
Experimentelle Zugänge zur Verbesserung des

funktionellen Ergebnisses nach schweren

Verletzungen peripherer Nerven

Zusammenfassung. Hintergrund: Die eingeschränk-

te Regenerationskapazität chronisch axotomierter Neuro-

ne und reduzierte Wachstumsunterstützung wegen atro-

pher Schwann-Zellen sind die Hauptgründe für das

schlechte Ergebnis nach proximalen Nervenverletzungen.

In dieser Studie haben wir 2 Strategien untersucht, um

diese Probleme zu umgehen: (1) Gabe von neurotrophen

Faktoren auf chronisch axotomierte Motorneurone, um die

Heilung zu stimulieren, (2) Anhebung des intrazellulären

zyklischen AMPs (mittels Gabe von Forskolin und trans-

formierendem Wachstumsfaktor β [TGF-β]), um Schwann-

Zellen zur Proliferation zu stimulieren und dazu, den nicht-

myelinierten, das Wachstum unterstützenden Phänotypen

einzunehmen. 

Methoden: (1) Tibiale Motorneurone der Ratte wurden

chronisch für 2 Monate axotomiert und mit den neurotro-

phen Faktoren BDNF (vom Gehirn stammend) und/oder

GDNF (von der Glia stammend) vor Auszählung retrograd

markierter sich regenerierender  Neurone versorgt. (2)

Schwann-Zellen vom Nervus ischiadicus wurden für 24

Wochen vor Präparation denerviert und 48 Stunden in

vitro in Kochsalzlösung oder Forskolin/TGF-β inkubiert

und in einer 1 cm langen Plastikhülle zwischen abgetrenn-

ten Nervus-tibialis-Stümpfen in vivo reinseriert. Nach

6 Monaten wurden die regenerierten Motorneuronen mit-

tels retrograder Markierung ausgezählt

Ergebnisse: (1) Niedrig dosierter, nicht aber hoch

dosierter BDNF und/oder GDNF haben die Zahl der tibia-

len Motorneurone signifikant vermehrt, welche Axone

nach chronischer, nicht aber nach akuter Axotomie rege-

nerierten. Der BDNF-Effekt wurde durch trkB-Rezeptoren

mediiert, die Hemmung durch hoch dosierten BDNF mit-

tels p75-blockierenden Antikörpers gehemmt. (2) Behand-

lung chronisch denervierter Schwann-Zellen mit Forsko-

lin/TGF-β verdoppelte die Zahl der Motorneurone, die ihre

Axone durch die behandelten Schwann-Zellen regenerier-

ten. Die regenerierten Axone waren gut myelinisiert.  

Schlussfolgerungen: Die schädlichen Folgen chroni-

scher Nervendurchtrennung und Schwann-Zell-Denervati-

on können möglicherweise durch Applikation neurotropher

Faktoren und Zytokine behandelt werden. Die angeführ-

ten experimentellen Strategien könnten neue therapeuti-

sche Konzepte zur Regeneration verletzter peripherer

Nerven darstellen.

Schlüsselwörter: Nervenregeneration, trans-

formierender Wachstumsfaktor β, neurotropher Faktor

BDNF, neurotropher Faktor GDNF, Schwann-Zelle.

Summary. Introduction: Reduced regenerative

capacity of chronically axotomized neurons and reduced

growth support by atrophic Schwann cells are key factors

that account for the poor functional outcomes after proxi-

mal nerve injuries. In this study we examine two strate-

gies aimed to circumvent deleterious effects of chronic

axotomy and chronic denervation on axonal regeneration:

(1) exogenous application of neurotrophic factors to

chronically axotomized motoneurons to reverse time-relat-

ed decline in regenerative capacity and (2) intracellular

elevations of cyclic AMP (via exogenous application of

forskolin and transforming growth factor β [TGF-β]) to

induce atrophic dormant Schwann cells to proliferate and

re-enter the nonmyelinating growth-supportive phenotype

that normally supports axonal regeneration. 

Methods: (1) Rat tibial motoneurons were chronically

axotomized for 2 months and brain-derived neurotrophic

factor (BDNF) and/or glia-derived neurotrophic factor

(GDNF) supplied exogenously prior to enumeration of ret-

rogradely labeled neurons that regenerate their axons. (2)
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Sciatic nerve Schwann cells were chronically denervated

for 24 weeks prior to preparation and 48 h in vitro incuba-

tion of the nerve explants with saline or forskolin/TGF-β

and reinsertion in a 1 cm long silastic sheath between cut

tibial nerve stumps in vivo. Motoneurons that regenerated

axons were enumerated 6 months later by retrograde

labeling. 

