis and
neuron regeneration in the olfactory system of mammals. I.
Morphological aspects of differentiation and structural organization
of the olfactory sensory neurons. J. Neurocytol. 8, 1-18.

Hammarberg H., Piehl F., Cullheim S., Fjell J., Hokfelt T. and Fried K.
(1996). GDNF mRNA in Schwann cells and DRG satellite cells after
chronic sciatic nerve injury. Neuroreport 7, 857-860.

Hatten M.E., Liem R.K.H., Shelanski M.L. and Mason C. A. (1991).
Astroglia in CNS injury. Glia 4, 233-243.

Heumann R., Korsching S., Bandtlow C. and Thoenen H. (1987a).
Changes of nerve growth factor synthesis in non-neuronal cells in
response to sciatic nerve transection. J. Cell Biol. 104, 1623-1631.

Heumann R., Lindholm D., Bandtlow C., Meyer M., Radeke M.J., Misko
T.P., Shooter, E. and Thoenen H. (1987b). Differential regulation of
mRNA encoding nerve growth factor and its receptor in rat sciatic
nerve during development, degeneration, and regeneration: Role of
macrophages. Proc. Natl. Acad. Sci. USA 84, 8735-8739.

Ide C., Tohyama K., Yokota R., Nitatori T. and Onodera S. (1983).
Schwann cell basal lamina and nerve regeneration. Brain Res. 288,
61-75.

Igarashi M., Strittmatter S.M., Vartanian T. and Fishman M.C. (1993).
Mediation by G proteins of signals that cause collapse of growth

cones. Science 259, 77-79.

Innocenti G.M., Clarke S. and Koppel H. (1983). Transitory
macrophages in the white matter of the developing visual cortex. Il.
Development and relations with axonal pathways. Dev. Brain Res.
11, 55-66.

Ip N.Y., Wiegand S.J., Morse J., and Rudge J.S. (1993). Injury-induced
regulation of ciliary neurotrophic factor mRNA in the adult brain. Eur.
J. Neurosci. 5, 25-33.

Ishikawa R., Nishikori K. and Furukawa S. (1991). Apperance of nerve
growth factor and acidic fibroblast growth factor with different time
courses in the cavity-lesioned cortex of the rat brain. Neurosci. Lett.
127, 70-72.

Janzer R.C. and Raff M.C. (1987). Astrocytes induce blood-brain barrier
properties in endothelial cells. Nature 325, 253-257.

Johnson E.M.J., Taniuchi M. and DiStefano P.S. (1988). Expression and
possible function of nerve growth factor receptors on schwann cells.
TINS 11, 299-304.

Kahle P. and Hertel C. (1992). Nerve growth factor (NGF) receptor on
rat glial cell lines; evidence for NGF internalization via p75NGFR. J.
Biol. Chem. 267, 13917-13923.

Keirstead H.S., Hasan S.J., Muir G.D. and Steeves J.D. (1992).
Suppression of the onset of myelination extends the permissive
period for the functional repair of embryonic spinal cord. Proc. Natl.

/" Acad. Sci. USA 89, 11664-11668.

Kiernan J.A. (1985). Axonal and vascular changes following injury to the
rat’s optic nerve. J. Anat. 141, 139-154.

Kiernan J.A. and Contestabile A. (1980). Vascular permeability
associated with axonal regeneration in the optic system of the
goldfish. Acta Neuropathol. 51, 39-45.

Kobayashi N.R., Bedard A.M., Hincke M.T. and Tetzlaff W. (1996).
Increased expression of BDNF and trkB mRNA in rat facial
motoneurons after axotomy. Eur. J. Neurosci. 8, 1018-1029.

Koliatsos V.E., Clatterbuck R.E., Winslow J.W., Cayouette M.H. and
Price D. (1993). Evidence that brain-derived neurotrophic factor is a
trophic factor for motor neurons in vivo. Neuron 10, 359-367.

Koshinaga M., Sanon H.R. and Whittemore S.R. (1993). Altered acidic
and basic fibroblast growth factor expression following spinal cord
injury. Exp. Neurol. 120, 32-48.

Kuecherer-Ehret A., Graeber M.B., Edgar H., Thoenen H. and
Kreutzberg G.W. (1990). Immunoelectron microscopic localization of
laminin in normal and regenerating mouse sciatic nerve. J.
Neurocytol. 19, 101-109.

