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Abstract Injured peripheral nerves regenerate their lost axons
but functional recovery in humans is frequently disappointing.
This is so particularly when injuries require regeneration over
long distances and/or over long time periods. Fat replacement of
chronically denervated muscles, a commonly accepted explanation, does not account for poor functional recovery. Rather, the
basis for the poor nerve regeneration is the transient expression
of growth-associated genes that accounts for declining regenerative capacity of neurons and the regenerative support of
Schwann cells over time. Brief low-frequency electrical stimulation accelerates motor and sensory axon outgrowth across
injury sites that, even after delayed surgical repair of injured
nerves in animal models and patients, enhances nerve regeneration and target reinnervation. The stimulation elevates neuronal
cyclic adenosine monophosphate and, in turn, the expression of
neurotrophic factors and other growth-associated genes, including cytoskeletal proteins. Electrical stimulation of denervated
muscles immediately after nerve transection and surgical repair
also accelerates muscle reinnervation but, at this time, how the
daily requirement of long-duration electrical pulses can be delivered to muscles remains a practical issue prior to translation to
patients. Finally, the technique of inserting autologous nerve
grafts that bridge between a donor nerve and an adjacent recipient denervated nerve stump significantly improves nerve regeneration after delayed nerve repair, the donor nerves sustaining
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the capacity of the denervated Schwann cells to support nerve
regeneration. These reviewed methods to promote nerve regeneration and, in turn, to enhance functional recovery after nerve
injury and surgical repair are sufficiently promising for early
translation to the clinic.
Keywords Peripheral nerve regeneration . Peripheral nerve
injury . Electrical stimulation . Delayed nerve repair .
Side-to-side crossbridges

Introduction
Injured nerves in the peripheral nervous system (PNS) regenerate
their lost axons in contrast to those nerves in the central nervous
system (CNS) that cannot. The Schwann cells within the denervated distal nerve stump provide the essential support for the
regeneration of the PNS nerve fibers in contrast to the analogous
glial cells of the CNS, the oligodendrocytes [1]. Yet, the recovery
of function after human peripheral nerve injuries is frequently
disappointing. This is the case particularly for injuries that are
sustained at some distance from the denervated targets, requiring
that the injured nerves regenerate over long distances and over
long periods of time at the established rate of ~1 mm/day [2].
The basis for this poor regeneration is explored in this
review before presenting the evidence that brief electrical
stimulation is effective in accelerating axon outgrowth across
injury sites [3, 4] that, even after delayed surgical repair of
injured peripheral nerves, functional recovery is enhanced [5].
Associated with this enhancement, the electrical stimulation
upregulates the expression of neurotrophic factors and, in turn,
growth-associated genes [6, 7]. Although exogenous application of growth factors is effective in promoting nerve regeneration after delayed nerve repair or through nerve grafts that
connect transected nerve stumps [8–11], and even though
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developments have been made in the delivery of these factors
[11], the question remains as to whether the stimulation of
endogenous sources of these factors and other as yet unknown
mediators of nerve regeneration is more appropriate. Additionally, recent work has indicated an accelerating effect on
target reinnervation when denervated muscle is electrically
stimulated immediately after nerve transection but, how the
daily requirement of long-duration electrical pulses can be
delivered to muscles remains a practical question that needs
to be addressed prior to clinical application [12].
Finally, a relatively new technique has been introduced that
has the potential to prevent the progressive deterioration of the
Schwann cell support of regenerating nerves. The technique of
inserting nerve autografts through perineurial windows in peripheral nerves to bridge between a donor nerve and a recipient
denervated distal nerve stump, encourages the regeneration of
axons from the donor nerve into the recipient denervated nerve
stump and allows limited axon regeneration proximal and distal
to the nerve autografts that bridge the two nerves, the side-toside cross-bridges. In turn, these cross-bridges allow for greatly
improved nerve regeneration through the chronically denervated
distal nerve stump when the proximal nerve stump is surgically
united with the distal Bprotected^ nerve stump [13–15]. Even
when the surgical coaptation of the transected nerve stumps is
performed immediately after injury, the long distance of nerve
regeneration would otherwise allow for the deterioration of the
growth support of the chronically denervated distal nerve
stumps. The occupation of some of the denervated endoneurial
tubes by the regenerated axons from the donor nerve sustains the
growth permissive environment. The distal growth of the axons
toward the denervated targets may also prevent the rapid denervation atrophy that normally occurs.

