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Electrical Stimulation Promotes Motoneuron Regeneration without
Increasing Its Speed or Conditioning the Neuron
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Motoneurons reinnervate the distal stump at variable rates after
peripheral nerve transection and suture. In the rat femoral nerve
model, reinnervation is already substantial 3 weeks after repair,
but is not completed for an additional 7 weeks. However, this
“staggered regeneration” can be temporally compressed by
application of 20 Hz electrical stimulation to the nerve for 1 hr.
The present experiments explore two possible mechanisms for
this stimulation effect: (1) synchronization of distal stump rein-
nervation and (2) enhancement of regeneration speed. The first
possibility was investigated by labeling all motoneurons that
have crossed the repair at intervals from 4 d to 4 weeks after rat
femoral nerve transection and suture. Although many axons did
not cross until 3-4 weeks after routine repair, stimulation sig-
nificantly increased the number crossing at 4 and 7 d, with only

a few crossing after 2 weeks. Regeneration speed was studied
by radioisotope labeling of transported proteins and by antero-
grade labeling of regenerating axons, and was not altered by
stimulation. Attempts to condition the neuron by stimulating the
femoral nerve 1 week before injury were also without effect.
Electrical stimulation thus promotes the onset of motor axon
regeneration without increasing its speed. This finding suggests
a combined approach to improving the outcome of nerve repair,
beginning with stimulation to recruit all motoneurons across the
repair, followed by other treatments to speed and prolong
axonal elongation.
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In the mid-eighteenth century, electrical stimulation became a
popular treatment for disorders of the nervous system (Du Bois-
Reymond, 1848; Duchenne de Boulogne, 1855). Although an
aura of charlatinism hung over this activity for many years, recent
work has demonstrated its potential. Peripheral nerve regenera-
tion has been manipulated with weak DC currents, pulsed elec-
tromagnetic fields (PEMFs), and alternating currents strong
enough to discharge the neuron. Weak DC currents orient and
direct regeneration in vitro (Hinkle et al., 1981; Patel and Poo,
1982) but produce inconsistent results in vivo (Politis et al., 1988;
Kerns et al., 1991, 1994; Kerns and Lucchinetti, 1992). PEMF,
attractive because of its noninvasive nature, increases the speed
of axon regeneration in the first week by 22-24% (Sisken et al.,
1989; Rusovan et al., 1992) but without improving functional
outcome (Orgel et al., 1984; Zienowicz et al., 1991). Against this
background, use of brief current pulses to repeatedly discharge
the parent neurons has emerged as a promising option (Nix and
Hopf, 1983; Pockett and Gavin, 1985).

We have studied the effects of brief electrical stimulation in the
rat femoral nerve model (Brushart, 1988). Proximally, at the site
of nerve transection and repair, axons destined for skin and
muscle intermingle within the nerve trunk. Regenerating motor
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axons that contact the distal stump will thus have access to
Schwann cell tubes that lead either to muscle or to skin. Distally,
the nerve bifurcates into a muscle branch to the quadriceps and
a purely cutaneous branch. The specificity of regeneration is
assessed by separately labeling and counting motoneurons that
have projected axons correctly to the muscle branch or incorrectly
to the cutaneous branch.

When the nerve is transected and sutured, reinnervation of the
distal stump occurs gradually (Brushart, 1990, 1993; Al-Majed et
al., 2000b). At 2 weeks, equal numbers of motoneurons project
correctly to muscle and incorrectly to skin. Between 2 and 10
weeks, the number of incorrect projections remains constant
while the number of correct projections gradually increases, dem-
onstrating a process of staggered regeneration. This “stagger” is
dramatically compressed, however, by application of 20 Hz elec-
trical stimulation to the site of nerve repair for 1 hr (Al-Majed et
al., 2000b). As a result, reinnervation 3 weeks after stimulation
and repair is equal to that requiring 8-10 weeks after suture
without stimulation.

The current experiments examine two potential mechanisms
for the reduction of regeneration “stagger” by electrical stimula-
tion: synchronization of growth across the nerve repair, or in-
crease in the speed of motor axon regeneration within the distal
stump. To examine the former possibility, our standard labeling
procedure was altered to permit identification of motor axons as
soon as they have crossed the repair and entered the distal stump.
Regeneration speed was studied by radioisotope labeling of trans-
ported proteins and by anterograde labeling of regenerating ax-
ons. Intraoperative stimulation promoted distal stump reinnerva-
tion, but had no effect on regeneration speed. Similarly, no



