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SYMPOSIUM: Peripheral Neuropathies

Nerve Injury, Axonal Degeneration and Neural
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Axotomy or crush of a peripheral nerve leads to
degeneration of the distal nerve stump referred to as
Wallerian degeneration (WD). During WD a microen-
vironment is created that allows successful
regrowth of nerve fibres from the proximal nerve
segment. Schwann cells respond to loss of axons by
extrusion of their myelin sheaths, downregulation of
myelin genes, dedifferentiation and proliferation.
They finally aline in tubes (Blingner bands) and
express surface molecules that guide regenerating
fibores. Hematogenous macrophages are rapidly
recruited to the distal stump and remove the vast
majority of myelin debris. Molecular changes in the
distal stump include upregulation of neurotrophins,
neural cell adhesion molecules, cytokines and other
soluble factors and their corresponding receptors.
Axonal injury not only induces muscle weakness
and loss of sensation but also leads to adaptive
responses and neuropathic pain. Regrowth of nerve
fibres occurs with high specificity with formerly
motor fibres preferentially reinnervating muscle.
This involves recognition molecules of the L2/HNK-1
family. Nerve regeneration occurs at a rate of 3-4
mm/day after crush and 2-3 mm/day after sectioning
a nerve. Nerve regeneration can be fostered phar-
macologically. Upon reestablishment of axonal con-
tact Schwann cells remyelinate nerve sprouts and
downregulate surface molecules characteristic for
precursor/premyelinating or nonmyelinating
Schwann cells. At present it is unclear whether axon-
al regeneration after nerve injury is impeded in neu-
ropathies.
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Introduction

There are two principal targets of peripheral nerve
damage: the axon and the Schwann cells with their
myelin sheaths. Attacks on myelin sheaths or myelinat-
ing Schwann cells as often seen in inflammatory neu-
ropathies lead to focal demyelination with relative
preservation of the axon. Repair mechanisms can fastly
restore nerve conduction by remyelination. In contrast,
axonal damage by crush, axotomy, ischemia, or inflam-
mation leads to interruption of axonal integrity with
ensuing degeneration of nerve fibres distal to the site of
insult, a process named Wallerian degeneration (WD)
(116). WD begins with prompt degradation of axoplasm
and axolemma induced by the activation of axonal pro-
teases and calcium influx (32, 93). To restore function,
nerve fibres have to regrow from the site of axonal
injury. While both nerve crush and axotomy induce WD,
there is an important difference in the probability of suc-
cessful regeneration. After a crush lesion the continuous
basal lamina provides guidance for regenerating axons
from the proximal nerve stump to their targets. After
axotomy, however, separation of the proximal and distal
stumps can impede reinnervation and often leads to the
formation of neuroma.

WD sets in motion a machinery of molecular changes
in the perikarya as well as in the distal degenerating
stump of the injured motor and sensory neurons. Very
rapidly nerve fibres from the proximal stump elongate
growth cones into and through the distal segment and
eventually reinnervate target tissues. The cellular and
molecular mechanisms underlying WD and subsequent
nerve regeneration are reviewed.

Cellular responses in the distal stump

As a prompt response to degenerating axons,
Schwann cells within two days sequester small whorls
of myelin debris and fragment their own myelin sheaths
into ovoids (63, 102). Schwann cells phagocytose
myelin debris to some extent and form lipid droplets
before macrophages enter degenerating nerves (Fig. 1).