Results: (1) Low-dose but not high-dose BDNF and/or

GDNF significantly increased the numbers of TIB

motoneurons that regenerated axons after chronic but not

immediate axotomy. The BDNF positive effect was medi-

ated via trkB receptors, the inhibitory effects of high-dose

BDNF being blocked by a p75-blocking antibody. (2)

Treatment of chronically denervated Schwann cells with

forskolin/TGF-β more than doubled the number of

motoneurons that regenerated their axons through the

treated Schwann cells. Regenerated axons were also well

myelinated.

Discussion: Deleterious effects of chronic axotomy

and Schwann cell denervation may be reversed by exoge-

nous application of neurotrophic factors and by cytokines,

respectively. Such experimental approaches may trans-

late into strategies to promote functional recovery after

nerve repair of the injured peripheral nervous system.

Key words: nerve regeneration, transforming growth

factor β, brain-derived neurotrophic factor, glia-derived

neurotrophic factor, Schwann cells.

Introduction

The Schwann cells of the peripheral nervous system
(PNS) and the oligodendrocytes of the central nervous
system (CNS) form the myelin sheaths around axons that
are the basis for saltatory conduction from one node of
Ranvier to another [1–3]. Both glial cells sub serve this
common function despite differing in several ways. These
include first the one-to-one relationship between
Schwann cells and axons as opposed to the myelination
of several axons by the oligodendrocytes [4]. Second,
Schwann cells support axonal regeneration after nerve in-
jury but oligodendrocytes do not [5, 6]. This contrast has
been generalized to the current view that axonal regener-
ation restores functional recovery after PNS nerve inju-
ries as apposed to failure of CNS axons to regenerate and
restore function [4, 5, 7]. These generalized views are in-
accurate because PNS axonal regeneration seldom re-
stores complete functional recovery and there may be
some recovery that occurs after incomplete CNS nerve
injuries [8–11]. The inaccuracies stem primarily from the
outcome measures commonly used to judge recovery. For
example, open field locomotor scores such as the BBB
score, used to assess behavioral recovery in spinal injured
rats, fail to discriminate functional recovery that follows
axonal sprouting and synaptic changes that occur above
and below the spinal cord lesions [7, 11–15].

In the PNS, measurements that include muscle
weight, EMG, contractile forces and walking track ana-
lysis often fail to detect considerable reductions in the
number of motoneurons that regenerate their axons after
injury. This is because regenerated motor axons compen-
sate for the reduced number of reinnervated motor units
via their capacity to reinnervate more denervated muscle

fibers at a ratio greater than is seen in intact muscles [16].
Thus, for example, when motoneurons are axotomized
and prevented from regenerating for up to one year prior
to surgical repair of the cut nerve (chronic axotomy), only
a third of the motoneurons regenerate their axons to rein-
nervate muscles [17]. The capacity of regenerating mo-
toneurons to form enlarged reinnervated motor units fully
compensated for the reduction in their number [17] so
long as the remaining number of motor units did not fall
below the normal by 15–20% [17–23]. On the other hand,
prevention of regeneration into distal nerve stumps for
periods of up to one year (chronic denervation) prior to
reinnervation by regenerating axons reduced the success
of axonal regeneration so severely [18, 24, 25] that for-
mation of enlarged motor units could not compensate for
the ultimate reductions in contractile forces and muscle
weights [24].

The severe effects of chronic axotomy and chronic
denervation of reducing the regenerative capacity of mo-
toneurons are likely to account for the very poor func-
tional outcomes after proximal nerve injuries (i.e., bra-
chial or lumbar plexus) that require surgical apposition
of the severed nerves [8–10]. Under these conditions,
many neurons remain chronically axotomized for lengthy
periods of time as their axons regenerate at a rate of
1–3 mm/day over distances that may exceed meters.
Likewise, the Schwann cells in the distal nerve stumps
that remain denervated for periods of months and years
as axons regenerate sluggishly over the required distan-

Fig. 1. Characteristic morphological and molecular changes in

injured neurons and Schwann cells (SC) of the distal nerve

stumps are illustrated figuratively after complete axonal tran-

section. Chromatolytic changes in the axotomized neuron

include morphological changes such as an eccentric shift of

the nucleus in the cell body and dissolution of the Nissl sub-

stance (NS) that reflect underlying changes in gene transcrip-

tion and protein translation. In general terms, the shift in gene

expression in both Schwann cells and the cell bodies reflect

the change in the functional status of these cells with regards

to neurotransmission, myelination and regeneration. Regener-

ative associated genes such as GAP-43, tubulin, actin and neu-

rotrophins/receptors are upregulated and neurotransmission-

associated genes (ChAT, AChE) are downregulated.