Ladenheim R.G., Lacroix I., Foignant-Chaverot N., Strosberg A.D. and
Couraud P.0O. (1993). Endothelins stimulate c-fos and nerve growth
factor expression in astrocytes and astrocytoma. J. Neurochem. 60,
260-266.

Laywell E.D., Dérries U., Bartsch U., Faissner A., Schachner M. and
Steindler D.A. (1992). Enhanced expression of the developmentally
regulated extracellular matrix molecule tenascin following adult brain
injury. Proc. Natl. Acad. Sci. USA 89, 2634-2638.

Liesi P. (1985). Laminin-immunoreactive glia distinguish regenerative
adult CNS systems from non-regenerative ones. EMBO J. 4, 2505-
2511,

Liesi P., Kaakkola S., Dahl D. and Vaheri A. (1984). Laminin is induced
in astrocytes of adult brain by injury. EMBO J. 3, 683-686.

Lindholm D., Heumann R., Meyer M. and Thoenen H. (1987).
Interleukine-1 regulates synthesis of nerve growth factor in non-
neuronal cells of rat sciatic nerve. Nature 330, 658-659.

Lindholm D., Hengerer B., Zafra F. and Thoenen H. (1990).



867

Determinants of axonal regeneration

Transforming growth factor-B1 stimulates expression of nerve
growth factor in the rat CNS. Neuroreport 1, 9-12.

Lindholm D., Castrén E., Kiefer R., Zafra F., and Thoenen H. (1992).
Transforming growth factor-B1 in the rat brain: increase after injury
and inhibition of astrocyte proliferation. J. Cell Biol. 117, 395-400.

Lindvall O., Ernfors P., Bengzon J., Kokaia Z., Smith M.-L., Siesjé B.K.
and Persson H. (1992). Differential regulation of mRNAs for nerve
growth factor, brain-derived neurotrophic factor, and neurotrophin 3
in the adult rat brain following cerebral ischemia and hypoglycemic
coma. Proc. Natl. Acad. Sci. USA 89, 648-652.

Liuzzi F.J. and Lasek R.J. (1987). Astrocytes block axonal regeneration
in mammals by activating the physiological stop pathway. Science
237, 642-645.

Liuzzi F.J. and Tedeschi B. (1992). Axo-glial interactions at the dorsal
root transitional zone regulate neurofilament synthesis in
axotomized sensory neurons. J. Neurosci. 12, 4783-4792.

Lobrinius J.A., Juillerat-Jeanneret L., Darekar P., Schlosshauer B. and
Janzer R.C. (1992). Induction of the blood-brain barrier specific HT7
and neurothelin epitopes in endothelial cells of the chick chorio-
allantoic vessels by a soluble factor derived from astrocytes. Dev.
Brain Res. 70, 207-211.

Logan A., Frautschy S.A., Gonzalez A.-M. and Baird A. (1992). A time
course for the focal elevation of synthesis of basic fibroblast growth
factor and one of its high-affinity receptors (flg) following a localized
cortical brain injury. J. Neurosci. 12, 3828-3837.

Lunn E.R., Perry V.H., Brown M.C., Rosen H. and Gordon S. (1989).
Absence of Wallerian degeneration does not hinder regeneration in
peripheral nerve. Eur. J. Neurosci. 1, 27-33.

Mansour H., Asher R., Dahl D., Labkovsky B., Perides G. and Bignami
A. (1990). Permissive and non-permissive reactive astrocytes:
immunofluorescence study with antibodies to the glial hyaluronate-
binding protein. J. Neurosci. Res. 25, 300-311.

Martini R. (1994). Expression and functional roles of neural cell surface
molecules and extracellular matrix. J. Neurocytol 23, 1-28.

McKeon R.J., Schreiber R.C., Rudge J.S. and Silver J. (1991).
Reduction of neurite outgrowth in a model of glial scarring following
CNS injury is correlated with the expression of inhibitory molecules
on reactive astrocytes. J. Neurosci. 11, 3398-3411.

McKerracher L., David S., Jackson D.L., Kottis V., Dunn R.J. and Braun
P.E. (1994). Identification of myelin-associated glycoprotein as a
major myelin-derived inhibitor of neurite growth. Neuron 13, 805-
811.

Mearow K., Ross G., Kril Y., Gloster A., Holmes M. and Diamond J.
(1991). Changes in NGF receptor and GAP43 mRNA associated
with collateral sprouting and regeneration of dorsal cutaneous
nerves in the rat. Soc. Neurosci. Abstr. 17, 1312.