6632 J. Neurosci., August 1, 2002, 22(15):6631-6638

Brushart et al. « Electrical Stimulation Promotes Regeneration

Table 1. Organization of experiments

Experimental group

Manipulation

Technique of evaluation

Nerves per subgroup

Repair crossing

Proximal labeling control

Regeneration speed

Conditioning trial

Repair
Repair + stimulation

Repair

Normal nerve

Crush

Crush + stimulation
Crush

Crush + stimulation
Repair

Repair + stimulation
Normal nerve
Repair

Proximal labeling
Proximal labeling

Proximal labeling
Proximal labeling

4d (n = 12), 1 week (n = 10), 2 weeks (n = 9),
3 weeks (n = 10), 4 weeks (n = 10)

4d (n = 12), 1 week (n = 10), 2 weeks (n = 9),
3 weeks (n = 10), 4 weeks (n = 10)

Immediate (n = 6)

Immediate (n = 6)

Radiolabel Label 3 d after crush, count 4 d after crush (n = 5)
Radiolabel Label 3 d after crush, count 4 d after crush (n = 5)
Radiolabel Label 7 d after crush, count 8 d after crush (n = 5)
Radiolabel Label 7 d after crush, count 8 d after crush (n = 5)

Anterograde labeling
Anterograde labeling
Anterograde labeling
Distal labeling

Label 4 d after repair (n = 5)
Label 4 d after repair (n = 5)
Immediate (n = 4)

3 weeks (n = 11)

Stimulation, repair 7 d later
Stimulation, crush 7 d later

Distal labeling
Radiolabel

3 weeks (n = 11)
Label 7 d after crush, count 8 d after crush (n = 6)

conditioning effect was observed if stimulation was performed 1
week before the crush was delivered. Electrical stimulation thus
recruits motoneurons to cross the repair site and enter the distal
stump through a mechanism separate from that resulting in early
or “conditioned” increases in regeneration speed. This finding
suggests a combined approach to improving the outcome of nerve
repair, beginning with stimulation to recruit all motoneurons
across the repair, followed by other treatments to speed and
prolong axonal elongation.

MATERIALS AND METHODS

Experiments were performed on the femoral nerves of young adult (250
gm) female Sprague Dawley rats. The animals were anesthetized by
intramuscular injection of ketamine (87 mg/kg) and xylazine (13 mg/kg).
Four groups of animals were prepared (Table 1). The repair crossing
group evaluated the effect of electrical stimulation on the timing of distal
stump penetration by regenerating motor axons. Both femoral nerves of
each animal were transected and repaired, but only one repair was
stimulated. Repairs were evaluated by proximal labeling (Fig. 1) at 4 d
(n = 12 rats), 1 week (n = 10), 2 weeks (n = 9), 3 weeks (n = 10), and
4 weeks (n = 10) after surgery. Proximal labeling controls (n = 6 rats)
were evaluated to rule out spurious labeling of proximal stump axons by
diffusion of tracer and to establish the number of motoneurons normally
available for regeneration at this level of the femoral nerve. One femoral
nerve was transected and repaired followed by immediate proximal
labeling; the opposite nerve was labeled at the same level. The regener-
ation speed groups were designed to assess the speed of motor axon
regeneration within the distal stump. In radiolabeled animals [**S]me-
thionine was injected into motoneurons 3 or 7 d after crush to localize
the peak and front of advancing axons 4 d (crush, n = 5; crush +
stimulation, n = 5) or 8 d (crush, n = 5; crush + stimulation, n = 5) after
injury. Regeneration speed was also examined by anterograde tracing of
regenerating axons 4 d after femoral nerve repair (n = 5) or repair with
stimulation (n = 5). Four normal nerves were studied to determine the
maximum distance over which axons could be traced with this technique.
The conditioning trial groups examined the possibility that electrical
stimulation might condition the neuron to respond to subsequent injury
with more rapid axon elongation. Eleven rats underwent bilateral femo-
ral nerve exposure and unilateral stimulation (the potential conditioning
lesion), followed in 1 week by bilateral transection and repair. After 3
weeks of regeneration, motoneurons reinnervating the femoral cutane-
ous and muscle branches were evaluated with routine distal labeling (Fig.
1). In additional animals (n = 6), unilateral femoral exposure and
stimulation were followed in 1 week by nerve crush and evaluated by
[**S]methionine injection 7 d after crush and counting 1 d later.

Nerve repair and stimulation. The femoral nerve was sharply transected
1 mm distal to the iliacus branch, carefully aligned, and sutured with

11-0 nylon under 20-40X magnification. When required, stimulation
was delivered intraoperatively for 1 hr with animals under the same
anesthetic. A Grass (Quincy, MA) SD-9 stimulator delivered continuous
20 Hz stimulation (100 usec, 3-5 V) to fine silver wires placed at (anode)
and just proximal to (cathode) the repair.