Macrophages which infiltrate the distal nerve stumps secrete

many cytokines/growth factors that constitute part of the

active interaction between the Schwann cells and macrophages

during the process of Wallerian degeneration
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ces, atrophy and progressively fail to support axonal re-
generation [5, 20, 24, 26–31].

Moreover, regeneration of axons across a surgical su-
ture site is critical both with respect to a timely regener-
ation across the suture site and regeneration into appro-
priate distal nerve stumps and target organs. Although,
there is evidence that regenerating axons preferentially
reinnervate motor endoneurial tubes leading to appropri-
ate muscle targets [32–34], inability of motor axons to
discriminate between their original and inappropriate
denervated muscles severely compromises recovery of
function [35–38]. Regeneration of axons across the sur-
gical site is slow and occurs in a “staggered” fashion re-
quiring up to 2 weeks to regenerate across the surgical
site [39]. These substantial delays prior to regeneration
within the Schwann cells of the distal nerve stumps are
likely to compound the problems of progressive chronic
axotomy and chronic Schwann cell denervation as men-
tioned above.

The onset of the progressive declining capacity of
chronically denervated Schwann cells to support axonal
regeneration coincides with the completion of Wallerian
degeneration in the denervated distal nerve stumps
[40–43]. During the first month of denervation, Schwann
cells convert from myelinating to the growth-supportive
nonmyelinating phenotype that expresses markers that in-
clude the p75 neurotrophic factor receptor, erbB recep-
tors for neuregulin and neurotrophic factors [44–47] (Fig.
1). It is during this time that Schwann cells interact ac-
tively with infiltrating macrophages that play a critical
role in the process of Wallerian degeneration by remov-
ing myelin/axonal debris [40–43] and stimulating (via the
release of cytokines) the production of neurotrophic fac-
tors by all the nonneuronal cells of the distal nerve
stumps [45]. Transforming growth factor β (TGF-β), a
cytokine released both from invading macrophages and
from the Schwann cells themselves, has been implicated
in sustaining the nonmyelinating growth-permissive phe-
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Fig. 2. A Figurative illustration of the tibial (TIB) nerve transection 5 mm from its branching from the sciatic nerve and the

cross-suture of either the freshly axotomized or 2-month chronically axotomized TIB nerve stump to the distal nerve stump of

the freshly cut common peroneal (CP) nerve. Neurotrophic factors were delivered at a continual flow rate of 2.5 µl/h for 28 days

via a 5 mm long silastic cuff around the cross-suture site from a subcutaneous Alzet mini-osmotic pump. Thereafter, fluorogold

(FG) or fluororuby (FR) was applied to the distal nerve stump 20 mm from the cross-suture site to backlabel TIB motoneurons

that regenerated their axons (see Methods). B Six-month chronically denervated sciatic nerve stumps devoid of epineurium and

blood vessels were sliced into 3–4 mm2 segments in vitro and incubated with culture medium alone or culture medium contain-

ing TGF-β and forskolin for 48 h. Thereafter, the nerve explants were placed in 1 cm long silastic cuffs that bridged between

the proximal and distal nerve stumps of freshly cut tibial (TIB) nerves to encourage axonal regeneration by the freshly axo-

tomized motoneurons through the chronically denervated and treated Schwann cells and into the distal TIB nerve stump. Six

months later, the regenerating axons were exposed to fluorescent dyes (FG or FR) to backlabel the motoneurons whose axons

had regenerated through the chronically denervated Schwann cells that had been exposed to TGF-β/forskolin or culture medium

alone and 20 mm into the distal TIB nerve stump
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notype of the Schwann cells [46, 48–53]. It has also been
shown to be essential for the effect of many neurotroph-
ic factors including glia-derived neurotrophic factor
(GDNF) on neurons, especially motoneurons [54–56].

The progressive decline in the capacities of axotom-
ized motoneurons to regenerate axons and denervated
Schwann cells to support regeneration is likely related to
losses of neurotrophic support of the injured neurons and
active Schwann cell/macrophage interactions in the dis-
tal nerve stumps, respectively. In this study, we examine
two possible strategies aimed to prevent the deleterious
effects of chronic axotomy and chronic denervation.
These include (1) exogenous application of neurotrophic
factors to chronically axotomized motoneurons to reverse
the time-related decline in regenerative capacity and (2)
intracellular elevations of cyclic AMP (cAMP) (via ex-
ogenous application of forskolin and TGF-β) to induce
atrophic dormant Schwann cells to proliferate and re-en-
ter the nonmyelinating growth-supportive phenotype that
normally supports axonal regeneration.