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After the initial extrusion of myelin sheaths, Schwannhematogenous macrophages by application of
cells divide with a maximum at day 3 (Fig. 1) (18, 102)dichloromethylene diphosphonate containing lipo-
and line up within the basal lamina tube to form bandsomes. After nerve transection, the number of phago-
of Bungner, that later provide guidance cues for regeneytes within the degenerating nerves was significantly
erating nerve fibres. Beginning on day 2 and with aeduced in the macrophage depleted rats, but
maximum between days 4 to 7, hematogenousnacrophage depletion did not completely abolish
macrophages enter the distal stump and migrate to thrayelin degradation. This study further substantiated the
ovoids (Fig. 2). Within two weeks macrophages compredominant role of hematogenous macrophages in
pletely clear myelin debris (13, 63, 102). The molecularmyelin clearance and, on the other hand, supported the
mechanisms involved in macrophage-mediated myelimotion that resident cells in the peripheral nerveous sys-
clearance have recently been reviewed (13). Briefly, atem participate in myelin removal and can partly replace
least two surface molecules are involved in myelinhematogenous macrophages. Accordingly, Schwann
recognition and uptake. Complement receptor type 8ells in macrophage depleted animals contained more
(CR3) is constitutively expressed on macrophages. Theyelin debris than in sham treated controls after axoto-
corresponding complement component C3 is detectabl@y (16), and whole body irradiation moderately
at the surface of degenerating myelin sheaths by immuwecreased myelin clearance after axotomy (81).
noelectronmicroscopy, indicating that myelin is Moreover,in vitro Schwann cells are capable to carry
opsonized by complement during WD (14). In supportout degradation of short myelin segments without the
of a functional role of CR3n vivo-application of the assistance of macrophages (28). In summary, there is
antibody Mac-1 against rat CR3 after nerve transectiooverwhelming evidence that under normal conditions
caused a significant reduction of myelin phagocytosidhiematogenous macrophages remove the vast majority of
(15). The galactose-specific lectin MAC-2 is induced onmyelin debris.
both phagocytosing macrophages and Schwann cells The mechanism of recruitment of hematogenous
during WD (86). Functionally, application of galactose macrophages in WD is still unclear. There is conflicting
and lactose which bind to MAC-2 also block myelin evidence on the putative role of cellular adhesion mole-
clearance during WD. Moreover, very slow progressiorcules. Tissue inflammation involves multiple cell adhe-
of Wallerian degeneration in C57BI/Ola mice (64) ission steps between invading leukocytes and endothelial
associated with reduced upregulation of MAC-2 (86).cells (reviewed in 100). Macrophages bear the
MAC-2 expression on Schwann cells and macrophageSD11a/CD18 (LFA-1), the very late antigen-4 (VLA-4)
can be induced by granulocyte macrophage colony stimand the CD11b/CD18 (Mac-1; complement type 3
ulating factor (GM-CSF) (89). Fibroblasts but notreceptor) complex on their surface. The corresponding
Schwann cell and macrophages produce GM-CSF aftemdothelial counterreceptors are intercellular adhesion
nerve injury indicating a significant role of fibroblasts in molecule-1 (ICAM-1) for LFA-1/Mac-1 and vascular
the cascade of molecular events during WD. cellular adhesion molecule-1 (VCAM-1) for VLA-4.
There have been longstanding controversies to whatisually, ICAM-1 and VCAM-1 are expressed at low
extent Schwann cells versus macrophages and to whigvels on endothelial cells, but are strongly upregulated
extent resident endoneurial (42) versus hematogenols inflammatory diseases by cytokines. While one study
macrophages are involved in myelin clearancedescribed ICAM-1 and VCAM-1 expression during WD
(reviewed in 13). Brick and colleagues (16) depletedn mice (19), we did not find upregulation of ICAM-1 at

Figure 1. (Left) Teased fibres and electron micrographs illustrating early stages of Wallerian degeneration. (A) In this bundle of three
teased fibres 24h after transection, the small fibres (arrows) have already undergone segmentation of myelin into early ovoids. The
large myelinated fibre with its node (arrowhead) appears normal at this time. x 720. (B) By 72 h the Schwann cell perikaryon (arrow)
occupies the whole cross-sectional area of the nerve fibre and myelin fragmentation into early ovoids is well underway. x 790. (C)
Electron micrograph of a longitudinal section illustrating the Schwann cell perikaryon 48h after nerve transection; note the myelin
sheath remnants at either side of the perikaryon (arrows). x 2930. (D) At 3 days, small whorls of myelin debris are sequestered with-
in the Schwann cell cytoplasma and lipid droplets can be seen. x 6170. (E) Note numerous lipid droplets adjacent to the Schwann
cell nucleus, and clearly within Schwann cell cytoplasm. Note also that residual myelin remains but the axoplasma (A) has been
replaced by granular and amorphous debris. x 8250. (F) An example of frequent mitotic figures found in Schwann cells on day 3. x
6350. (G) Post-mitotic Schwann cells (day 3) separate longitudinally, leaving interdigitating processes. Note that both Schwann cells
are covered by the original basal lamina (arrows), while apposing Schwann cell surfaces are not covered by basal lamina. x 13 500.
