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INTRODUCTION

ABSTRACT
Objectives: We review the state-of-the-art neurobiology of
nerve injury and regeneration, especially as it relates to return
of useful function in patients who have sustained injuries to
large nerve trunks such as the brachial plexus.
Methods: This review focuses on research conducted in our
laboratory at Ochsner and at other laboratories related to the
neurobiology of nerve injury with emphasis on how some of
the key findings from animal research help us understand the
pathophysiology of poor functional recovery after nerve injury.
Conclusions: Published research on the neurobiology of nerve
injury and regeneration strongly suggests that chronic
Schwann cell denervation, chronic neuronal axotomy, and
misdirection of regenerating axons into wrong endoneurial
tubes are primarily responsible for poor functional recovery.
The effect of muscle denervation atrophy is secondary.
Experimental therapeutic strategies (which we are currently
investigating in our laboratory at Ochsner) to combat these 3
neurobiologic phenomena have the potential to improve the
return of function in patients who have sustained nerve injuries.
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Nerve injuries trigger complex cell-molecular
interactions that are essential for axonal regeneration
and, subsequently, for meaningful functional recovery
for patients. These cellular and molecular responses
of the nonneuronal cells of the peripheral nervous
system (PNS), namely Schwann cells (SCs), create a
growth-permissive environment for injured axons
contrary to the central nervous system (CNS)
response to injuries. However, there is a dichotomy
between the capacity of injured PNS neurons to
regenerate their axons after injury and suboptimal
return of function after nerve injuries.
Significant advancements have been made in the
technique of microsurgery of injured nerves that
sometimes results in improved outcome for patients.1-3 Unfortunately, functional recovery is frequently still poor after peripheral nerve injuries,
especially when nerve trunks close to the spinal cord
and far from the target organs are injured. These
injuries include most avulsion-type injuries, nerve
lacerations, and nerve contusions. After these types
of nerve injuries, injured neurons are required to
regenerate their axons over long distances at the very
slow rate of 1 mm/d. At this sluggish rate of
regeneration, reestablishment of a functional motor
unit or sense organ reinnervation may take months or
even years (Figure 1),1-4 a condition referred to as
chronic axotomy.5-7 Likewise, SCs in the distal nerve
stumps and the target organs remain denervated for
long periods, conditions known as chronic SC
denervation2,8-11 and chronic muscle denervation,11
respectively.
The failure of functional return in the hand, for
example, is generally attributed to irreversible
atrophy of the denervated muscles and sense
organs and fatty tissue replacement.1 However,
our experiments over the past ~15 years provide
strong evidence that the progressive failure of
chronically axotomized neurons to regenerate their
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Figure 1. Schematic illustration of proximal nerve injuries to the brachial plexus that require prolonged regeneration times for
the regenerating axons to reinnervate the muscles in the hand. During this time, injured neurons are chronically axotomized and
Schwann cells of the distal stump of injured nerves are chronically denervated. The graphs in the inserts demonstrate the
progressive decline in the capacity of injured motoneurons that regenerate axons (MN number) and reinnervate muscles (motor
unit [MU] number) as a result of chronic Schwann cell denervation and chronic neuronal axotomy.

axons and the progressive failure of chronically
denervated SCs to support the regenerating axons
play the predominant role in the clinical failures of
func tional recovery after microsurgical repair. 2,5,7,8,10-18 Poor functional recovery is also
exacerbated by the delay incurred in microsurgical
repair of injured nerves while patients are being
observed for spontaneous functional recovery,
typically for 3-6 months after blunt nerve injuries.
Regeneration of axons into wrong endoneurial tubes
and end organs—termed misdirection of regenerating axons—is another factor that contributes to poor
functional recovery.
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REGENERATIVE RESPONSE AFTER NERVE
INJURY AND ITS ROLE IN FUNCTIONAL
OUTCOME
Initial Phase of Axonal Regeneration
After nerve injury, the proximal and distal stumps
of the injured nerve undergo structural and molecular
changes in preparation for the process of axonal
regeneration. The proximal stump undergoes die
back degeneration up to the first node of Ranvier
and then each injured axon elaborates multiple
daughter axons.19,20 Many of the daughter axons
are pruned; those that remain begin the process of
elongation through the distal nerve stumps and
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constitute regenerating units.21 This initial stage of
axonal regeneration is sustained by both the availability of locally produced cytoskeletal materials and
the neuronally produced and anterogradely transported cytoskeletal proteins such as actin and tubulin
(Figure 2A).6,20,22,23 Axon regeneration proceeds at a
rate of 1-3 mm/d, the rate corresponding with the slow
rate of transport of the cytoskeletal materials. Further
elongation and regeneration through the distal nerve
stump are dependent on the growth-supportive milieu
provided by the SCs of the distal nerve stumps. Lack
of Schwann cell–laden endoneurial channels (bands
of Büngner) results in misdirected regeneration and
formation of neuromas.3,24-26