Proximal and distal labeling of motoneurons. Proximal labeling was used
to identify motoneurons as soon as possible after their axons entered the
distal nerve stump (Fig. 1). The femoral nerve was exposed and crushed
1.5 mm distal to the suture line with narrow microforceps. A micropi-
pette was then introduced through the epineurium and perineurium
distal to the crush and advanced intraneurally to the crush zone. We
injected ~0.5 ul of 5% Fluororuby (FR; Molecular Probes, Eugene, OR)
with a Picospritzer (Parker Hannefin, Fairfield, NJ) to restore the flat-
tened crush zone to its normal rounded contour. Forty-eight hours later
the animals were deeply anesthetized before being perfused through the
left ventricle. A warm saline flush (150 ml) was followed by 500 ml of 4%
paraformaldehyde in 0.1 M Sorensen’s phosphate buffer. Postfixation in
the same solution overnight followed by immersion in 20% sucrose, also
in 0.1 m Sorensen’s phosphate buffer, prepared the tissue for sectioning.
Forty micrometer sections were cut on a freezing microtome, serially
mounted on glass slides, dried, and overlaid with coverslips using DPX
(Aldrich, Milwaukee, WI) to minimize extraneous fluorescence.

Distal labeling was performed to assess the potential for electrical
stimulation to act as a “conditioning” lesion (Fig. 1). This technique
separately identifies motoneurons projecting correctly to the quadriceps
muscle, incorrectly to the saphenous nerve, or simultaneously to both
(double-labeled). The muscle branch is severed as it enters the quadri-
ceps muscle; the cutaneous branch is cut an equivalent distance from the
femoral bifurcation to produce proximal cutaneous and muscle stumps of
equal length. One stump (randomly chosen) is exposed to 3% Fluoro
Gold (FG; Fluorochrome, Denver, CO) for 1 hr in a well of petroleum
jelly, after which it is copiously irrigated and loosely sutured to a distant
portion of the wound. The other stump is then exposed to 5% FR for 1
hr, similarly irrigated, and sewn to the opposite corner of the wound to
prevent cross-contamination by diffusion of tracers. Subsequent prepa-
ration follows the protocol for proximal labeling given above.

Motoneuron counting and data analysis. Spinal cord sections were
viewed with fluorescent light (FG, 323 nm excitation, 408 nm emission;
FR, 555 nm excitation, 580 nm emission) by an observer unaware of the
experimental treatment. All labeled motoneurons were counted, and the
presence of split cells was corrected for as described by Abercrombie
(1946). The validity of this approach has been discussed previously
(Brushart et al., 1998). Results in the repair crossing group were first
used to determine the mean total number of motoneurons that had
crossed the repair at each time period in stimulated and nonstimulated
groups. These means were subjected to ¢ test comparison. The reinner-
vation process was then further characterized by using this data to
calculate the number of new motoneurons crossing the repair at each
interval between labeling times. This value was obtained by subtracting
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Figure 1. Proximal and distal labeling. Proximal labeling identifies motor

axons as soon as possible after they have entered the distal stump, but it
does not differentiate between cutaneous and muscle pathways. Distal
labeling is performed after axons have been segregated into cutaneous
and muscle branches, revealing their destination but not their early
behavior.

the mean number of motoneurons labeled at the beginning of the interval
from the mean number labeled at the end of the interval for both
stimulated and nonstimulated groups. The resulting means were also
subjected to ¢ test comparison.

In the conditioning trial each femoral motoneuron pool was counted
for: (1) FR-labeled motoneurons, (2) FG-labeled motoneurons, and (3)
double-labeled motoneurons. Each group was then characterized by
three means: the mean number of motoneurons projecting correctly to
the muscle branch, the mean number projecting incorrectly to the cuta-
neous branch, and the mean number of “double-labeled” neurons, those
projecting axon collaterals to both branches. A standard two-sample # test
was used to compare counts of motoneurons projecting to cutaneous and
muscle branches within each group and to muscle or cutaneous branches
between the groups.