Mearow K.M., Kril Y. and Diamond J. (1993). Increased NGF mRNA
expression in denervated rat skin. Neuroreport 4, 351-354.

Mellick R.S. and Cavanagh J.B. (1968). Changes in blood vessel
permeability during degeneration and regeneration in peripheral
nerves. Brain 91, 141-160.

Meyer M., Matsuoka |., Wetmore C., Olsson L. and Thoenen H. (1992).
Enhanced synthesis of brain-derived neurotrophic factor in the
lesioned peripheral nerve: different mechanisms are responsible for
the regulation of BDNF and NGF mRNA. J. Cell Biol. 119, 45-54.

Moore M.W., Klein R.D., Farinas I., Sauer H., Armanini M., Philips H.,
Reichardt L.F., Ryan A.M., Carver-Moore K. and Rosenthal A.
(1996). Renal and neuronal abnormalities in mice lacking GDNF.
Nature 382, 76-79.

Mukhopadhyay G., Doherty P., Walsh F.S., Crocker P.R. and Filbin M.T.

(1994). A novel role for myelin-associated glycoprotein as an
inhibitor of axonal regeneration. Neuron 13, 757-767.

Neugebauer K.M., Tomaselli K.J., Lilien J. and Reichardt L.F. (1988). N-
cadherin, N-CAM and integrins promote retinal neurite outgrowth on
astrocytes in vitro. J. Cell Biol. 107, 1177-1187.

Nieto-Sampedro M., Lewis E.R., Cotman C.W., Manthorpe M., Skaper
S.D., Barbin G., Longo F.M. and Varon S. (1982). Brain injury
causes a time-dependent increase in neuronotrophic activity at the
lesion site. Science 217, 860-861.

Olsson Y. (1966). Studies on vascular permeability in peripheral nerves.
Acta Neuropathol. 7, 1-15.

Pechan P.A., Chowdhury K. and Seifert W. (1992). Free radicals induce
gene expression of NGF and bFGF in rat astrocyte culture.
Neuroreport 3, 469-472.

Pechan P.A., Chowdhury K., Gerder W. and Seifert W. (1993).
Glutamate induces the growth factors NGF, bFGF, the receptor
FGF-R1 and c-fos mRNA expression in rat astrocyte culture.
Neurosci. Lett. 153, 111-114.

Piehl F., Frisén J., Risling M., Hokfelt T. and Cullheim S. (1994).
Increased trkB mRNA expression by axotomized motoneurones.
Neuroreport 5, 697-700.

Raivich G., Hellweg R. and Kreutzberg G.W. (1991). NGF receptor-
mediated reduction in axonal NGF uptake and retrograde transport
following sciatic nerve injury and during regeneration. Neuron 7,
151-164.

Raivich G. and Kreutzberg G.W. (1993). Peripheral nerve regeneration:
role of growth factors and their receptors. Int. J. Dev. Neurosci. 11,
311-324.

Ramoén y Cajal S. (1928). Degeneration and regeneration of the nervous
system. Hafner. New York.

Reichardt L.F., Bossy B., Carbonetto S., De Curtis |., Emmet C., Hall
D.E., Ignatius M.J., Lefcort F., Napolitano E., Large T., Neugebauer
K.M. and Tomaselli K.J. (1990). Neuronal receptors that regulate
axon-growth. Cold Spring Harbor Symp. Quant. Biol. 55, 341-350.

Reier P.J., Eng L.F. and Jakeman L. (1989). Reactive astrocytes and
axonal outgrowth in the injured CNS: Is gliosis really an impediment
to regeneration. In: Neural regeneration and transplantation. Seil
F.J. (ed). New York Alan R. Liss, Inc. pp 183-209.

Rich K.M., Yip H.K., Osborne P.A., Schmidt R.E. and Johnson Jr, E.M.
(1984). Role of nerve growth factor in the adult dorsal root ganglia
neuron and its response to injury. J. Comp. Neurol. 230, 110-118.

Richardson P.M., Issa V.M.K. and Aguayo A.J. (1984). Regeneration of
long spinal axons in the rat. J. Neurocytol. 13, 165-182.

Risling M., Cullheim S. and Hildebrand C. (1983). Reinnervation of the
ventral root L7 from ventral horn neurons following intramedullary
axotomy in adult cats. Brain Res. 280, 15-23.

Risling M., Fried K., Lind& H., Carlstedt T. and Cullheim S. (1993).
Regrowth of motor axons following spinal cord lesions: distribution of
laminin and collagen in the CNS scar tissue. Brain Res. Bull. 30,
405-414.