Inset shows boxed region at higher power. x 27 800. Reprinted from Stoll et al. (1989) J Neurocytol 18:671-683 with permission.
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the maximum of macrophage infiltration at day 4 in thesion molecule L1 and neural cell adhesion molecule (N-
rat (103). As shown by Browet al (10) application of CAM) (8, 52, 68). Transcription factors Pax3, SCIP, c-
antibodies against ICAM-1 had no influence onjun and Krox-20 are involved in the regulation of
macrophage entry into the distal nerve segment. On thechwann cell de- and redifferentiation (54, 123).
other hand, Vougioukast al (113) described signifi- Denervated Schwann cells strongly reexpress Pax3 and
cantly lower numbers of macrophages in transgenic-jun, but downregulate Krox-20. Pax3, a paired-domain
ICAM-1 deficient mice after axotomy. Based on thesetranscription factor, is expressed in embryonic Schwann
conflicting data, the role of the LFA-1/Mac-1 complex cells, persists in non-myelinating Schwann cells in the
and endothelial ICAM-1 expression in macrophageadult, but is downregulated in myelin-forming Schwann
recruitment in WD awaits further clarification. The cells (53). Functionally, Pax3 represses transcription of
VLA-4 /| VCAM-1 pathway appears not to be involved myelin genes (53). SCIP is a POU-domain transcription
in cellular infiltration after nerve injury. We did not see factor. SCIP is expressed in early myelinating Schwann
VCAM-1 mRNA expression in the distal stump of cells for a short period and is downregulated in Schwann
degenerating nerves (50) and application of anticells that maintain a myelin sheath (72, 91, 128).
VCAM-1 antibodies had no influence on macrophagevitro, SCIP acts as a repressor of the genes encoging P
infiltration (10). Interestingly, T cell inflammation is and MBP (72). Transgenic mice lacking SCIP show a
lacking in WD (33). In contrast to other nonimmune delay in Schwann cell differentiation, but myelinate nor-
lesion paradigms of the nervous system such as cerebraklly (49). Krox-20 is an immediate early gene that
ischemia (94), neutrophils are only transiently presenbelongs to a class of transcription factors with zinc-fin-
during the first few hours after peripheral nerve injury. ger motifs. Krox-20 expression in the adult peripheral
nerve is restricted to myelin forming Schwann cells
Molecular responses in the distal stump (123). C-jun is expressed only by non-myelinating
Transection or crush of a peripheral nerve sets ischwann cells in normal nerve, but reexpressed by den-
motion a dramatic change in the molecular compositiorvated formerly myelinating Schwann cells after axoto-
of the distal nerve segments (25, 34, 36). Thereby gy (97). When axons regenerate into the distal stump,
microenvironment develops that supports axonal regenhe expression of c-jun declines as Schwann cells
eration in the PNS and, moreover, allows elongation Ofemye"nate axons. Functionally, C-jun seems not to
usually nonregenerating transected CNS fibre tracts intgirectly affect myelin-specific gene expression in
grafted PNS nerve segments (2). Upon loss of axon@chwann cells (97).