The Window of Opportunity for Nerve Regeneration
is Restricted
Normally the regeneration of injured nerves is excellent in
small rodents, at least with respect to numbers of axons that
regenerate and reinnervate distal targets after crush and transection injuries [16, 17]. The axons that are separated from
their neuronal cell bodies lose their myelin sheaths and undergo Wallerian degeneration [18–24]. The denervated Schwann
cells, in turn, line the endoneurial tubes and cross the surgical
gap as the Bands of Bungner that guide regenerating axons
across the crush or transection site, through the tubes, and
back to the denervated targets [24, 25]. It is often said that,
even without surgical repair, axons are emitted from the proximal nerve stump and frequently Bfind^ their way back to the
denervated nerve stump [26]. A dramatic illustration of this
phenomenon of nerve outgrowth from the proximal nerve
stump is the growth of axons along the surface of denervated
muscle, the axons frequently re-entering denervated

intramuscular nerve stumps (Fig. 1). This growth is associated
with the outpouring of Schwann cells from the implanted proximal nerve stump that Bsupport^ the regenerating axons from the
stump. However, this growth is limited by the distance between
the implanted nerve and the denervated intramuscular nerve
stump. Additional factors include the number of Schwann cells
that can migrate from the proximal nerve stump and the
transected intramuscular nerves, and the distance over which
the Schwann cells can migrate to reach the intramuscular nerves
and/or the denervated endplates (Gordon, unpublished data).
Evidence to date indicates that Schwann cells lead and the
regenerating axons follow from the proximal nerve stump [27].
The question remains as to why functional outcomes are so
poor after delayed nerve surgeries or injuries suffered where long
periods of time pass before target reinnervation would be expected. The answer to the question is generally assumed to be that
regenerating axons fail to reinnervate target muscles due to irreversible denervation atrophy with ultimate fat replacement [2, 25,
28]. Experimentally, we asked the question of the consequences
of the long periods of isolation of the injured neurons that regenerate their lost axons from their denervated targets (chronic
axotomy of the neurons), the long periods of denervation of the
Schwann cells in the distal nerve stumps (chronic Schwann cell
denervation), and, finally, the chronic denervation of the muscles
(chronic muscle denervation). Each of these conditions feature in
human patients after delayed nerve repair. They also feature after
immediate nerve repair for peripheral nerves that are injured
close to the spinal cord and the dorsal root ganglia.
We addressed the question of the basis for poor functional
outcomes in a rat model of delayed nerve repair. We used a
cross-suture surgical paradigm with and without an autograft in
which we progressively prolonged the period of time of chronic
axotomy of the neurons, of chronic denervation of the Schwann
cells, and of the chronic denervation of the muscles independently of each other (Fig. 2) [5, 8–10, 17, 29–36]. In the first series of
experiments, we chronically axotomized the neurons or chronically denervated the distal nerve stump [17, 29]. We prolonged
chronic axotomy for up to 12 months before suturing the proximal nerve stump of the chronically axotomized neurons to the
distal stump of a freshly transected nerve; after at least 6 months
muscle reinnervation was determined. We found that the numbers of nerves that reinnervated the denervated muscle declined
exponentially to reach plateau levels of ~35 % of the numbers
that reinnervated the denervated muscle after immediate nerve
repair [17]. Chronic denervation of the distal nerve stump was
even more detrimental to nerve regeneration with progressively
fewer freshly transected nerves regenerating and reinnervating
the denervated muscles as the chronic denervation was
prolonged, the numbers declining to ~10 % [29]. Contrary to
the belief that regenerating nerves could not reinnervate chronically denervated muscle because the muscle fibers had
degenerated and were replaced by fat, retrograde labeling of
those axons that were able to regenerate into the denervated
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Fig. 1 Outgrowth of regenerating axons from a common peroneal nerve
sutured directly to denervated soleus muscle. Silver nitrate-stained axons
grow out from the suture site (at the bottom of the micrograph) and follow

the muscle fibers to reinnervate many denervated endplates that are identified by their immunostaining with cholinesterase (blue)

nerve stump revealed that the chronic denervation reduced the
capacity of the freshly axotomized neurons to regenerate their
axons through the chronically denervated nerve stump [30].