Methods

Chronic neuron axotomy and exposure to exogenous
neurotrophic factors

All animal procedures were conducted in accordance
with the Canadian guidelines for animal experimentation
and with a local animal welfare committee. As previously
described [57, 58], under deep sodium pentobarbital
(30 mg/kg i.p.) anesthesia and aseptic conditions, tibial
(TIB) nerves in adult female (200–225 g) Sprague-Daw-
ley rats were cut 5 mm distal to its bifurcation from the
common peroneal (CP) nerve. Either the proximal TIB
nerve stump was cross-sutured to the freshly denervated
CP nerve stump to encourage axonal regeneration, or ax-
onal regeneration was prevented for 2 months by ligation
of the proximal TIB nerve stump to the surrounding mus-
culature (chronic TIB axotomy). After the 2 month pe-
riod of chronic axotomy, the proximal TIB nerve stump
was cross-sutured to the freshly denervated CP distal
nerve stump with an 8-0 suture (Fig. 2A). The cross-su-
ture was performed within a loosely fitting 5 mm long si-
lastic cuff (Dow Corning, 0.64 mm i.d., 1.19 mm o.d.)
that was connected to an Alzet 2ML4 mini-osmotic pump
(Alza Corp., Palo Alto, California) to deliver either sa-
line (control) or exogenous BDNF diluted in saline in
doses of between 0.2 µg to 20 µg/day or GDNF in 7
doses from 0.1 to 10 µg/day or both (2 µg/day BDNF and
0.1 µg/day GDNF) to the cross-suture site at a continual
flow rate of 2.5 µl/h (Fig. 2a). To examine the role of the
p75 receptors in mediating the effects of exogenous
BDNF, the p75 function-blocking antibody REX [59, 60]
was included in the pump that delivered the BDNF. One
month later, the number of axotomized TIB motoneurons
that regenerated their axons 20 mm into the distal nerve
stump was counted on longitudinal 50 µm frozen sections
of 4% paraformaldehyde-fixed spinal cords 6 days after
application of retrograde dyes. Either fluorogold (4% in
cacodylic acid; Fluorochrome Inc) was applied to the cut
nerve in a Vaseline well for 1 h, or fluororuby crystals
(dextran tetramethylrodamine; Molecular Probes, D-
1817) were applied directly to the cut nerve for 2 h un-

der deep surgical anesthesia. Sections were viewed under
a Leitz-Diaplan fluorescence microscope using appropri-
ate filters (Fig. 3B).

BDNF and GDNF were kindly provided by Regen-
eron and by Amgen Pharmaceuticals, respectively. REX
was a kind gift of Dr. L. Reichardt, University of Cali-
fornia, San Francisco, Calif., USA.

Chronic nerve denervation and exposure to TGF-β

Using the same protocol of deep anesthesia and asep-
tic conditions, the sciatic nerve was cut and ligated uni-
laterally in 6 adult Sprague-Dawley rats in order to
chronically denervate Schwann cells for 24 weeks. After
the 24 w period of chronic denervation, the sciatic distal
nerve stumps were dissected and cleaned of their epineu-
rium, associated blood vessels and connective tissue prior
to being sectioned into 2–3 mm2 explants in Liebovitz’s
L-15 medium (Gibco) that was supplemented with anti-
biotics (50 U/ml penicillin and 0.05 mg/ml streptomy-
cin). The nerve explants were transferred and incubated
for 48 h in a 35 mm culture dish that contained Dul-
becco’s modified Eagle’s medium (Gibco) supplemented
with 15% fetal calf serum alone (control D-15 untreated
explants) or medium supplemented with 15% fetal calf
serum (D-15) and both 1 ng/ml TGF-β and 0.5 M forsko-
lin (experimental D-15/TGF-β–forskolin-treated ex-
plants) (Fig. 2B).

In a second set of Sprague-Dawley rats, 5–6 of ei-
ther the control or experimental explants were placed in
the center of a 1 cm long silastic tubing that bridged the
gap between the proximal and distal nerve stumps of a
freshly cut TIB nerve anchored to the silastic tube via a
10-0 suture. At least 3 mm long gaps existed between the
explants and the TIB nerve stumps to minimize the influ-
ence of Schwann cell migration from the freshly cut
nerve stumps on axonal regeneration. Regeneration
through the explants and into the distal TIB nerve stump
was assessed 6 months after repair by application of ret-
rograde dyes to sectioned distal TIB nerve stumps 25 mm
from the silastic tube. Application of fluorescent dyes and
enumeration of retrogradely labeled neurons in the spinal
cord have been previously described and restated above.