contact myelinating Schwann cells downregulate steady As a response to axonal loss Schwann cells divide
state mMRNA levels of the myelin components myelinduring WD. Glial growth factors (GGF) are potent
basic protein (MBP), myelin associated glycoproteinSchwann cell mitogeris vitro and have been implicat-
(MAG), protein zero (F), peripheral myelin protein-22 ed in Schwann cell proliferatioim vivo. Induction of
(PMP22) and periaxin within two days after injury (61, mRNAs encoding the GGF subfamily of neuregulins
92, 98). Formerly myelinating Schwann cells dediffer-occurs in nerves beginning 3 days postaxotomy and thus
entiate and acquire the phenotype of pre/nonmyelinatingoincides with the onset of Schwann cell DNA synthe-
Schwann cells by expression of p75 low affinity nervesis and proliferation (18). GGF expression is accompa-
growth factor receptors (NGF-R), glial fibrillary acidic nied by upregulation of GGF-receptors, the erbB mem-
protein (GFAP), glial maturation fact@;-the cell adhe- prane tyrosine kinases 2 and 3. Further studies showed

Figure 2. (Left) Electron micrographs and teased fibres illustrating macrophages in nerves during mid-stages of Wallerian degen-
eration. (A) A collection of mononuclear cells within the endoneurial space 4 days after transection. x 2520. (B) Foamy macrophage
near a blood vessel 14 days after transection. x 3990. (C), Electron micrograph of longitudinal section of a nerve illustrating an ovoid
with an overlying lipid-filled macrophage (M) outside the nerve fibre (14 days). x 4000. (D,E) Teased nerve fibres (14 days) visualized
with Nomarski optics. (D) Note the segregation of myelin debris into discrete ovoids connected by attenuated Schwann cell bands
containing lipid droplets (arrows). Note also that cells containing lipid droplets are present outside the nerve fibres (arrowheads); as
demonstrated below, these cells are macrophages. x 610. (E) In the region of the myelin masses there are numerous nuclei (aster-
isks). Note also the widely distributed lipid droplets, including lipid droplets within attenuated Schwann cells bands (arrows). x 1100.
(F) Teased fibre (14 days) stained with anti-ED1 antibody, an immunocytochemical marker for macrophages. Note that around these
ovoids there are multiple ED1-positive macrophages (arrows). x 1370. (G) In this 14-day teased fibre, ED1-positive macrophages are
present outside (arrows) and inside the fibre (Asterisks). x 1050. (H) In these ovoids, ED1 immunoreactivity surrounds the myelin
masses within the nerve fibre (arrowheads). x 940. Reprinted from Stoll et al. (1989) J Neurocytol 18:671-683 with permission.
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that phosphorylation of erbB coincides with Schwannwithin 1 day after nerve crush (7, 9, 35, 85). Schwann
cells proliferation (59). Although Schwann cell prolifer- cells express IL10-mRNA (51). IL6 protein has been
ation rapidly ceases GGF expression persists into latecalized in Schwann cells, fibroblasts and macrophages
stages of WD. (7, 85). With a delay of few days significant mRNA
Nerve injury leads to upregulation of neurotrophicinduction for the proinflammatory cytokines IFNwnd
factors and their receptors in the degenerating nerve seli-12 has been found after nerve crush. IL12-mRNA
ment (6, 31, 52). The functional role of neurotrophins inexpression peaks between days 7 and 14 (35), when
the peripheral nervous system will be described in detaihyelin phagocytosis by macrophages is at maximum
in an accompanying chapter in this issue. Briefly, with-(102). The functional roles of IFNand IL12 in nerve
in hours after axonal damage bioactivity as well aslegeneration and regeneration are unknown at present.