Hence, chronic denervation of the muscle was not responsible
for the low percentage of axons that did regenerate through the
atrophic Schwann cells. Interestingly, the remaining atrophic

Fig. 2 Progressive failure of regenerating axons to grow through an
autograft into the distal nerve stump and to reinnervate denervated
muscles after delayed nerve repair. (a) The experimental protocol was
to tease Sprague–Dawley rat ventral roots to evoke and record isometric
contractile force from muscle fibers in the reinnervated tibialis anterior
(TA) muscle that were reinnervated by single tibial (Tib) axons (motor
units) at least 6 months after cross-suturing the proximal tibial (Tibp)
nerve stump to the distal common peroneal (CPd) nerve via a CP nerve

autograft (CPg) taken from the contralateral hindlimb. The cross-suture
took place either (a) immediately or after a delay of up to 500 days,
resulting in (b) chronic TIB axotomy, (c) chronic CP graft denervation,
or (d) chronic TA muscle denervation. The relative contributions of (b)
chronic axotomy, (c) chronic CP nerve denervation, and (d) TA muscle
denervation to the decline in the number of regenerating Tib nerves that
reinnervated the denervated TA muscle (motor unit number) are seen with
each contributing to the progressive failure of nerve regeneration
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Schwann cells were able to myelinate the regenerated axons
normally and the regenerated nerves reinnervated as many as 3
times the number of muscle fibers than they normally do to
enlarge the muscle units (number of muscle fibers per motoneuron) as much as they do under conditions of partial denervation of freshly denervated muscles [29, 37]. Further analysis
of the capacity of chronically denervated Schwann cells to
support axonal regeneration was done by encouraging nerve
regeneration through a chronically denervated autograft into a
freshly denervated muscle, demonstrating the key role that
freshly denervated Schwann cells play in supporting the regeneration of axons (Fig. 2) [36]. In these experiments, the tibial
nerve was cross-sutured to the distal nerve stump of the common peroneal nerve via a 12-mm common peroneal nerve
autograft from the contralateral leg. Either the tibial motoneurons were chronically axotomized, the Schwann cells in the
nerve autograft chronically denervated, or the tibialis anterior
muscle chronically denervated for periods of up to 500 days to
isolate the effects of chronic Schwann cell denervation from
chronic muscle denervation (Fig. 2a–d). These experiments
confirmed the detrimental effect of chronic axotomy on nerve
regeneration as well as differentiating between the rapid detrimental effect of Schwann cell denervation within the autograft

and the slower but greater effect of the denervation of the
intramuscular nerves and the muscle.
While the basis for the restricted window of opportunity for
nerve regeneration over time and/or distance is not yet fully
understood, the transient expression of growth-associated genes
concomitant with the declining regenerative capacity of the neurons in rat models of delayed nerve repair is likely to be sufficient to account for the progressive failure of effective nerve
regeneration. Analysis of the expression of growth-associated
genes in motoneurons and within denervated distal nerve
stumps revealed that the expression is transient (Fig. 3). There
is a rapid upregulation of neurotrophic factors and their receptors in motoneurons and in Schwann cells, but this upregulation
is short-lived, declining to baseline levels within a month or
more of chronic axotomy and chronic denervation, respectively
[31, 39–42]. Examples include the upregulation of neurotrophic
factors, galectin-1, and cytoskeletal proteins, including actin and
T-α-1 tubulin in the neurons [43–46], and neurotrophic factors
and their receptors in the Schwann cells (Fig. 3a) [31, 41, 42,
47–49]. A specific example of upregulation of T-α-1 tubulin in
the neurons is shown in Fig. 3b, and of glial cell line-derived
neurotrophic factor (GDNF) and the p75 receptor for the
neurotrophins in Schwann cells (Fig. 3c, d).

Fig. 3 The transient expression of regeneration-associated genes in injured neurons after transecting the peripheral nerve. (a) The chromatolytic
reaction of an injured motoneuron includes the movement of the nucleus
to an eccentric position with expression of several growth-associated
genes (GAGs) that include the neurotrophic factors and their receptors.
There is a switch from the transmitting to the growth state in the
axotomized motoneurons that includes the downregulation of transmitter
associated genes (choline acetyltransferase and acetylcholinesterase) and
the cytoskeletal protein, neurofilament, concurrent with a decline in the

size of the axons proximal to the lesion [38]. The cytoskeletal proteins of
tubulin and actin are upregulated, as are several growth-associated proteins (GAPs) that include GAP-43. However, this expression is transient
as shown by the examples of the decline in the expression of (b) tubulin in
chronically axotomized sciatic motoneurons, (c) glial-derived neurotrophic factor (GDNF), and the p75 receptor for the neurotrophic factors
in chronically denervated Schwann cells. Mean ± SE bars are plotted in
the graphs and the data points are fitted by exponential lines
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Brief Electrical Stimulation Accelerates Axon
Outgrowth Across the Nerve Injury Site After Both
Immediate and Delayed Nerve Repair
The concept of a latent period that precedes the outgrowth of
regenerating axons from a proximal nerve stump into a denervated distal nerve stump was the result of experiments that
were designed to examine the rate of nerve regeneration.
The latent period of nerve regeneration was determined by
extrapolation of the regression line of the distance of nerve
regeneration against the days after the nerve injury [50]. Periods of as short as a day or as long as 3 days were described
with axons regenerating thereafter at rates of 1–3 mm/day in
humans and rats, respectively [50–55]. When motoneurons
that regenerated their axons through a site of femoral nerve