Radiolabeling experiments. In the regeneration speed experiments, fast
axonal transport was used to determine the locations of regenerating
motor fibers either 4 or 8 d after regeneration was initiated by crushing
the sciatic nerve, with or without electrical stimulation (Forman and
Berenberg, 1978). Crush was chosen to initiate regeneration to eliminate
the confounding effects of regeneration stagger that accompany nerve
transection and suture. Conditioning trial animals received stimulation 1
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week before crush and analysis 8 d after crush. All experiments were
performed in 7-week-old Sprague Dawley rats to standardize the rate of
axoplasmic transport. The sciatic nerve was crushed 5 mm distal to the
hamstring branch twice for 30 sec with microforceps, and the site was
marked with a 10-0 nylon suture. Either 3 or 7 d after crush, motor
neurons were labeled at four sites along the L4 and L5 levels of the spinal
cord by injecting 1 ul of [ **S]methionine (50 wCi/ul) at each site (Lasek,
1968). Animals were killed 1 d after labeling, (4 or 8 d after crush).
Sciatic nerves were removed and cut into consecutive 3-mm-long seg-
ments so that the 1-mm-wide crush site was located 2 mm from the
proximal end of its segment. Each segment was dissolved in 100 ul of 2
N NaOH at 60°C for 1 hr. Samples were cooled and neutralized with 100
ul of 2 N HCI before levels of radioactivity were measured by liquid
scintillation spectroscopy. Mean values and SEs were plotted as a func-
tion of distance from the crush site. The distance from the crush at which
the level of radioactivity in the leading edge of the curve fell to 50% of
mean peak value was used to characterize each nerve. Means were
determined for stimulated and nonstimulated nerves at 4 and 8 d and
were subjected to ¢ test comparison. The mean rate of regeneration was
calculated for stimulated and nonstimulated groups with the equation:
rate = (mean location of the leading edge at 8 d minus mean location of
the leading edge at 4 d)/4 d.

Anterograde tracing. The distal extent of axon regeneration was mea-
sured by anterograde tracing 4 d after nerve suture to correspond to the
earliest group in the proximal labeling studies. Axons were labeled by
crushing the nerve 2 mm proximal to the repair and injecting the crush
site with 2.5% Neurobiotin (Vector Laboratories, Burlingame, CA).
Four hours were allowed for anterograde transport, after which the
animals were perfused for 30 min with 4% paraformaldehyde in 0.1 M
Sorensen’s phosphate buffer. The nerves were removed, post-fixed in the
perfusate, and stored in 20% sucrose in Sorensen’s phosphate buffer.
They were then embedded in 10% gelatin, 10% sucrose, and sectioned
longitudinally at 60 um on a sliding microtome.

Tissue sections were rinsed in PBS (3X 10 min), blocked with 50%
methanol containing 0.4% Triton X-100 and 3.3% hydrogen peroxide (1
hr), and rinsed again before soaking in serum-free blocking agent (Dako,
Carpenteria, CA; 1 hr). A third rinse was followed by incubation in
streptavidin labeled with Cy3 [Jackson ImmunoResearch, West Grove,
PA; absorption (abs) 550, emission (em) 570] diluted 1:500 in PBS for 1
hr and a final rinse in PBS. Some specimens were also processed to
demonstrate laminin with a second fluorescent label. These were trans-
ferred directly to serum-free blocking agent, then reacted overnight with
antibodies to laminin (Sigma, St. Louis, MO; L-9393) diluted 1:250 in
serum-free blocking agent. The following morning sections were treated
with Alexa Fluor 488 (Molecular Probes; abs 495, em 518) diluted 1:300
for 2 hr before a final rinse with PBS. Sections were mounted on glass
slides, coverslipped with DPX, and viewed with a Nikon Optiphot fluo-
rescent microscope. A calibrated reticule was used to measure the far-
thest distance traveled by at least five axons in each nerve.

RESULTS

Repair crossing
Proximal labeling was used to evaluate 102 nerve repairs in the 51
animals of the repair crossing group. All animals underwent
bilateral repair with unilateral stimulation. Evaluation was per-
formed at 4 d (n = 12 animals), 1 week (n = 10), 2 weeks (n = 9),
3 weeks (n = 10), and 1 month (n = 10). The results of this
evaluation are first presented as the total number of motoneurons
labeled at each time period in stimulation (stim) and control
(cont) groups (Fig. 2). Even at 4 d, more motoneurons have
crossed the repair site to reinnervate the distal stump in the
stimulated group (stim, 40; cont, 13; p = 0.02). Significantly more
motoneurons are labeled after stimulation at subsequent time
periods ( p < 0.003) until 4 weeks, when the curves converge (p =
0.14). Stimulation thus increases distal stump reinnervation
throughout the 3 weeks after nerve transection and repair.
Greater insight into the effects of electrical stimulation on
distal stump reinnervation results from identification of the new
“crossing events” that occur during each interval between label-
ing times (Fig. 3). This value was obtained by subtracting the
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Figure 2. Cumulative distal stump reinnervation. The mean total num-
bers of motoneurons that have crossed the repair site with and without
stimulation are plotted as a function of time after repair. Significantly
more motoneurons have crossed in the stimulated nerves at all times
during the first 3 weeks.
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Figure 3. New crossing events. Each value was obtained by subtracting
the mean number of motoneurons labeled at the beginning of an interval
from the mean number labeled at the end of the interval for both
stimulated and nonstimulated groups. The means at the 0—4 d interval are
essentially the 4 d means, because a mean of only two motoneurons were
labeled at the time of repair. The means at 4 d to 1 week in this figure
represent the total number of motoneurons labeled at 1 week (Fig. 2) less
the 4 d values, and so forth for each interval. Stimulation causes a rapid
increase in crossing events to a peak between 1 and 2 weeks, with a more
gradual decline. In contrast, the control curve is biphasic with a more
gradual rise to an initial peak at 2 weeks, followed by rapid decline and
then a second peak at 4 weeks. Electrical stimulation thus recruits many
motoneurons to regenerate across the suture line and penetrate the distal
stump earlier than they normally would.