MRNA levels of nerve growth factor (NGF) increase Schwann cells express TNF-immunoreactivity in nor-
dramatically and show a second peak of expression 248al and injured sciatic nerves (115). In addition, after
days after injury (31, 46). Moroever, there is a continousierve injury infiltrating macrophages express strong
slow increase of brain derived neurotrophic factorTNF immunoreactivity (104). TNk has been inflicted
(BDNF) mRNA starting after day 3 post-lesion andin neuropathic pain during WD (114; see below). In nor-
reaching maximal levels 3-4 weeks later (71). In conmal adult sciatic nerve TGF-beta 1, -beta 2, and beta-3
trast to the above mentioned neurotrophins, expressicare expressed in the cytoplasm of Schwann cells (90).
of ciliary neurotrophic factor (CNTF) requires intact Axotomy leads to an increase in TGF-beta 1 mRNA lev-
axon-Schwann cell interactions and is reduced both oals, while TGF-beta 3 mRNA falls. Although the roles of
the mRNA and protein level in WD (29, 96). Schwanncytokines in nerve regeneration have to be further eluci-
cells produce NGF and BDNF after nerve injury.dated, these studies show that a significant cytokine
Changes in neurotrophin expression are accompanigdduction can occur in the peripheral nervous system
by the upregulation of the corresponding receptors (31)espite the absence of a T cell response.
Insulin-like growth factor-1 (IGF-I) is another neu- Leukemia inhibitory factor (LIF) is another impor-
rotrophic factor produced by Schwann cells in the earlyant cytokine that shows an increased expression after
stages of WD. Schwann cells also express the correxotomy (24, 58). The cellular source of LIF in WD is
sponding receptor. Interestingly, after postlesion day Tinknown. Embryonic Schwann cells express high levels
infiltrating macrophages become the predominanbf LIF mRNA in culture (58). When applied to the site
source of IGF-1 in the distal stump (22) suggesting thaof nerve transection LIF enhances the survival of senso-
inflammatory cells also provide neurotrophic support. ry and motor neurons in neonatal rats (20, 21). LIF is
In WD transcripts and protein levels for pro- andretrogradly transported in sensory, motor and sympa-
antiinflammatory cytokines are strongly upregulated (7 thetic neurons in adult animals (24, 45). Tham and col-
9, 24, 35, 85, 88). Cytokine induction occurs in theleagues (108) cut sciatic nerves of adult rats and bridged
absence of T cell inflammation. Cytokines play anproximal and distal nerve stumps by a silicone cuff con-
important role in the pathogenesis of T cell-mediatedaining LIF. At 12 weeks after transection LIF treatment
autoimmune diseases of the nervous system where theignificantly increased the conduction velocity of the
orchestrate immune responses (reviewed in 3, 44). Theewly regenerated nerve, the diameter and number of
fundamental role of cytokines in neural developmentegenerated myelinated axons, the force of contraction
(reviewed in 70) and nerve repair after injury have onlyof the reinnervated muscle, and the muscle mass.
recently widely been appreciated (35, 62, 108). Within In Wallerian degeneration myelin-derived lipids are
24 hours after nerve crush IBIMRNA levels are reutilized for regeneration and remyelination.
increased and remain at high levels throughout the firsApolipoproteins D and E (ApoD, ApoE) are lipid bind-
week (35). IL1 protein could be extracted from distaling proteins which accumulate in the distal stump after
nerve segments of transected peripheral nerves (88).dkotomy (74, 99). ApoE is produced by infiltrating
has been shown that IL1 induces synthesis of NGF imacrophages (105) while ApoD is simultaneously
Schwann cells (62). In support of an important role ofexpressed by endoneurial fibroblasts (99). Functional
IL1 in nerve regeneration, application of interleukin-1 studies showed that lipoproteins are taken up by neurit-
receptor antagonist, which binds to and antagonizes ILi¢ growth cones and Schwann cells (48, 87). However,
impedes peripheral nerve regeneration (43)nerve regeneration and cholesterol reutilization may
Simultaneously with the induction of IL1, increased lev-also occur in the absence of apolipoproteins E and A-l
els of IL6- and IL10-mRNA and protein are detectableas shown in transgenic mice (40).