Role of Schwann Cells in Axonal Regeneration
The distal nerve stumps of severed nerves undergo
a degenerative process named after Augustus Waller,
Wallerian degeneration.27 We now understand that
Wallerian degeneration is an essential preparatory
stage of the process of axonal regeneration via which
molecules that could be inhibitory to regeneration are
eliminated. A recent review breaks the events into three
morphologically discernible stages: acute axonal
degeneration, a latency period, and an abrupt granular
degenerative stage.28 Within an hour of injury, die back
in both the proximal and distal stumps is mediated by
channel-mediated calcium influx and activation of
calpains that cleave neurofilament and microtubularassociated components such as spectrin and tubulin.
In the proximal stump, this die back is to the first node
of Ranvier. The next stage of approximately 24 hours,
during which time axon potentials continue to be
conducted,29 is followed by a longer period of
disassembly of cytoskeletal proteins by calciumactivated calpains and the ubiquitin-proteasome system.30 SCs play a major role in this process by way of
phagocytosis of the axonal and myelin debris. They
also secrete chemoattractive factors such as interleukin-1 and monocyte chemoattractant protein-1 that
recruit macrophages into the denervated distal nerve
stumps which contribute significantly to the phagocytosis of axon and myelin debris.23,31,32 The axon debris
releases mitogens that promote mitotic SC division
and initiates a network of cytokines and transcription
factors that stimulates myelin breakdown and macrophage invasion and targets the myelin for phagocytosis by the SCs and macrophages.6,33

Conversion From an Action-PotentialConduction Mode to a Regeneration-Supportive Mode: Role of Regeneration-Associated
Genes
Immediately after a nerve is injured, loss of axonal
contact triggers the SCs to proliferate and switch their
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phenotype from a myelinating to a nonmyelinating
growth-supportive phenotype.6,23,34 The messenger
RNA (mRNA) expression of myelin-associated proteins such as P0 and myelin-associated glycoprotein
are downregulated. Neurotrophins (eg, nerve growth
factor, brain-derived neurotrophic factor, and glialderived neurotrophic factor), their receptors (eg, p75,
GFRA-1, GFRA-2), and adhesion molecules (eg,
neural-cell adhesion molecule) are upregulated in
preparation for the process of axonal regeneration
(Figure 2).6,26,35,36 These upregulated genes are
collectively called regeneration-associated genes
(RAGs). The change in the gene expression and the
myelin and axonal degeneration and clearance are
key features of the process of Wallerian degeneration.6,23,34
Likewise, neurons whose nerves have been
injured downregulate mRNAs of proteins required
for neurotransmission and upregulate those for
rebuilding their peripheral processes.6,12,37 Hence,
actin, tubulin, and GAP-43 are upregulated immediately after injury (Figure 2A and 2B).6,37 However, the
upregulation of RAGs is not sustained in either the
injured neurons or the SCs. By 6 months in
experimental animals, most of the upregulated
mRNAs are downregulated, thereby losing the
growth-supportive environment for regenerating axons (Figure 2A and 2B).6,37 The implication of the
time-limited upregulation of RAGs is demonstrated in
the progressive decline in the capacities of injured
neurons to regenerate their axons and of SCs to
support regenerating axons as the duration of nerve
repair is prolonged (Figure 3).