transection and microsurgical coaptation were back-labeled
with fluorescent dyes 25 mm from the repair site, the numbers
of these neurons increased to their maximum over a period of
8–10 weeks (Fig. 4a) [4]. This period of time was considerably longer than the predicted 2 weeks of regeneration calculated with a consideration of a latent period of 2–3 days and
the reported regeneration rate of 3 mm/day in the rat. We
termed this regeneration Bstaggered^ with the prediction that
the Bstaggering^ occurs at the injury site where Cajal had
described axons wondering at the suture site with some axons
even turning to grow back towards the proximal nerve stump
[26]. Indeed, this was the case, because back-labeling of the
neurons whose regenerated axons had just crossed into the
distal nerve stump revealed that a period of 3–4 weeks transpired before all the axons crossed the site of coapted femoral

Fig. 4 Brief 20-Hz electrical stimulation accelerates axon outgrowth
across the surgical site of nerve repair. (a) The rat femoral nerve was
transected and microsurgically repaired 20 mm from the branching of
the nerves into the motor branch to the quadriceps muscle and the cutaneous saphenous nerve branch. The number of backlabeled motoneurons
that regenerated their axons into both the branches and were backlabeled
25 mm from the suture site with fluororuby and fluorogold, increased
progressively over an 8–10-week period of time. (b) Staggered axon
regeneration was due to the Bstaggering^ of regenerating axons across

the suture site over a 4-week period as determined by counting motoneurons that were backlabeled by crushing the femoral nerve stump 1.5 mm
from the repair site. (c, d) The Bstaggered axon regeneration^ across the
suture site was accelerated significantly (*p < 0.05) by a 1-h period of
20-Hz continuous electrical stimulation such that all motoneurons
regenerated their axons over a distance of 25 mm within 3 weeks rather
than 8-10 weeks with sham stimulation and motoneurons regenerated
their axons significantly more qucikly across the suture site into the distal
nerve stump
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nerve stumps (Fig. 4b) [3], and because Witzel et al. [56],
using transgenic mice that expressed fluorescent protein in
their axons, demonstrated the Bstaggering^ of regenerating
axons as they crossed a suture line.
Electrical stimulation of the transected nerve proximal to the
site of transection and surgical repair reduces the staggering of
the axons as they regenerate across the suture site: a 2-week
period of continuous stimulation at 20 Hz or even 1 h of stimulation promoted the outgrowth of regenerating axons across the
suture line with the result that all motoneurons regenerated their
axons over the 25-mm distance within 3 weeks (Fig. 4c, d). The
electrical stimulation did not affect the rate of axonal transport as
determined by injecting radiolabeled thymidine into the neurons
[3]. The rationale for stimulating the nerve for 2 weeks was that
this period of electrical stimulation after a crush injury of the
nerve to the soleus muscle of the rabbit accelerated recovery of
contractile forces in the muscle [57]. The finding that electrical
stimulation accelerated the recovery of muscle contractile force
indicated a positive effect of electrical stimulation without localizing the site of action of the electrical stimulation. Moreover,
later findings by Pockett and Gavin [58] demonstrated
the return of reflex contractions of ankle extensor muscles after electrical stimulation of the crushed sciatic
nerve. Again, though, the site of action of the electrical
stimulation was unknown. These investigators reduced
the time period of electrical stimulation to record positive effects for durations as short as 15 min. In our study,
we found that a 1-h period of electrical stimulation was
effective in accelerating axon regeneration, this finding being serendipitous because longer periods of electrical stimulation were ineffective for sensory neurons whose axon outgrowth was also accelerated by 1-h of electrical stimulation
but not by electrical stimulation for longer periods of time
[59]. Most importantly, we established that the action potentials,
generated by the brief electrical stimulation of the axons proximal to the lesion site and transmitted back to the soma of the
neurons, were essential for the efficacy of the accelerated axon
outgrowth in response to the electrical stimulation. This was
because a tetrodotoxin blockade of these potentials obliterated
the effect of the electrical stimulation [4].
The findings of accelerated nerve outgrowth after immediate nerve repair have been replicated many times for
several different nerves, including the sciatic nerve and its
main tributary nerve branches [60–91]. Presently, neither
the frequency nor the duration of electrical stimulation
have been considered in detail, although the crushed facial nerve was stimulated daily until functional recovery
at 20 Hz for 30 min/day, the stimulation commencing a
day after the crush injury [67, 81, 82]; the transected
sciatic nerve was stimulated for only 20 min after delayed
nerve repair [92], and for 10 min after a transection injury
that was repaired via a silicone tube filled with a collagen
gel [93].