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Wallerian degeneration and hyperalgesia ciated protein (GAP)-43/B50 and the intermediate fila-
Axotomy of sciatic nerve not only leads to musclement protein peripherin were upregulated within the
weakness and loss of sensation but also to adaptifigst day after an axonal lesion and have been inflicted in
responses with ensuing neuropathic pain. Chronic loosgxon elongation (111, 119). The three neurofilament
constriction of the sciatic nerve produces mechanoallogenes NF-L, NF-M, and NF-H are downregulated (76,
dynia and thermal hyperalgesia in rats and mice during19) while class Il and lIB-tubulin mRNAs and pro-
the time in which the nerve distal to the ligature siteteins increase after axotomy (47,73).
undergoes WD (79, 84). C57BI/'WLD mice, showing In sensory neurons axonal injury leads to additional
delayed Wallerian degeneration after axotomy, conchanges in neuropeptide and cytokine expression. IL6
comitantly exhibit reduced hyperalgesia temporallymRNA and protein appear within 1 day in large and
associated with reduced numbers of phagocytic cells imedium-sized ganglia after sciatic nerve transection
injured nerve. The pathomechanism of lesion-inducedvith a maximal expression after 2 and 4 days and a
hyperalgesia still needs to be elucidated, although thergecrease below threshold of detection within 1 week
is evidence that the cytokine TNFand sprouting of (78). Moreover, ILB and TNFe mRNAs are upregulat-
sympathetic fibres are involved. As described aboveed, but the cellular sources have not yet been defined.
infiltrating macrophages in Wallerian degenerationThere is evidence that the cytokine LIF is involved in
express TNE immunoreactivity (104) and intraneural triggering part of the cell body reaction in sensory neu-
injection of TNFe into nerves induces neuropathic painrons (23, 107). Following axonal damage the neuropep-
(114). Sympathetic axons invade the DRG following aide galanin which plays a tonic inhibitory role in the
peripheral nerve lesion and form baskets around largmediation of spinal cord excitability (118) is upregulat-
DRG neurons (84). This sympathetic sprouting ised. In transgenic mice in which the gene for the cytokine
markedly delayed in C57BI/WLD mice. Moreover, LIF had been knocked out, galanin expression in DRG
nerve injury produces a long-lasting rearrangement imfter sciatic nerve lesion was reduced (23, 107).
the organisation of primary afferent central terminalsFurthermore, axonal damage induces a marked upregu-
(120). Usually low-threshold mechanoreceptors termijation of nitric oxide synthase in primary sensory neu-
nate in laminae Il and IV and unmyelinated C fibres,rons (112, 122).
most of which are nocireceptors, terminate predomi- Axotomized motoneurons respond by increased
nately in lamina Il in the dorsal horn of the spinal cord.NGF-R mRNA and protein (55), as well as trkB mRNA
After peripheral nerve injury the central terminals ofexpression, which is the receptor for BDNF and NT-4
axotomized myelinated afferents, including large A betg82). Increase is maximal at day 3 and returns to normal
fibres, sprout into lamina Il that normally receives onlywithin three weeks. Additional changes include modifi-
C-fibre input with the consequence of hyperalgesiacation of glutamate receptor expression (83) and a tran-
Interestingly, even intact myelinated primary afferentssient increase in calcitonin gene-related peptide
have the capacity for collateral sprouting (26). Twoimmunoreactivity (5).