EXPERIMENTAL PARADIGMS AND
ASSESSMENT OF AXONAL REGENERATION
AFTER NERVE INJURY AND
MICROSURGICAL REPAIR
Experimental studies that were conducted during
World War II by Gutmann and Young indicated that
the rate of outgrowth and axon numbers were not
affected by delayed nerve repair.38,39 These findings,
with evidence of extreme atrophy of the denervated
muscles, led to the erroneous conclusion that poor
functional recovery after nerve injury was due to
irreversible denervation atrophy of muscle and its
inability to accept innervation, especially after long
periods of time.38,39 This conclusion became quite
popular and unfortunately is often repeated even in
recent publications. Recent evidence from our laboratory and others disapproved the erroneous conclusion mainly because (1) the authors did not directly
estimate the numbers of injured neurons that regenerated into the distal nerve stump and those that
reinnervated denervated muscles and (2) counting
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Figure 2. After nerve injury, regeneration-associated genes (RAGs) are upregulated transiently in the neurons while genes
associated with normal synaptic transmission are downregulated (A and B). Schwann cells in the denervated nerve stumps
undergo proliferation during Wallerian degeneration and express many RAGs while myelin-associated genes are downregulated
(A). The gene profiles support the outgrowth of axons, but the expression is very short lived such that over time (while
regenerating axons grow at a slow rate of 1 mm/d) the expression of RAGs is downregulated and the capacity of injured neurons
to regenerate their axons and Schwann cells to support regeneration is diminished (C). Examples of progressive decline in
mRNA levels are plotted for tubulin in neurons and GDNF in Schwann cells in the graphs.
Volume 13, Number 1, Spring 2013
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Figure 3. Regenerative capacity declines with time due to prolonged axotomy and Schwann cell denervation. In rats, we
experimentally prolonged either (A) the duration of time during which motoneurons were prevented from regenerating their
axons (chronic axotomy; by delaying the suture of the proximal nerve stump to a freshly denervated distal nerve stump) or (B)
the denervation of Schwann cells in the distal nerve stumps (chronic denervation; by delaying the suture of a freshly cut
proximal nerve stump to a nerve stump that was chronically denervated prior to nerve repair). The capacity of the neurons for
regeneration after chronic axotomy of motoneurons or chronic denervation of Schwann cells and target muscles was
determined either by (a) calculating the number of reinnervated muscle units (the nerve and the muscle fibers that the one
motoneuron supplies) using force measurements in response to stimulation of single axons and the muscle nerve or (b) counting
backlabelling motoneurons that had regenerated their axons successfully by application of a retrograde dye to the regenerating
axons in the nerve stump distal to the site of nerve repair. The evaluations of regenerative success obtained by the methods of
motoneuron counts and counts of motor units were in good agreement demonstrating the progressive decline in regenerative
capacity as a function of (C) chronic axotomy of the motoneurons and (D) chronic denervation of the Schwann cells.

nerve fibers in the distal nerve stump overestimates
the numbers of regenerated nerve fibers because
many daughter axons arise from single regenerating
nerve fibers in the proximal nerve stump and may be
erroneously counted as representative of the individual nerve fibers in the proximal stump.
In several experiments, we studied the process of
axonal regeneration after immediate and delayed
repairs of nerve injury. Further, we used quantitative
methods of counting the motoneurons that regenerated their axons into distal nerve stumps and of
counting the number of reinnervated motor units in
the target muscles to assess the capacities of
motoneurons to regenerate their axons and to
reinnervate muscle. Using a cross-suture technique
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in rats, which allows for independent study of the
effects of delayed reinnervation of the distal nerve
stump (termed chronic or prolonged denervation) and
delayed neuronal regeneration to their targets
(termed chronic or prolonged axotomy), we evaluated
the numbers of regenerated motoneurons using the
back-labeling technique whereby retrogradely transported fluorescent dyes are applied to the cut ends of
reinnervated distal nerve stumps which label the
motoneurons that regenerated their axons. This
way, we were able to enumerate the number of
motoneurons that regenerated their axons in the
ventral horn of the spinal cord after our terminal
experiments. We estimated the number of motor units
by applying supramaximal stimulation to individual
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ventral roots and measuring total muscle force. Then
we teased out ventral root fibers and stimulated them
individually to determine motor unit force. The
number of reinnervated motor units was then calculated by a division of muscle force by motor unit force.
Figure 3 illustrates our surgical paradigm and
methods of assessment of axonal regeneration and
muscle reinnervation after nerve injury and repair.

Chronic Schwann Cell Denervation
The provision of the growth-supportive environment by SCs is intimately related to the loss and
timely reestablishment of axonal contact with the
cells.10 SCs whose reinnervation by regenerating
axons is delayed are said to be chronically denervated and the deleterious effect of chronic denervation
on SCs worsens as the duration of chronic denervation is prolonged.2,10,18 In our experiments, to test the
effect of chronic denervation, the common peroneal
(CP) branch of the sciatic nerve is cut and its
reinnervation is delayed for periods of 1-6 months
prior to cross-suturing the proximal stump of a freshly
cut tibial (TIB) nerve into the chronically denervated
distal CP nerve. This way, the effect of chronic CP
denervation on the regeneration of freshly injured TIB
motoneurons can be directly estimated. Using this
paradigm, chronic denervation reduced the number
of motoneurons that were back labeled with fluororuby dye that was applied to the distal nerve stump 10
mm from the cross-suture site to less than 10% of the
number that regenerated after immediate suture of
nerve stumps (Figure 3). There was excellent correspondence between this proportion of motoneurons
that regenerated their axons into the chronically
denervated nerve stump and the proportion of freshly
axotomized motoneurons that regenerated and reinnervated the denervated muscle after 4 to 6 months
(Figure 3).10 The reduced number of motoneurons
that did regenerate their axons through the chronically denervated SCs not only reinnervated the
denervated muscle fibers but also reinnervated up
to 3 times the number of muscle fibers that they
normally do. Since this enlargement of the reinnervated motor units constitutes the maximum sprouting
capacity of the motoneurons,2,10 it follows that it is not
the inability of the chronically denervated muscle
fibers to accept reinnervation that limits functional
recovery after chronic nerve injuries.2,10,23 The sustained capacity of denervated muscle to accept
reinnervation was also demonstrated by the parallel
recovery of both muscle weight and isometric force.
Nonetheless, isolation of the effects of SC denervation
from muscle denervation showed that chronically
denervated muscle fibers did not fully recover their
former size, arguing that limited numbers of satellite
Volume 13, Number 1, Spring 2013