mean number of motoneurons labeled at the beginning of the
interval from the mean number labeled at the end of the interval
for both stimulated and nonstimulated groups. In the first 4 d of
the experiment, stimulation increases the mean number of mo-
toneurons crossing the repair from 13 to 40 (p = 0.02). Between
4 d and 1 week, 137 new motoneurons enter the distal stump after
stimulation, whereas only 84 enter in nonstimulated controls (p =
0.008). Between 1 and 2 weeks, the number of crossings after
stimulation remains constant (n = 140), whereas the controls rise
to a similar level (n = 157; p = 0.43). New crossing events are
much less frequent in the 2-3 week interval in both groups (stim
60, cont 35; p = 0.31). However, a significant difference again
emerges between 3 and 4 weeks as the stimulated group decreases
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Figure 4. Regeneration speed. Sciatic nerve crush with or without stim-
ulation was followed in 3 or 7 d by injection of [*>S]methionine into the
parent motoneuron pool, and counts were obtained from peripheral nerve
at 4 and 8 d, respectively. Counts per minute are plotted as a function of
distance from the crush site. Each curve represents the mean of five
nerves, normalized to facilitate comparison. Electrical stimulation had no
effect on regeneration speed at either 4 or 8 d after crush.

further toward the baseline, whereas a fresh wave of crossings is
seen in the controls (stim 14, cont 84; p = 0.001). In comparing
the two curves (Fig. 3), stimulation causes a rapid increase to a
peak between 1 and 2 weeks, with a more gradual decline. In
contrast, the control curve is biphasic with a more gradual rise to
an initial peak at 2 weeks, followed by rapid decline and then a
second peak at 4 weeks. Electrical stimulation thus profoundly
alters the response to nerve transection and repair by recruiting
many motoneurons to regenerate across the suture line and pen-
etrate the distal stump earlier than they normally would.

Proximal labeling controls

The proximal labeling controls confirmed the effectiveness of this
technique. Injection of FR immediately after repair in six nerves
labeled a mean of only two motoneurons, eliminating the possi-
bility that diffusion of tracer across the suture line labeled prox-
imal stump axons in significant numbers. Injection of uninjured
nerve labeled a mean of 412 motoneurons, an increase over the
number labeled distally from the quadriceps branch in previous
experiments because of the intervening branch to pectineus
(Brushart et al., 1998).

Regeneration speed-radiolabeling

Data from the regeneration speed experiments are summarized
in Figure 4. The distribution of counts obtained 4 and 8 d after
injury are strikingly similar for stimulated and nonstimulated
groups. These data were further analyzed by characterizing each
experimental nerve by the distance from the crush at which the
level of radioactivity in the leading edge of the curve fell to 50%
of the mean peak value. Means of this value were obtained for
each group: 4 d control, 7.05 = 0.93 mm; 4 d stim, 6.85 = 0.55
mm; 8 d control, 20.14 = 0.86 mm; 8 d stim, 20.36 * 0.62 mm.
Comparison of these means revealed no significant differences at
either 4 (p = 0.858) or 8 (p = 0.837) d, providing no evidence for
a significant stimulation effect on regeneration speed. Calculation
of mean regeneration speed from these values yielded a speed of
3.38 = 0.58 mm/d with stimulation and 3.27 = 0.90 mm/d without
stimulation.
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A