Risling M., Fried K., Lindd H., Cullheim S. and Meier M. (1992).
Changes in nerve growth factor receptor-like immunoreactivity in the
spinal cord after ventral funiculus lesion in adult cats. J. Neurocytol.
21, 79-93.

Risling M., Linda H., Cullheim S. and Franson P. (1989). A persistent
defect in the blood brain barrier after ventral funiculus lesion in adult
cats - implications for CNS regeneration. Brain Res. 494, 13-21.

Risling M., Sjégren A.M., Linda H., Cullheim S., Carlstedt T. and
Thelestam M. (1990). Demonstration of a persistent defect in the
blood-brain barrier after ventral root implantation into the spinal cord



868

Determinants of axonal regeneration

using immunogold technique and staphylococcal alpha-toxin. In:
Pathophysiology of the blood-brain barrier. Johansson B.B., Owman
C. and Widner H. (eds). Elsevier. Amsterdam. pp 555-559.

Rudge J. S. and Silver J. (1990). Inhibition of neurite growth on
astroglial scars in vitro. J. Neurosci. 10, 3594-3603.

Salonen V., Peltonen J., Royttd M. and Virtanen |. (1987). Laminin in
traumatized peripheral nerve: basement membrane changes during
degeneration and regeneration. J. Neurocytol. 16, 713-720.

Sanchez M., Silos-Santiago 1., Frisén J., He B., Lira S. and Barbacid M.
(1996). Renal agenesis and the absence of enteric neurons in mice
lacking GDNF. Nature 382, 70-73.

Sandrock A.\W. and Matthew W.D. (1987a). Substrate-bound nerve
growth factor promotes neurite growth in peripheral nerve. Brain
Res. 425, 360-363.

Sandrock A.W.J. and Matthew W.D. (1987b). An in vitro neurite-
promoting antigen functions in axonal regeneration in vivo. Science
237, 1605-1608.

Savio T. and Schwab M.E. (1990). Lesioned corticospinal tract axons
regenerate in myelin-free rat spinal cord. Proc. Natl. Acad. Sci. USA
87, 4130-4133.

Schnell L. and Schwab M.E. (1990). Axonal regeneration in the rat
spinal cord produced by an antibody against myelin-associated
neurite growth inhibitors. Nature 343, 269-272.

Schnell L. and Schwab M.E. (1993). Sprouting and regeneration of
lesioned corticospinal tract fibres in the adult rat spinal cord. Eur. J.
Neurosci. 5, 1156-1171.

Schwab M. and Caroni P. (1988). Oligodendrocytes and CNS myelin
are nonpermissive substrates for neurite growth and fibroblast
spreading in vitro. J. Neurosci. 8, 2381-2393.

Schwab M.E., Kapfhammer J.P. and Bandtlow C.E. (1998). Inhibitors of
neurite growth. Annu. Rev. Neurosci. 16, 565-595.

Schwab M.E. and Thoenen H. (1985). Dissociated neurons regenerate
into sciatic but not optic nerve explants in culture irrespective of
neurotrophic factors. J. Neurosci. 5, 2415-2423.

Sendtner M., Holtmann B., Kolbeck R., Thoenen H. and Barde Y.-A.
(1992a). Brain-derived neurotrophic factor prevents the death of
motorneurons in newborn rats after nerve section. Nature 360, 757-
759.

Sendtner M., Stockli K.A. and Thoenen H. (1992b). Synthesis and
localization of ciliary neurotrophic factor in the sciatic nerve of the
adult rat after lesion and during regeneration. J. Cell Biol. 118, 139-
148.

Sketelj J., Brescjanac M. and Popovic M. (1989). Rapid growth of
regenerating axons across the segments of sciatic nerve devoid of
Schwann cells. J. Neurosci. Res. 24, 153-162.

Snider W.D. (1994). Functions of the neurotrophins during nervous
system development: what the knockouts are teaching us. Cell 77,
627-638.

Spranger M., Lindholm D., Bandtlow C., Heumann R., Gnahn H., Naher-
Noé M. and Thoenen H. (1990). Regulation of nerve growth factor
(NGF) synthesis in the rat central nervous system: comparison
between the effects of interleukin-1 and various growth factors in
astrocyte cultures and in vivo. Eur. J. Neurosci. 2, 69-76.

Sunderland S. (1978). Nerves and nerve injuries. 2 Ed. Churchill
Livingstone. London.