cells are incorporated into each atrophic muscle fiber
to recover muscle fiber cross-sectional area.11 Hence,
progressive deterioration of the growth-supportive
capacity of SCs in the distal nerve stumps plays a
primary role in poor functional recovery after nerve
injury and the role of muscle atrophy is secondary. It
was striking that the long-term chronically denervated
SCs maintained their capacity to remyelinate the
fewer axons that regenerated,2 particularly in view of
the progressive regression of the capacity of the
denervated SCs to sustain their growth-permissive
phenotype and the progressive decline in numbers of
growth-supportive SCs in the chronically denervated
distal nerve stumps.36,40
A clinical correlate of our experimental crosssuture paradigm is the injuries to large nerve stumps
in which SCs of the distal nerve stumps are left
chronically denervated due to the slow rate of
regenerating axons. The longer it takes for regenerating axons to reinnervate SCs in the distal nerve
stumps, the more prolonged the period of chronic
denervation is during which the SCs do not have
contact with axons and the higher the likelihood that
their capacity to support regenerating axons is
impaired.2,6,10 We believe that this is partly why
reinnervation and subsequent functional recovery in
muscle targets located close to regenerating motoneurons are better than in more distally placed
muscle targets.

Chronic Neuronal Axotomy
Injured neurons whose axons may or may not be
regenerating but have not made target connections
are said to be subjected to chronic axotomy.5,12,14 For
example, after brachial plexus injury, the injured
neurons have to regenerate over a long distance
before they can reinnervate some of the denervated
muscles and are thereby being subjected to chronic
axotomy. To the test the effect of chronic axotomy, we
also used the cross-suture technique by using the 2
branches of rat sciatic nerve. The TIB branch of the
sciatic nerve is cut and its regeneration is delayed for
periods of 1-6 months prior to cross-suturing the
proximal stump of the chronically axotomized proximal stump of the TIB nerve into a freshly cut distal CP
nerve. This way, the effect of chronic TIB axotomy on
the reinnervation of a freshly injured distal CP nerve
can be directly estimated. Using this paradigm and
the outcome measures described above, we found
that the number of motoneurons that regenerated
their axons fell progressively as a function of
prolonged time of chronic axotomy to ~37% of those
that regenerated without the effect of chronic axotomy.5,7 This reduced capacity to regenerate after
chronic axotomy is significant, especially when
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combined with the deleterious effect of chronic
denervation, both of which occur concurrently particularly after injuries to large nerve trunks such as the
brachial plexus. The progressive decline in regenerative capacity of the chronically axotomized motoneurons was paralleled by a decline in the
upregulated RAGs.41 The dramatic negative effect of
reduced regenerative capacity of the chronically
axotomized motoneurons did not affect the ability of
the neurons to reinnervate up to 3 times as many
muscle fibers as normal, the fewer motoneurons
enlarging their motor units and the number of muscle
fibers supplied by each reinnervating motoneuron.5
Thus, chronic axotomy impairs the regenerative
capacity of motoneurons but does not impair the
capacity of the smaller number of regenerated motor
axons to make functional connections with denervated muscle fibers.