Figure 5. Confocal microscopy of labeled motoneurons and axons. A-C represent femoral motoneurons retrogradely labeled with Fluoro Ruby (Scale
bar, 100 wm). 4, Normal femoral motoneuron pool; B, femoral motoneuron pool 1 week after nerve repair without stimulation. Motoneurons were
labeled by crushing the nerve 1.5 mm distal to the repair and injecting the crush site with Fluoro Ruby (proximal labeling technique, Fig. 1). This
technique labels axons as soon as they have entered the distal stump. C, Femoral motoneuron pool 1 week after nerve repair with stimulation,
demonstrating an increase in the number of motoneurons that have crossed the repair site. D—F, Peripheral nerve double-labeled by anterograde
transport of Neurobiotin (red) and antibodies to laminin ( green) (Scale bar, 10 wm). D, Normal nerve 8 mm distal to the injection site, demonstrating
nearly complete labeling of the nerve. E, Longitudinal section of normal nerve. The myelin sheath remains unlabeled. F, Axon reinnervating the distal
stump. The axon is closely opposed to the basement membrane and is clearly identifiable by its growth cone. The Schwann cell tube below the axon
contains fragmented diffusion artifact, which is confusing when viewed in cross-section but easily identified by its contour on longitudinal section. G,
Profusely branched axon with multiple growth cones crossing the repair site of a stimulated animal. The axon is labeled with Neurobiotin only (Scale

bar, 50 wm).

Regeneration speed-anterograde tracing

Four days after nerve repair without stimulation, regenerating
axons had traveled a mean of 3.38 mm (range, 2.8—4.0 mm)
(Fig. 5). After stimulation, they traveled a mean of 3.16 mm
(range, 2.8-3.8 mm). Stimulation thus failed to increase regen-
eration speed (p = 0.4298). Labeled axons could be traced for
10-12 mm. from the site of Neurobiotin injection in normal
nerve, confirming the effectiveness of our technique for the
study of early regeneration.

Conditioning trial

The conditioning trial experiments investigated the possibility
that stimulation might condition the neuron to elongate more
rapidly after subsequent injury. A potential conditioning effect
was sought by distal labeling after femoral nerve suture (Fig. 6)
and with transport studies after sciatic crush (Fig. 7). Stimulation
1 week before femoral nerve suture had no significant effect on
either the number of motoneurons that correctly reinnervated the
muscle branch (stim, 112; sham stim, 115; p = 0.86) or that
incorrectly reinnervated the cutaneous branch (stim, 105; sham
stim, 124; p = 0.40). Previous stimulation thus had no effect on
the outcome of reinnervation in this model. Similarly, the speed
of regeneration 8 d after sciatic crush was not altered by stimu-
lation 1 week before the injury, because the location of the 50%
mean peak value did not differ significantly from that in controls
(conditioning trial, 20.86 *+ 0.31; control, 20.14 = 0.86; p = 0.39).
In aggregate, these experiments establish that stimulation alone
has no significant impact on the outcome of regeneration when

the nerve is subsequently injured, and thus does not serve as a
“conditioning” lesion.

DISCUSSION

Staggered regeneration

Attempts to quantify axon behavior after peripheral nerve tran-
section and repair have focused on the number of axons regen-
erating (Jenq and Coggeshall, 1984; Scherer and Easter, 1984;
Mackinnon et al., 1991), their speed (Forman and Berenberg,
1978; Forman et al., 1979; Danielsen et al., 1986; Jacquin et al.,
1992), and their initial delay at the suture line (Forman et al.,
1979; Danielsen et al., 1986; Holmquist et al., 1993). The asyn-
chrony of axon regeneration, which we have termed “staggered
regeneration,” has received little attention. Axon counts alone
cannot detect regeneration stagger because of the multiple
sprouts generated by each regenerating axon (for review, see
Brushart, 1993). An identical picture would result if all proximal
axons penetrated the distal stump with two collaterals, or half the
proximal axons failed to regenerate and the other half generated
four collaterals each. Similarly, studies of regeneration speed or
suture line delay that identify only the fastest growing axons
(Forman et al., 1979; Jacquin et al., 1992; Holmquist et al., 1993)
will ignore those left behind. However, use of radiotracers to
pinpoint the location of growth cones throughout the nerve
should be more informative. In fact, both studies of transected
and sutured nerve (Forman and Berenberg, 1978; Danielsen et
al., 1986) identified substantial numbers of axons that failed to
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Figure 6. Conditioning trials—distal labeling. The femoral nerve was
exposed bilaterally and stimulated unilaterally in 11 rats. One week later,
both femoral nerves were transected and repaired. After allowing 3 weeks
for regeneration, results were evaluated with distal labeling. For both
groups of 11 nerves, the black bar represents the mean number of
motoneurons projecting correctly to the muscle branch, the white bar
represents the mean number projecting incorrectly to the cutaneous
branch, and the striped bar represents the mean number projecting to both
branches (double-labeled). Stimulation 1 week before repair had no effect
on the outcome of regeneration.
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Figure 7. Conditioning trials-radiotracer. Sciatic nerve stimulation was
followed in 1 week by crush. Label was injected 7 d after crush, and
specimens were counted 1 d later. These animals do not differ significantly
from the 8 d regeneration speed controls, and thus provide no evidence
for a conditioning effect.

cross the suture line by up to 2 weeks after suture. Similar findings
were obtained when regenerating nerves were studied longitudi-
nally with a vibrating probe (Kerns et al., 1991). Evidence of
staggered regeneration has thus resulted from those studies ca-
pable of detecting it.