Nerve histology

Five days after application of retrogradely trans-
ported fluorescent dyes, all rats were sacrificed and un-
derwent transcardiac perfusion with paraformaldehyde.
Then, 3–5 mm long pieces of reinnervated distal nerve
stumps in both experiments and a piece of reinnervated
explants in the second experiments were excised and
processed for light and electron microscopy. Briefly, the
nerves were fixed by immersion in glutaraldehyde (3%
in 0.1 M phosphate buffer), stained with osmium tetrox-
ide (3% solution in 0.1 M phosphate buffer), dehydrated
in ascending alcohols and embedded in araldite. Semithin
sections (0.5 um) were stained with toluidine blue.
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Results

Chronic axotomy and application of neurotrophic 
factors

TIB motoneurons either regenerated their axons into
the freshly cut distal nerve stump of the CP nerve imme-
diately after axotomy or 2 months after cutting and liga-
ting the proximal TIB nerve stump (chronic axotomy).
One month after the cross-suture of the TIB and CP
nerves, TIB motoneurons that had regenerated their ax-
ons were backlabelled and identified by the fluorescent
dye retrogradely transported to their cell bodies (Fig. 3).
One month after immediate nerve suture, about 400 mo-
toneurons regenerated their axons into the distal CP nerve
stump. Two months of chronic axotomy of the TIB mo-
toneurons significantly reduced this number. However,
application of either low doses of BDNF or GDNF daily
to the regenerating axons elevated this number back to
the number that regenerated after immediate axotomy.
Combination of both low-dose BDNF and GNDF more
than doubled the number of motoneurons that regenerated
their axons.

In contrast to the dose-dependent effect of GDNF of
significantly elevating the number of motoneurons that
regenerated after chronic axotomy, elevation of BDNF
doses had a striking inhibitory effect on regenerative suc-
cess. Application of p75-blocking antibodies negated the
inhibitory effects of high-dose exogenous BDNF (Fig.
3B). These findings provide strong evidence that BDNF
exerts its positive effects on axonal regeneration at low
doses but may halt axonal regeneration at high [20, 46].

Normally each myelinating Schwann cell is associ-
ated with a single intact axon (Fig. 4A). Following nerve
transection and cross-suture, each Schwann cell is asso-
ciated typically with 3–5 axon profiles (Fig. 4B), consist-
ent with previous descriptions [45, 61]. Administration of
low-dose BDNF and GDNF increased the number of ax-
ons in a regenerating unit (Fig. 4C) to an average of 10
(Fig. 4D), significantly higher than the numbers observed
for either GDNF or BDNF alone [58].

Chronic denervation and TGF-β

Chronic denervation of the distal nerve stump se-
verely restricted the number of motoneurons that regen-
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Fig. 3. A Low- and high-magnification

photomicrographs of fluororuby- and fluo-

rogold-labeled intact TIB motoneurons in

50 µm longitudinal sections through the

ventral horn of the T11-L1 spinal seg-

ments. Motoneurons identified in serial

sections were enumerated and the numbers

corrected to correct for split nuclei by the

method previously described by Aber-

crombie [92]. B Chronic axotomy of TIB

motoneurons prior to cross-suture to the

freshly denervated CP distal nerve stump

significantly reduces the number of moto-

neurons that regenerate their axons in 28

days as compared to motoneurons that re-

generate their axons after immediate cross-

suture. Low-dose BDNF significantly in-

creases the number of motoneurons that re-

generate their axons after 2 months of

chronic axotomy, but high-dose BDNF has

a strong inhibitory effect on axonal regen-

eration, which is reversed by including a

function-blocking antibody against p75 re-

ceptors, α-p75. GDNF, in contrast to

BDNF, has a facilitatory effect on the num-

ber of motoneurons that regenerate their

axons in concentrations that range over a

100-fold. Low-dose BDNF and GDNF

have a very pronounced effect of promot-

ing the regeneration of chronically axot-

omized motoneurons but not of freshly ax-

otomized motoneurons (not shown, but see

text)
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erated their axons [24, 25]. When 6-month chronically
denervated Schwann cells were untreated and simply in-
cubated in D15 culture medium for 48 h in vitro, implan-
tation of the explants into a 1 cm silastic tube that brid-
ged between freshly cut TIB nerve stumps supported the
regeneration of only about 25% of all TIB motoneurons
(Fig. 5A). In contrast, treatment of these chronically den-
ervated Schwann cells in 2–3 mm explants with both for-
skolin and TGF-β more than doubled the number of mo-
toneurons that regenerated their axons through chroni-
cally denervated and forskolin/TFG-β-treated Schwann
cells (Fig. 5A). These findings indicate that the promo-
tion of mitosis and expression of the nonmyelinating
growth-permissive phenotype of Schwann cells by for-
skolin and TGF-β, respectively, significantly improved
the growth support of regenerating axons. Moreover, the
relatively few axons that regenerated through the chron-
ically denervated Schwann cells whicht were incubated
in culture medium alone, were atrophic but well myeli-
nated. This was in contrast to the higher number of large
and well myelinated axons in the silastic cuff after treat-