Only 2 studies [5, 92] have addressed the important
clinical and unanswered question of whether electrical
stimulation is effective under conditions of the chronic
axotomy and chronic denervation, conditions that human
nerves suffer even after immediate nerve repair as a consequence of long distances between the site of nerve repair
and denervated targets. The study of Huang et al. [92]
indicated a very small but significant increase of ~10 %
and 3 % in the regeneration of axons by motor and sensory
neurons, respectively, when the sciatic nerve was subjected
to a 20-min period of low-frequency electrical stimulation
after a delayed nerve repair via a 5-mm long hollow nerve
conduit. Hence, the question of efficacy of the electrical
stimulation on chronically injured nerves remained prior to
our more recent study in which we again used a crosssuture technique to examine whether the brief 1-h 20-Hz
electrical stimulation regimen could promote axon regeneration after chronic axotomy and/or chronic denervation
[5]. Indeed, we found that the electrical stimulation was
very effective in promoting outgrowth of axons from
chronically axotomized motor and sensory neurons, from
freshly axotomized motor and sensory neurons that regenerated axons into chronically denervated nerve stumps
(compare Fig. 5b and c with A), and from chronically
axotomized motor and sensory neurons that regenerated
their axons into chronically denervated nerve stumps
(Fig. 5d), and, in turn, reinnervated their chronically denervated muscles [5].
The efficacy of the 1-h 20-Hz electrical stimulation
regimen was also demonstrated in patients who underwent
carpal tunnel release surgery to promote the regeneration
of injured median nerves that were severed by the constriction of the ligament at the wrist [94]. In these patients
who suffered severe carpal tunnel syndrome based on
several clinical and electrophysiological criteria, it was
ascertained that ~50 % of the motor innervation of the
thenar eminence was lost by Wallerian degeneration of
the isolated axons distal to the lesion (Fig. 6). The numbers of innervated motor units in the thenar eminence
increased gradually over a period of 1 year, but the increase was not significant with no stimulation (Fig. 6c).
The patients experienced the welcomed release of pain but
they were not aware of the minimal reinnervation of the
muscles that move the thumb, their long flexor muscles in
the forearm being effective in moving the thumb. The
number of reinnervated motor units was estimated from
the ratio of the compound and single all-or-none motor
unit action potential amplitudes recorded in response to
stimulation of all and of single nerves innervating the
thenar, respectively after eminence musculature and
(Fig. 6a, b). In the patients in which the nerve proximal
to the carpal tunnel was subjected to brief electrical stimulation immediately after the surgical release, the number
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Fig. 5 Brief electrical stimulation accelerates axon outgrowth across the
nerve injury site after both immediate and delayed nerve repair. Two
months after cross-suture of the common peroneal (CP) proximal nerve
stump and the tibial (TIB) distal nerve stump, the numbers of backlabeled
CP motor and sensory neurons (left and right set of histograms, respectively) that regenerated their axons 10 mm into the TIB nerve stump was

increased significantly (*p < 0.05) when the CP nerve proximal to the
repair site was subjected to a 1-h period of electrical stimulation after
(a) immediate nerve repair, (b) 2 months (2 m) chronic axotomy of the
CP neurons, (c) 2 months after chronic denervation of the TIB distal nerve
stump, and (d) after 3 months chronic axotomy and denervation of the CP
neurons and the distal TIB nerve stump. SC = Schwann cells
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The Effect of Electrical Stimulation on Nerve
Regeneration is Mimicked by Pharmacological
Elevation of Cyclic Adenosine Monophosphate

of motor units increased progressively, the numbers becoming significantly larger than preoperative values within 6–8 months and all the motor axons reinnervating the
musculature within the year (Fig. 6c). As these patients
had demonstrated symptoms of denervation for periods of
as long as 5 years prior to the release surgery, these data
complement the rat data in demonstrating the brief 1-h 20Hz continuous electrical stimulation is effective in promoting axon regeneration even after chronic nerve
injuries.