Regeneration stagger is observed most readily by sequential
application of retrograde tracing to identify neurons that project
to a given area of nerve. Neurons that do not reach the site of
labeling will not be counted, whereas those that project multiple
sprouts will still be identified only once. Sequential evaluation of
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rat femoral nerve repair with distal labeling identifies only those
motoneurons that have crossed the repair and penetrated the
distal stump by 2.5 cm. Using this technique, we found the
number of motoneurons correctly reinnervating the quadriceps
muscle branch to increase progressively from two to 10 weeks
(Brushart, 1993; Al-Majed et al., 2000b). Our interest in regen-
eration stagger was sparked by the observation that it could be
temporally compressed by application of 20 Hz electrical stimu-
lation to the site of nerve repair for 1 hr during surgery (Al-Majed
et al., 2000b). The results of distal labeling 3 weeks after stimu-
lation and repair equaled those requiring 8—10 weeks after suture
without stimulation.

The mechanism by which electrical stimulation hastens regen-
eration to its completion is not revealed by distal labeling. We
have thus separately analyzed the effects of stimulation on initial
reinnervation of the distal stump and on the speed of axon
elongation within the distal stump environment. The technique of
proximal labeling (Fig. 1) was developed to identify axons as soon
as possible after they have crossed the repair. Its accuracy was
established by proximal labeling controls. The femoral nerve was
injected with tracer immediately after suture, confirming that,
under the experimental conditions, significant amounts of FR did
not diffuse the 1.5 mm between injection and repair sites. The
repair crossing experiments applied proximal labeling to the
evaluation of femoral nerve regeneration 4 d, 1 week, 2 weeks, 3
weeks, and 4 weeks after suture. Significantly more motoneurons
crossed the repair in stimulated animals at all time periods until
the results finally converged at 4 weeks (Fig. 2). A more mean-
ingful picture of regeneration stagger is obtained by quantifying
the new “crossing events” that occur during the intervals between
labeling (Fig. 3). This approach revealed that electrical stimula-
tion recruits many motoneurons to regenerate across the suture
line and penetrate the distal stump earlier than they normally
would. Whether quiescent motoneurons have been forced more
rapidly into their regeneration program or whether this program
has been modified to facilitate crossing the repair gap remains to
be determined.

Regeneration speed

Electrical stimulation could also modify regeneration by increas-
ing the speed of axon elongation within the distal stump. To
evaluate this possibility, we performed radiolabeling studies of
fast axoplasmic transport either 4 or 8 d after sciatic crush with or
without electrical stimulation. Previous measurements of motor
axon regeneration speed have relied on radiotracer evaluation at
sequential times after crush, plotting distance versus time to
determine speed (Forman and Berenberg, 1978; Danielsen et al.,
1986). In contrast, we have studied 10 nerves at 4 d (5 crush, 5
crush plus stimulation) and 10 at 8 d (5 crush, 5 crush plus
stimulation) (Fig. 4), characterizing each nerve by the distance
from the crush at which the level of radioactivity in the leading
edge of the curve fell to 50% of the mean peak value. This
measure should be more precise than characterization of the
front of regeneration by the drop-off to background at the leading
edge of the curve (Forman and Berenberg, 1978), a point more
easily influenced by the sampling interval. Subtraction of the 4 d
mean from the 8 d mean will then provide a precise measure of
the distance covered in 4 d. Using this technique, we determined
that motor axon regeneration occurred at a speed of 3.38 = 0.58
mm/d with stimulation and 3.27 = 0.90 mm/d without stimula-
tion. One hour of electrical stimulation at the time of nerve crush
thus had no significant effect on the speed of axon propagation
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within the distal nerve stump. These rates are consistent with
previous findings (Forman and Berenberg, 1978; Danielsen et al.,
1986).

We also studied regeneration speed after femoral nerve tran-
section and repair by using anterograde transport of neurobiotin
to label advancing axons in the distal stump (Fig. 5). Stimulation
did not significantly alter the distance traveled by regenerating
axons (p = 0.4298). Our morphologic findings thus corroborate
those based on the measurement of axoplasmic transport.