Staggered Axon Regeneration and Misdirection of Regenerating Axons
One of the key prerequisites for successful
functional recovery is that regenerating axons regenerate into the correct endoneurial tubes that direct
them back to their original target organs. However, we
found that regenerating axons encounter a significant
delay at the injury site and traverse the injury site into
the distal nerve stumps in a staggered fashion
(staggered axonal regeneration). Indeed, the crossing
of regenerating axons occurs slowly prior to the entry
of the regenerating axons into the distal nerve
stumps. It is only once the axons enter the distal
stumps that they regenerate at the slow rate of
transport of 1-3 mm/d.
Functional outcomes after axonal injuries are best
after nerve crush injuries in which the endoneurium
remains anatomically intact all the way to the target,
and axonal sprouts of the regenerating unit are
contained within the original endoneurium so the
regenerating axons are led back to their original
targets.3 With time, reinnervated muscle fibers display
the normal mosaic distribution of muscle fiber types,
motor unit and muscle isometric forces recover fully,
the original number of functional motor units is
restored, and the numbers and diameters of the
myelinated nerve fibers return to normal.42
Nerve injuries that disrupt the endoneurial tubes
(such as axonotmetic or neurotmetic injuries) whereby regenerating axons have to find their original
endoneurial tubes introduces potential for errors
during the regenerative process. Axonal sprouts
emanating from the proximal nerve stump may enter
several different endoneurial tubes with target destinations that they did not formerly supply as in the
case of motor axons that regenerate within pathways
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leading to the skin rather than muscle.43 Experiments
that applied retrograde dyes to regenerated axons of
transected sciatic and facial nerves in rats directly
demonstrated the misdirection of regenerating motor
axons from several different motoneuron pools to
muscles that the motoneurons did not formerly
supply.44 In cases where the nerves supplied muscles
with antagonistic actions, axonal misdirection was
associated with inappropriate movements, quite
consistent with findings that flexor and extensor
motoneurons sustain their normal but inappropriate
pattern of firing when they are directed to inappropriately reinnervate extensor and flexor muscles, respectively.45 We believe that this misdirection of
regenerating injured axons plays an important role
in reducing functional recovery after nerve injuries.
There are some exceptions to the misdirection of
regenerating axons even after a transaction injury.
These include several peripheral nerve trunks whose
branches innervate skeletal muscles and sense
organs in the skin and the joints. Examples include
the femoral nerve with two branches, the muscle
branch containing motor and sensory nerves to the
quadriceps muscle, and the other pure sensory
saphenous nerve branch to the skin.43 Although
reinnervation of motor and sensory nerve branches
is initially random, the motoneurons that progressively regenerate their axons across the suture site send
their axons into the appropriate motor branch.43,46
This preferential motor reinnervation emerged in
parallel with the progressive or staggered regeneration of motor axons into the distal nerve stumps.46 An
unusual acidic glycan associated with myelin profiles
of motor but not sensory mouse axons that is
recognized by a monoclonal antibody L2/HNK-1
may be one mechanism of the preferential reinnervation of appropriate pathways.47,48 The differential
neurotrophic factor profile in SCs derived from
sensory and motor axons with the BDNF/NT4/5 profile
is also likely to play an important role in preferential
reinnervation of motor pathways.49

CONCLUSIONS
A tremendous amount of progress has been made
in our understanding of the microanatomy, pathophysiology, and microsurgical management of injured
nerves. These advancements have improved the
quality of care provided to patients inflicted with nerve
injuries and often result in better functional recovery.
However, patients who fail to recover good function
despite excellent microsurgical care pose a challenge
to the nerve surgeon. The upregulation of RAGs is
short lived, and there seems to be a time window of
opportunity during which SCs provide a growthsupportive environment and the injured neurons can
regenerate their axons. The time-limited upregulation
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of RAGs and the slow rate of axonal regeneration
result in progressive loss of neurotrophic support for
the injured neurons and their regenerating axons,
hence chronic SC denervation and chronic neuronal
axotomy.5,6,23 Therefore, in our laboratory at Ochsner,
we focus on 2 possible approaches to combat the
gap between the timing of upregulation of RAGs and
the slow rate of regeneration including experimental
strategies that accelerate the rate of axonal regeneration and sustain the neurotrophic environment for
regenerating axons for longer periods. We demonstrated the positive effect of brief (1 h) low-frequency
electrical stimulation in accelerating axonal regeneration by modulating the expression of RAGs.46,50-52
We also showed the positive effect of transforming
growth factor beta in reactivating and sustaining the
expression of RAGS by chronically denervated SCs.
We are now exploring the role of transplantation of
stem cells into the distal nerve stumps and the use of
enhanced nerve guidance channels or conduits that
will not only eliminate the need for autografts but will
also allow for positive modulation of the growthpermissive environment for axons traversing the
guidance channels into the distal nerve stumps.53,54
We believe that the ultimate solution to improve
functional recovery in the subset of patients who
currently do not do well with microsurgical repair is a
combination of several neurobiological approaches to
overcome the challenge of the limited time window for
optimal nerve regeneration.
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