The possibility that electrical stimulation mediates its effects
by elevating neuronal cyclic adenosine monophosphate
(cAMP) was suggested by the early findings of improved
nerve regeneration in response to pharmacological elevation
of cAMP [95, 96]. However, these findings were not replicated by others, with the authors concluding that cAMP did

a

b

S-MUAP

Stimulus

AMP

-

CMAP

-

+

crush injury

+
10ms

200µV
10ms

MU number = CMAP
MUAP
c
Number of motor units

400

*

300

Normal

200

Before CT release
100

No Stimulation
Fig. 6 Brief electrical stimulation accelerates reinnervation of muscles
after carpal tunnel (CT) release surgery in humans with severe CT syndrome. (a) Electromyographic (EMG) signals were recorded from surface
electrodes on the thenar eminence in response to maximal and all-or-none
stimulation of the median nerve. (b) The ratio of the compound action
potential (CMAP) and mean motor unit potential (MUAP) provided the
motor unit number estimation. Examples of MUAPs recorded in response
to progressive movement of the stimulating electrodes up the arm [in (a)]
are shown in (b) with the CMAP. (c) The standard errors of the mean

s
12

m

on

th

th
s
3

m

on

on
m
12

3

m

on

th

th

s

s

0

1h 20Hz Stimulation
values before CT release (shown as dotted lines) of motor unit number
before the CT release surgery demonstrate that ~50 % of median motoneurons were axotomized by pressure exerted by the ligament that overlies the nerve at the wrist. When the median nerve was not stimulated after
the CT release surgery, the trend to increase above the preoperative number of motor units was not significant. In contrast, in those patients whose
median nerve was electrically stimulated for 1 h continuously at 20 Hz,
the entire thenar muscle was reinnervated with restoration of the normal
number of motor units (shown as an interrupted line)

Electrical Stimulation Enhances PNS Regeneration

not enhance the rate of axon regeneration [55, 97, 98]. Findings that rolipram, a type IV inhibitor of the enzyme phosphodiesterase that breaks down cAMP, promoted nerve
outgrowth in the CNS inspired our examination of whether
local delivery of rolipram might enhance axon regeneration
in the PNS [99–101]. Indeed, the rolipram infusion of
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surgically repaired peripheral nerve in rats. (a) Rolipram administered locally to a surgically repaired common peroneal nerve or (b) 1 h continuous
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axon outgrowth (p < 0.05). BDNF = brain-derived neurotrophic factor;
ATP = adenosine triphosphate; PKA = protein kinase A
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motoneurons was also effective in promoting neurite
outgrowth [102].

The Role of Neurotrophic Factors and Androgens
in the Efficacy of Electrical Stimulation, and Daily
Exercise Programs in Promoting Axon Regeneration
in the PNS

Brief Electrical Stimulation Accelerates Axon
Outgrowth Within the CNS

Brief electrical stimulation accelerates the expression of neurotrophic factors and their receptors [6]. Thereafter, the cytoskeletal proteins actin and tubulin, and GAP-43 are upregulated (Fig. 7c) [7]. Using transgenic mice that express yellow
fluorescent protein in a small proportion of their axons and
by cross-breeding of these mice with mice in which neurotrophic factor expression was deleted, English et al. [66] demonstrated the critical role of the neurotrophic factors brainderived neurotrophic factor (BDNF) and neurotrophin 4/5 in
the efficacy of the electrical stimulation effect in accelerating
nerve regeneration [66]. Exogenous administration of either
BDNF or GDNF did not increase nerve regeneration after
immediate nerve repair (Fig. 9) [9, 10]; however, after a period
of chronic axotomy before cross-suturing the proximal tibial
nerve stump to a freshly denervated common peroneal distal
nerve stump, the administration of either factor alone or together did significantly increase the number of motoneurons
that regenerated their axons (Fig. 9c). Normally there is sufficient expression of neurotrophic factors in the neurons and the
Schwann cells after nerve injury to sustain nerve regeneration
[35]; however, after chronic axotomy, exogenous sources of
BDNF and/or GDNF were necessary to promote nerve regeneration (Fig. 9a–c). In contrast to GDNF that acts via its receptors to promote axon regeneration, BDNF has a bimodal
effect with low doses acting via trkB receptors to promote
axon regeneration, while high doses act via p75 to inhibit
axonal regeneration [8–10].
Although GDNF has been shown to be efficacious when
applied in microspheres around the suture site of injured peripheral nerves with and without an intervening acellular conduit [112–118], the difficulties of titrating effective doses of
BDNF illustrate some of the difficulties that may be encountered with exogenous sources of the neurotrophic factors. The
biological modulation of the neurotrophic factors is difficult to
replicate and problems of excess administration have been
described, as, for example, the administration of excess doses
of GDNF using retroviral vectors in rats where the findings of
axonal coils was attributed to too much GDNF [119, 120] .
While electrical stimulation upregulates the expression of
neurotrophic factors and their receptors, this expression is
transient, declining within days [6]. The administration of
androgens in conjunction with electrical stimulation, however, sustains their upregulation [81, 82]. Over the course of
evaluating the extent of activity-mediated axonal regeneration, Sabatier et al. [121] and Wood et al. [122] discovered a
sex difference in the effectiveness of treadmill training when
comparing 2 treadmill training paradigms, continuous and
interval training. A daily slow training protocol at 10 m/min