ment with forskolin and TGF-β (compare Fig. 5 C and
B). Thus, not only did more motoneurons regenerate their
axons but the axons that did regenerate through the for-
skolin/TFG-β-treated Schwann cells matured more rap-
idly, increasing the size of their axons and the thickness
of the myelin sheath surrounding the axons (Fig. 5).

Discussion

The findings of this study demonstrate that (1) exog-
enous application of the neurotrophic factors to axotom-
ized motoneurons and (2) stimulating chronically denerv-
ated Schwann cells with the cytokine TGF-β can both re-
verse the time-dependent decline in the regenerative ca-
pacity of the PNS. These, in turn, may translate into im-
proved functional outcome, although this was not as-
sessed in these experiments.

Low-dose BDNF and GDNF promote axonal 
regeneration after chronic axotomy

Indirect measures of axonal regeneration that include
the sciatic function index or gait analysis indicated small
but positive effects of neurotrophic factors on peripheral
nerve regeneration [62–64]. However, this claim was not
completely substantiated by our quantitative evaluation
of the number of motoneurons that regenerated their ax-
ons. Exogenous application of either low-dose BDNF or
GDNF had no effect on the number of neurons that re-
generated their axons after immediate nerve transection
and surgical repair. High-dose BDNF, however, had a
strong inhibitory effect on axonal regeneration. After a
period of 2 months of chronic axotomy, the daily admin-
istration of low-dose BDNF and GDNF had, in contrast
to the lack of effect of axon regeneration of freshly ax-
otomized motoneurons, a significant effect of increasing
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Fig. 5. A Histograms illustrating the dramatic effect of incu-

bating 6 month chronically denervated Schwann cells in vitro

with D-15 or D15 plus forskolin/TGF-β on their capacity to

support regeneration of TIB axons in vivo. Forskolin/TGF-β-

treated Schwann cells supported the regeneration of twice the

number of TIB motoneurons that regenerated when Schwann

cells were treated with D-15 alone. B and C Axons regenerat-

ing through the forskolin/TGF-β-treated Schwann cells are

less atrophic and had better myelination (C) compared with

axons regenerating through the D-15-treated Schwann cells

(B)

Fig. 4. A In intact nerves, a single Schwann cell is normally

associated with only one axon. B After nerve injury, a

Schwann cell and 3–5 daughter axons sprouted from single

axons in the proximal nerve stump comprise a regenerating

unit. C In GDNF- and BDNF-treated regenerating nerves,

there are many more daughter axons in the regenerating unit,

the number more than double the number after saline treatment

(D). This number also exceeded the number of daughter axons

per regenerating unit observed after either BDNF or GDNF

alone (not shown)
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the number of motoneurons that regenerated their axons.
This effect negated the negative effects of chronic axot-
omy on regenerative capacity. Nonetheless the negative
effects of high-dose BDNF persisted after chronic axot-
omy of the motoneurons.

The facilitatory effect of low-dose BDNF on axon re-
generation after chronic axotomy and not after nerve sec-
tion and immediate nerve repair are consistent with find-
ings that a function-blocking anti-BDNF antibody signif-
icantly reduced the number, density and length of regen-
erating axons [65] and that adenoviral transfection of ax-
otomized motoneurons with the serine/threonine kinase,
Akt, increased motoneuronal regeneration [66]. BDNF is
upregulated in motoneurons immediately after axotomy
and its expression in denervated Schwann cells increases
within a week of nerve injury [44, 67–69]. Motoneurons
that are regenerating their axons therefore express the
neurotrophic factor and are likely to be exposed to the
factor when the regenerating axons make contact with
Schwann cells. The functional anti-BDNF antibody, by
reducing access to the BDNF, reduces axonal regenera-
tion after immediate nerve repair. After delayed nerve re-
pair when axotomized motoneurons are not exposed to
BDNF on the denervated Schwann cells, a situation
which would occur as motoneurons regenerate their ax-
ons in progressively deteriorating pathways of chroni-
cally denervated Schwann cells, exposure to exogenous
BDNF appears to compensate for the reduced exposure
to the neurotrophin in the growth pathway. High-affinity
trkB receptors upregulated on axotomized motoneurons
[67, 68, 70] appear to mediate these positive effects of
the neurotrophin on axon regeneration because motor ax-
onal regeneration is significantly reduced in trkB hetero-
zygous knockout mice [71]. That exogenous BDNF com-
pletely reversed the negative effects of chronic axotomy
on the regeneration of motor axons is consistent with the
failure of ~70% trkB (+/–) motoneurons to regenerate
their axons at all over an 8 week period of time [71].