weeks after cutting the posterior cutaneous nerve and
leaving the adjacent saphenous nerve intact, fibres fromegeneration of nerve fibres
the saphenous nerve sprouted into an area of lamina Il After axonal injury peripheral nerve fibres regenerate
that is normally innervated exclusively by the adjacenfrom the proximal stump. This process can be examined
posterior cutaneous nerve. This sprouting process coukldectrophysiologically. By using implanted electrodes in
explain the observed sensory hypersensitivity at théhe cat, Fugleholm and colleagues (30) could follow the
edges of denervated skin. Taken together these studispeed of axonal regrowth and found that the rate of
provided strong evidence that a peripheral nerve lesioalongation was 3-4mm/day after crushing a nerve, but
may induce structural reorganisation in the adult centrabnly 2.5mm/d after sectioning. Regenerating axons

nervous system. preferentially grew inside internal structures of
endoneurial Schwann cell tubes. Depletion of Schwann

Responses of dorsal root ganglia and motor neurons cells did not influence axonal elongation when the basal

to peripheral nerve injury lamina remained in continuity suggesting a critical role

The early response of the perikaryon to axonal injuryf extracellular matrix proteins in axon regeneration
includes chromatolysis (41) and upregulation of the(30)_
transcription factor Jun which persists until regeneration | the distal stump a number of neurite outgrowth
of the peripheral nerve is completed (60). Growth-assopromoting molecules are upregulated (reviewed in 67).
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From postlesional day 4 onwards increasing numbers afprouts and exactly recapitulates myelination during
previously myelin forming Schwann cells expressed thaerve development with respect to the sequence and
cell surface molecules L1 and N-CAM (68).vitro, L1 timing of gene-induction.
and to a lesser degree N-CAM are involved in Schwann Upon appropriate length of axonal regrowth target
cell-mediated neurite extension (95). Ninjurin (nerveorgans are finally reached and muscle and skin are rein-
injury-induced protein) is another homophilic adhesionnervated. This occurs with an extraordinary high speci-
molecule that is upregulated after axotomy (4). Ninjurinficity even from injured mixed sensory-motor nerves.
is located on the cellular surfaces of axons and SchwarBrushart (17) showed that motor axons preferentially
cells and promotes neurite extension of dorsal root gameinnervated motor pathways. Subsequent studies
glion neuronsn vitro. Among the extracellular matrix revealed that guidance molecules of the L2/HNK-1 fam-
components, laminin is one of the most effective prodly were involved in this process (69). The L2/HNK-1
motors of neurite extensiom vitro. Surprisingly, carbohydrate epitope was originally described as a cell
laminin B chain mMRNA steady state levels are decreasesurface component of human natural killer cells and is
in the distal stump and gradually increase to baselineommon in a large family of recognition molecules
levels as regenerating nerves arrive at distal segmen@ieviewed in 67). L2/HNK-1 is detectable in association
and reestablish normal axon-Schwann cell contact (27ith Schwann cells in ventral spinal roots and motor
At axon-Schwann cell contacts, however, laminin accuaxon-related Schwann cells of muscle nerves, but not in
mulates (57). To assess the functional role of laminin irdorsal roots and sensory cutaneous nerves (69). After
nerve regeneration, Agius and Cochard (1) used a tissureerve transection myelinating Schwann cells previously
section culture in which embryonic chick sensory neuassociated with motor neurons differ from those
rons were grown on a denervated peripheral nerve sulschwann cells that had myelinated sensory axons by
strate. Anti-laminin-2 (merosin) antibodies drasticallytheir ability to express L2 when contacted by motor
reduced the percentage of growing neurons and the totakons. L2/HNK-1 expression during critical stages of
length of neurites on the denervated nerve sectionseinnervation provides an advantage for motor axons
Similarly, application of anti-laminin antibodies imped- regenerating into the appropriate muscle pathways over
ed axonal regeneration in Schwann cell depleted neniose regenerating into the inappropriate sensory path-
implantsin vivo (117). ways (69). In regenerating femoral nerve of rat, motor
In injured nerves axonal regeneration leads tcaxons seem to explore possible pathways by sending out
Schwann cell redifferentiation which occurs in a proxi-collateral branches into both appropriate and inappro-
mal-to-distal direction relative to the site of injury. priate nerve branches. Pathway specificity is subse-
When Schwann cells are recontacted by regrowinguently gained by pruning off those collaterals which
axons, myelin-gene repressing transcription factor PaxBave grown into the inappropriate nerve branch (17).