The analogous growth promoting effects of brief lowfrequency electrical stimulation and rolipram-induced elevation of neuronal cAMP in the PNS suggested that the electrical
stimulation paradigm might also promote nerve outgrowth in
the CNS. Indeed, Woolf and colleagues had demonstrated that
elevated cAMP in dorsal root ganglion neurons was responsible for the efficacy of a conditioning lesion to the sensory
axons in the PNS in promoted outgrowth from transected
central axons [103]. The efficacy of the conditioning lesion
in promoting regeneration of CNS axons was first demonstrated in 1984 [104]. Because sensory neurons discharge at rates
up to 200 Hz, we compared the efficacy of a 1-h period of
continuous 200- and 20-Hz electrical stimulation applied to
the sciatic nerve immediately after cutting the central axons at
the level of T8 in the spinal cord [86]. The 20-Hz electrical
stimulation paradigm but not the 200-Hz electrical stimulation
paradigm promoted the outgrowth of CNS sensory axons at
the level of T8, although to a lesser extent than the conditioning lesion (Fig. 8). This outgrowth was associated with a significant elevation in cAMP in the neurons that were stimulated
at 20 Hz but not at 200 Hz, the elevation being the same as
after the conditioning lesion. The discrepancy between the
elevated cAMP and the efficacy of the electrical stimulation
in promoting axon outgrowth suggested additional mechanisms to account for the greater effect of the conditioning
lesion than the electrical stimulation [86].
The suppressed ability of axotomized sensory neurons to
upregulate growth-associated proteins (GAPs) when their central axons are injured is 1 of the 2 reasons why the axons do
not normally regrow their lost axons, the other being the presence of the oligodendrocytes rather than Schwann cells in the
CNS and the proteoglycans that directly inhibit axon extension [105–108]. Only when GAPs are expressed as they are
after proximal CNS nerve lesions for example, do the CNS
axons regrow [109, 110]. The expression of both GAP-43 and
CAP-23, members of a MARCKs-related group of acylated
membrane proteins that interact with actin filaments, calmodulin, protein kinase C, and phophoinositides, is prerequisite
for CNS nerve regeneration, regeneration occurring only
when both proteins are expressed in the injured neurons
[111]. Electrical stimulation promoted axon outgrowth in the
CNS but the contrasting efficacy of a conditioning lesion to
promote both axon outgrowth and extension of the
regenerating axons in the spinal cord indicates that electrical
stimulation failed to upregulate both GAPs (Fig. 8).
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i.

ii.

Fig. 8 A conditioning lesion and brief electrical stimulation (ES) promotes nerve regeneration within the spinal cord. (ia) Following a spinal
lesion at the level of T8, few axons entered the lesion site [camara lucida
drawings with example of cholerotoxin (CTX)-stained axons 1 week after
injecting CTX into the sciatic nerve] after sham electrical stimulation at
20 Hz for 1 h (or a sham conditional lesion, not shown). (ib) In contrast, a
conditioning sciatic crush lesion (CL) resulted in more regeneration of