The co-expression of both trkB receptors and p75 re-
ceptors in motoneurons accounts for the bimodal effects
of BDNF on motor axonal regeneration [44, 72]. Low
doses of BDNF that act via the trkB receptors mediate
facilitatory effects of axon regeneration, while progres-
sively higher doses of exogenous BDNF are likely to act
via both receptors. Using the function-blocking p75-an-
tibody REX we observed that the strong inhibitory effects
of high-dose BDNF on axon regeneration after both im-
mediate and chronic axotomy were blocked with REX.
This exposed the underlying facilitatory effect mediated
via the trkB receptor. Not only do these findings argue
against a methodological basis for the strong inhibitory
effect of high-dose BNDF, they provide strong evidence
that p75 mediates the inhibitory effects of high-dose
BDNF. Similarly Kohn et al. [60] demonstrated that p75
mediates the inhibitory effects of BDNF on NGF-induced
neurite outgrowth from sympathetic neurons in vitro.
Findings that significantly more motoneurons regener-
ated their axons in p75 knockout mice [71] provide fur-
ther evidence to support the contention that p75 receptors
mediate the inhibitory actions of high-dose BDNF.

GDNF had no effect on freshly axotomized motoneu-
rons and only a positive effect of promoting axonal re-

generation from chronically axotomized motoneurons.

This contrasts with the biphasic facilitatory and inhibi-

tory effects of low- and high-dose BDNF, respectively.

GDNF is the most potent neurotrophic factor on moto-

neurons [73–75], acting at concentrations that are 100-

fold lower than BDNF (Fig. 3). GDNF acts via a single

receptor complex to induce downstream phosphorylation

of MEK and Akt, as does BDNF via the trkB receptor

[44]. The GDNF receptor subunits and the trkB receptor

are upregulated in axotomized motoneurons [76–78] and

mediate the positive effects of exogenous GDNF on ax-

onal regeneration of the chronically axotomized moto-

neurons. Presumably, sufficient GDNF is available on

denervated Schwann cells [79] to support axonal regen-

eration such that exogenous GDNF does not affect axonal

regeneration after immediate nerve repair of cut TIB

nerves. After chronic axotomy, however, exogenous

GDNF appears to supplement available endogenous

GDNF to significantly increase the number of motoneu-

rons that regenerate their axons. BDNF binding to trkB

receptors in the membrane also induces phosphorylation

of the receptor and downstream phosphorylation of MEK

and Akt. The molecular overlap of signaling pathways is

illustrated by the blockade of the survival-promoting ef-

fects of both GDNF [80] and BDNF [81] by pharmaco-

logical blockade of PI3 kinase. Hence GDNF cooperates

with low-dose BDNF to promote axonal regeneration via

their binding to the membrane receptors that act down-

stream via PI3 kinase. Together, the neurotrophic factors

promoted regeneration of axons from about 600 moto-

neurons which comprises at least 60% of the motoneu-

rons, a doubling of the number of motoneurons that re-

generate their axons after 2 months of chronic axotomy

(Fig. 3). In light of the staggered regeneration of axons

across a suture site demonstrated in experiments on cut

and sutured femoral nerve [39], regeneration of all mo-

toneurons would be expected to occur after periods of re-

generation of 2 months or more. Importantly, exogenous

administration of the growth factors was required

throughout the 4 week period of regeneration because re-

duced periods of administration reduced the effects [44].

Interestingly, both neurotrophic factors promote axonal

outgrowth as evidenced by the increased number of ax-

ons that regenerate into the distal nerve stump (Fig. 4).

Our results indicate therefore that therapeutic appli-

cation of exogenous neurotrophic factors would require

continuous infusion over the entire time-course of axonal

regeneration. Alternative methods of administration of

neurotrophic factors would be more efficacious. One pos-

sible approach would be to electrically stimulate the mo-

toneurons to upregulate the expression of the neuro-

trophic factors in the motoneurons [34]. Alternatively,

Schwann cells may be genetically modified to produce

these neurotrophic factors as shown for olfactory en-

sheathing cells for example [82]. Other possibilities are

discussed in a recent review by Fenrich and Gordon [5].
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TGF-β counteracts the atrophy of chronically 
denervated Schwann cells and enhances their 
capacity to support axonal regeneration