and c-jun are downregulated, while SCIP is transientlfRecently, anatomical evidence for specificity was also
upregulated indicating a premyelinating Schwann celprovided during regeneration of sensory afferent projec-
stage (54, 123). Downregulation of SCIP is followed bytions to muscle (66). The accuracy of sensory afferent
reinduction of myelin specific genes (61) and persistentegeneration was highly correlated with the accuracy of
expression the transcription factor Krox-20 (123). Krox-motor regeneration suggesting that two distinct neuronal
20 is critically involved in the completion of myelina- populations that project to muscle respond in parallel to
tion (109). During early stages of myelination Schwanrspecific guidance factors during the regeneration
cell mesaxon membranes containing MAG are convertprocess. The accuracy of pathway finding of sensory
ed to compact myelin lamellae. This is accompanied bfibres to skin and the signal molecules involved have not
removal of MAG from and insertion of MBP, PMP22 yet been addressed directly. Zelena and Zacharova
and R into mesaxon membranes (110). Transgenid121), however, could show that pacinian corpuscles are
Krox-20 -/- mice are able to produce MAG, but lack reinnervated after sciatic nerve crush.
MBP and R suggesting a functional role of Krox-20 in  Successful regeneration seems to depend tightly on
the induction of late myelin components (109). Uponthe appropriate timing of the cellular and molecular
remyelination of regenerated axons, Schwann cellslegeneration program. In C57Bl/Ola mice Wallerian
loose dedifferentiation markers L1, N-CAM, GFAP and degeneration following a nerve lesion is very slow due
p75 NGF-R characteristic for a nonmyelinating staggo an axonal defect (37, 64). Concomitantly, recruitment
(67, 91). The regeneration-induced molecular Schwanaf macrophages is delayed and the dramatic increase in
cell program leads to rapid remyelination of nervemRNA levels for both NGF and low affinity NGF recep-
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tor (p75) as observed in wild type mice is lacking. Theseion of peripheral nerves. However, our knowledge of
changes lead to impairment of sensory axon regeneréhe regulatory mechanisms and signaling cascades
tion (11, 12). In contrast, motor nerves regenerate at nounderlying the complex molecular regeneration pro-
mal velocity even through uncleared myelin debris (11gram is still very limited. This is not surprising.
12, 75). At present it is unclear whether the rate of nerv&ystematic differential hybridization screening
regeneration is altered in neuropathies. In a chroniapproaches using cDNA libraries of normal and regen-
inflammatory neuropathy model in rabbits, antibodieserating rat sciatic nerve revealed that the majority of the
against the myelin component galactocerebroside hacloned sequences encode novel genes or known genes
no influence on the speed and efficiency of axonathat were not previously shown to be expressed in the
regeneration and remyelination (106). nervous system (25, 34). Thus, the majority of the
There have been several attempts to increase the ratelecular players involved in nerve regeneration await
of regeneration pharmacologically. Gold and colleague#entification. Moreover, with respect to neuropathies it
(39) showed that subcutaneous application of thés unclear whether peripheral nerve disorders can inter-
immunosuppressant FK506 increases regeneration &ére with this regeneration program and impede regen-
sensory fibres in the rat by 16% after nerve criish. erative responses. This is of particular interest in chron-
vitro FK506 promotes neurite outgrowth in PC12 cellsic disease stages such as diabetic, chronic inflammatory
and sensory ganglia (101). FK506 is inactive by itselland hereditary neuropathies with axonal loss. Isolation
and requires binding to an FK506-binding protein-12and characterization of further regulatory genes that
(FKBP-12), a member of the immunophilin family (38). trigger and control the genetic program is probably the
Following sciatic nerve crush FKBP-12 mRNA strongly most critical step towards a better understanding of the
increases in lumbar motor neurons and dorsal root gamphysiology and pathophysiology of nerve regeneration.
glia neurons (65). The FK506/FKBP-12 complex
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