Taniuchi M., Clark H.B. and Johnsson E.M.J. (1986). Induction of nerve
growth factor receptor in Schwann cells after axotomy. Proc. Natl.
Acad. Sci. USA 83, 4094-4098.

Taniuchi M., Clark H.B., Schweitzer J.B. and Johnson E.M.J. (1988).
Expression of nerve growth factor receptors by Schwann cells of

axotomized peripheral nerves: ultrastructural location, suppression
by axonal contact, and binding properties. J. Neurosci. 8, 664-681.

Tannabhill L., Klein R. and Schachner M. (1995). The neurotrophin
receptors TrkA and TrkB are inhibitory for neurite growth. Eur. J.
Neurosci. 7, 1424-1428.

Thanos S. and Vanselow J. (1989). Adult retinal ganglion cells retain the
ability to regenerate their axons up to several weeks after axotomy.
J. Neurosci. Res. 22, 144-149.

Théry C., Chamak B. and Mallat M. (1991). Cytotoxic effect of brain
macrophages on developing neurons. Eur. J. Neurosci. 3, 1155-
1164.

Tomaselli K.J., Neugebauer K.M., Bixby J.L., Lilien J. and Reichardt L.F.
(1988). N-cadherin and integrins: two receptor systems that mediate
neuronal process outgrowth on astrocyte surfaces. Neuron 1, 33-43.

Toru-Delbauffe D., Baghdassarian D., Both D., Bernard R., Rouget P.
and Pierre M. (1992). Effects of TGF-B1 on the proliferation and
differentation of an immortalized astrocyte cell line: Relationship with
extracellular matrix. Exp. Cell Res. 202, 316-325.

Toyota B., Carbonetto S. and David S. (1990). A dual laminin/collagen
receptor acts in peripheral nerve regeneration. Proc. Natl. Acad. Sci.
USA 87, 1319-1322.

Trupp M., Rydén M., Jérnvall H., Funakoshi H., Timmusk T., Arenas E.
and lbanez C.F. (1995). Peripheral expression and biological
activities of GDNF, a new neurotrophic factor for avian and
mammalian peripheral neurons. J. Cell Biol. 130, 137-148.

Unsicker K., Skaper S.D., Davis G.E., Manthorpe M. and Varon S.
(1985). Comparison of the effects of laminin and the polyornithine-
binding neurite promoting factor from RN22 Schwannoma cells on
neurite regeneration from cultured newborn and adult rat dorsal root
ganglion neurons. Dev. Brain Res. 17, 304-308.

Verge V.M.K., Merlio J.P., Grondin J., Ernfors P., Persson H., Riopelle
R.J., Hokfelt T. and Richardson P.M. (1992). Colocalization of NGF
binding sites, trk mMRNA, and low-affinity NGF receptor mRNA in
primary sensory neurons: responses to injury and infusion of NGF.
J. Neurosci. 12, 4011-4022.

Vidal-Sanz M., Bray G.M., Villegas-Perez M.P., Thanos S. and Aguayo
A.J. (1987). Axonal regeneration and synapse formation in the
superior colliculus by retinal ganglion cells in the adult rat. J.
Neurosci. 7, 2894-2909.

Wang G.-Y., Hirai K.-l. and Shimada H. (1992a). The role of laminin, a
component of Schwann cell basal lamina, in rat sciatic nerve
regeneration within antiserum-treated nerve grafts. Brain. Res. 570,
116-125.

Wang G.-Y., Hirai K.-l., Shimada H., Taji S. and Zhong S.-Z. (1992b).
Behaviour of axons, Schwann cells and perineural cells in nerve
regeneration within transplanted nerve grafts: effects of anti-laminin
and anti-fibronectin antisera. Brain Res. 583, 216-226.

Wilkin G.P., Marriott D.R. and Cholewinski A.J. (1990). Astrocyte
heterogeneity. TINS 13, 43-46.

Wizenmann A., Thies E., Klostermann S., Bonhoeffer F. and Bahr M.
(1993). Apperance of target-specific guidance information for
regenerating axons after CNS lesions. Neuron 11, 975-983.

Yan Q., Elliott J. and Snider W.D. (1992). Brain-derived neurotrophic
factor rescues spinal motor neurons from axotomy-induced cell
death. Nature 360, 753-755.

Zafra F., Lindholm D., Castrén E., Hartikka J. and Thoenen H. (1992).
Regulation of brain-derived neurotrophic factor and nerve growth
factor mRNA in primary cultures of hippocampal neurons and
astrocytes. J. Neurosci. 12, 4793.