Chronically denervated Schwann cells progressively
atrophy and many, although not all, die [24, 83]. Adult
Schwann cells in contrast to immature Schwann cells can
survive in the absence of axon-derived neuregulin-1, due
in large part to the existence of other mitotic autocrine
Schwann cell loops that include insulin-like growth fac-
tor-2 (IGF-2), platelet-derived growth factor-BB, neuro-
trophin-3 (NT-3), leukemia inhibitory factor (LIF) and ly-
sophosphatidic acid (LPA)-like activity [53, 84]. Laminin
also acts with these factors to promote survival [84].
However, the endoneurial pathways that contain laminin
gradually fragment as the Schwann cells lose their capac-
ity to sustain the synthesis of extracellular matrix com-
ponents that include collagen type IV, laminin and hepa-
rin proteoglycans that form the basal lamina [85–88].
Their progressive failure to proliferate in response to re-
generating axons concurs with their loss of erb receptors
that normally respond to neuregulin released from regen-
erating axons [29, 30]. Nonetheless, those Schwann cells
that remain and support the regeneration of a few axons
maintain their capacity to differentiate into the myelinat-
ing phenotype and in turn, remyelinate regenerating ax-
ons [24]. Approximately 10% of the motoneurons regen-
erate axons into distal nerve stumps that have been chron-
ically denervated for a period of 6 months and the
Schwann cells remyelinate the axons [18, 24, 25].

Proliferation of Schwann cells after denervation and
their conversion from the myelinating to the nonmyeli-
nating growth-supportive phenotype involves the cyto-
kines released by the macrophages as well as by the de-
differentiating Schwann cells during Wallerian degenera-
tion [41, 42, 46, 52]. TGF-β is known to be involved in
the regulation of Schwann cell population during devel-
opment via induction of apoptosis, especially after injury
[89]. This action of TGF-β has been implicated in the
matching of the number of Schwann cells and axons [53].
In contrast, adult Schwann cells in tissue culture media
containing serum and cAMP-elevating agents, respond to
TGF-β by proliferation, expression of the nonmyelinat-
ing phenotype and suppression of myelin-related genes
[53, 84]. TGF-β enhances the formation of extracellular
matrix, upregulates the expression of collagen type IV
mRNA in Schwann cells and prevents disintegration of
basal lamina [90, 91]. The important finding of our ex-
periments that forskolin and TGF-β, both of which pro-
mote the nonmyelinating growth-supportive phenotype of
Schwann cell, “refresh” the nonmyelinating growth-sup-
portive phenotype of the atrophic chronically denervated
Schwann cells and dramatically improved their capacity
to support axonal regeneration. Many more motoneurons
regenerated through the forskolin/TGF-β-treated
Schwann cells in vivo than Schwann cells that were ex-
posed only to serum-containing L-15 culture medium in
vitro (Fig. 5). We found that a component of the effects
of forskolin/TGF-β in converting the chronically denerv-
ated Schwann cells to the growth-supportive phenotype
include re-expression of the receptors for neuregulin, in-
cluding erbB2 and erbB3 (Sulaiman and Gordon, unpubl.

data). This way, these Schwann cells become responsive
to axon-derived neuregulin by proliferation and probably
remodeling of the endoneurial pathways. Schwann cell
proliferation after nerve injury and reinnervation is asso-
ciated with upregulation of neurotrophic factors [79].
Hence their proliferative response may also be associated
with upregulation of neurotrophic factors such as BDNF
and GDNF. In addition, there is evidence that the neuro-
trophic effect of GDNF is attenuated in the absence of
TGF-β [54, 55], hence TGF-β may be exerting its posi-
tive effect via augmentation of survival effect of GDNF
on injured motoneurons.

Conclusions

Important components of the growth-permissive non-
myelinating phenotype of the Schwann cell are their pro-
liferation and expression of growth factors that include
BDNF and GDNF [77]. Our experiments demonstrate
that the deleterious effects of (1) chronic axotomy can be
reversed via exogenous application of BDNF and GDNF
and (2) chronic denervation can be reversed by reactiva-
tion of chronically denervated Schwann cells with forsko-
lin/TGF-β, which induces their growth-supportive pheno-
type, mechanisms of which may be related to their pro-
liferation and/or neurotrophic support via GDNF. Under-
standing the mechanisms of the effects of forskolin/TGF-
β as well as functional outcomes are the objectives of on-
going experiments in our laboratory.

Nonetheless, these experiments demonstrate that the
deleterious effects of chronic axotomy and denervation
are reversible, which may in turn translate into strategies
that can be utilized to promote functional recovery after
peripheral nerve injuries.
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