CTX-labeled axons, with (ic) an intermediate number regenerating after
1 h of 20-Hz continuous electrical stimulation of the sciatic nerve. (iia)
The significantly (p < 0.05) elevated number of regenerated sciatic nerve
axons that grew out and over longer distances from the lesion site after a
CL and (iib) the significantly elevated numbers of axons that grew out
from the lesion site but did not grow over longer distances after 20Hz
electrical stimulation for 1 h. Each point is the mean ± SEM

for 1 h resulted in a marked increase in the length of
regenerating axons in male mice 2 weeks after nerve transection and repair, but the protocol had no effect on regeneration in female mice [85, 122]. On the other hand, when

the female mice were exposed to a faster 20 m/min training
protocol for 2-min intervals 4 times daily, an impressive
enhancement in axonal regeneration was seen. No enhancement was appreciated in the male mice exposed to the same
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to the distal stump of the freshly cut common peroneal (CP) nerve or to
cross-suture the TIB proximal nerve stump that was ligated for 2 months
(2 m) previously (to prolong TIB motoneuron axotomy) to a freshly cut
CP distal nerve stump. The neurotrophic factors were delivered from a
miniosmotic pump to the coaptation site over a 1-month period. (b)
Thereafter, the regenerated TIB axons in the CP nerve were exposed to

fluorogold to backlabel those TIB motoneurons that regenerated their
axons over a 20-mm distance. (c) Saline-treated axons regenerated
~45 % of their axons within the a month of regeneration, consistent with
the staggered regeneration demonstrated by Al-Majed et al. [6]. This
regeneration was significantly reduced by a 2-month period of chronic
axotomy consistent with the data of Fu and Gordon [17]. The decline in
motoneuron numbers after 2 months was not only prevented by a month
of administration of BDNF (2 μg/day) or GDNF (0.1 μg/day), but also
the neurotrophic factors significantly increased the numbers of 2-month
chronically axotomized motoneurons that regenerated their axons (*
p < 0.05; ** p < 0.01)

interval training protocol. The studies from English’s laboratory provide evidence that sex steroid hormones, particularly testosterone, mediate this sex difference in exercised
mice [122]. They also demonstrate that androgens are also

critical for the efficacy of low-frequency electrical stimulation in promoting axon outgrowth [85]. In the former case,
castration of male rats eliminated the enhanced axon regeneration by daily interval training, and treating unexercised
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female mice with an aromatase inhibitor, anastrozole, to
block the conversion of testosterone or its precursors into
estradiol, enhanced axonal regeneration [122]. Subsequent
experiments demonstrated that treating mice with flutamide,
an androgen receptor blocker, inhibited the effect of both
exercise and electrical stimulation in both sexes [85]. As
treadmill training can be readily applied to humans, the translational potential of this modality in combination with electrical
stimulation in peripheral nerve injuries is promising, while
activity-dependent therapies also simultaneously empower patients to assume responsibility for their own recovery.

Conclusions
The sluggish crossing of regenerating axons across injury
sites, whether or not the endoneurial tubes are disrupted by
transection of peripheral nerves, compounds the problems of
the slow rate of axon regeneration of 1 mm/day in humans and
of 3 mm/day in animals [3, 123]. As a result, functional recovery after nerve injuries is commonly recognized to be disappointing [124]. The efficacy of brief low-frequency electrical stimulation in accelerating axon outgrowth across the injury site in both animal and human studies results in
accerelated and improved functional recovery. This improvement was demonstrated in a number of published and ongoing
studies of human nerve injuries [94, 125, and Chan, unpublished data]. Importantly, the electrical stimulation regimen is
effective after delayed nerve repair in animals and humans [5,
94]. These very promising findings anticipate further studies
that may form the basis for the adoption of technique of intraoperative brief electrical stimulation at the time of surgical
repair of injured nerves to become the standard of practice in
management of peripheral nerve injuries. The ability of training programs after surgical repair of peripheral nerves to accelerate nerve regeneration in animal studies also holds considerable promise for the management of peripheral nerve
injuries [85, 122]. Whilst movement is usually restricted after
surgical repair of injured nerves, possibilities such as the adoption of imagined movement in the early stages of recovery
followed by adoption of active programs of activity may be
explored in the future.
Finally, there are several other surgical and pharmacological strategies that are being explored to promote regeneration
and to counteract the negative effects of chronic nerve injuries
[126]. These include the placement of end-to-side or side-toside nerve autografts between a donor nerve and a recipient
denervated distal nerve stump [14, 127], and the localized
administration of FK506 and neurotrophic factors to the surgical site [11]. In the former case, the ingrowth of axons into a
denervated nerve stump that proceeds both proximal and distal to the insertion site of the autograft into the recipient denervated stump significantly improves the regeneration of

axons after surgical coaptation of the proximal and distal
nerve stumps through the distal nerve stump into which the
donor axons had grown. Local administration of FK506 to the
coaptation site of a transected nerve was also very effective in
promoting nerve regeneration. Hence, a combinational approach to surgical repair of transected nerves has enormous
potential for greatly improving nerve regeneration and, in
turn, functional recovery after peripheral nerve injuries.
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