Conditioning

Although electrical stimulation immediately after crush had no
effect on the speed of motor axon regeneration, it still might
condition the neuron to respond to subsequent injury with an
increased rate of elongation. Such an effect is produced by pre-
injury application of PEMF (Sisken et al., 1989; Kanje et al.,
1993) as well as by relatively subtle injuries such as vibration
(Dahlin et al., 1992), mild compression (Dahlin and Kanje, 1992),
and inflammation near the cell body (Dahlin, 1992). Rat sciatic
nerve was subjected to trial conditioning stimulation for 1 hr,
followed in 1 week by either crush or transection and repair. This
pre-injury stimulation changed neither the speed of axon regen-
eration, nor the number of motoneurons correctly reinnervating
the muscle branch or incorrectly reinnervating the cutaneous
branch. We are thus unable to provide evidence that stimulation
conditions the neuron to respond to crush with increased regen-
eration speed or to transection and repair with more rapid devel-
opment of regeneration specificity. These findings strongly sug-
gest that stimulation in the absence of axonal injury does little to
alter the future behavior of the motoneuron.

Potential mechanisms

Recent experiments with the rat femoral nerve model demon-
strate that electrical stimulation affects the cell body directly and
suggest that brain-derived neurotrophic factor (BDNF) is in-
volved. Blocking action potential transmission from periphery to
neuron by application of a tetrodotoxin cuff during stimulation
abolished the stimulation effect, confirming involvement of the
cell body (Al-Majed et al., 2000b). Participation of BDNF in this
process is strongly supported by in situ hybridization studies of
motoneurons that reveal early, dramatic upregulation of mRNA
encoding BDNF and TrkB in response to stimulation (Al-Majed
et al., 2000a). This observation is consistent with evidence linking
electrical activity and BDNF expression in vitro (Gosh et al.,
1994) and in vivo (Castren et al., 1992), and implicating BDNF in
the stimulation of both CNS (Kobayashi et al., 1997; Menei et al.,
1998) and PNS (Utley et al., 1996; Lewin et al., 1997; Kohmura et
al., 1999; Zhang et al., 2000) regeneration.

Upregulation of BDNF by electrical stimulation is likely to
involve both calcium and cAMP. Ca?* influx couples electrical
activity to subsequent gene expression in several systems (Fink-
beiner and Greenberg, 1998). The initial calcium flux may be
amplified by calcium-induced calcium release (Kocsis et al., 1994)
to activate the CAMP response element-binding protein (CREB)
(Grewal et al., 2000). In the specific case of BDNF, Ca?* signal-
ing is propagated to the CREB-mediated component of BDNF
expression by CaM kinase I'V (Shieh and Ghosh, 1999). Although
both BDNF and TrkB are produced intraneurally, they are both
rapidly externalized in response to membrane depolarization
(Meyer-Franke et al., 1998; Balkowiec and Katz, 2000), opening
the possibility of receptor-mediated autocrine signaling. The spe-
cific pathways through which BDNF plus TrkB might then pro-
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mote regeneration are less clear (Goldberg and Barres, 2000),
potentially including the extracellular signal-regulated kinase sig-
naling cascade (Perron and Bixby, 1999) or the Akt pathway
(Namikawa et al., 2000). Another consequence of electrically
mediated Ca*" influx is an increase in intracellular cAMP
(Hempel et al., 1996; Shen et al., 1999) through activativation of
Ca?*-dependent adenylate cyclase (Xia and Storm, 1997). Ele-
vated intracellular cAMP is a potent stimulator of axonal regen-
eration in vivo (Pichichero et al., 1973; Gershenbaum and Roisen,
1980; Kilmer and Carlsen, 1984; Carlsen et al., 1987). It may
promote regeneration by directly activating downstream path-
ways through PKA (Cai et al., 1999) or by helping axons to
overcome the inhibitory effects of MAG in the distal pathway
(Schafer et al., 1996; Torigoe and Lundborg, 1998; Cai et al.,
1999; Ming et al., 2001).

Implications

This study has implications for both the quantitative assessment
of regeneration and the formulation of strategies to improve
clinical outcome. Most previous efforts to quantify regeneration
were not equipped to detect variability in the timing of distal
stump reinnervation. However, serial examination with radiola-
beled proteins (Danielsen et al., 1986) and axon tracing tech-
niques (Al-Majed et al., 2000b) suggested a more complex pic-
ture. Identification of motoneurons as soon as they project across
the repair confirms and expands these results; whereas some
motor axons enter the distal stump in 4 d, others require up to 4
weeks. Regeneration stagger is thus a morphologically significant
attribute of nerve repair that should be considered in future
studies. The substantial effects of electrical stimulation in com-
pressing regeneration stagger suggest its use as a clinical tool.
However, stimulation has no effect on the speed of axon elonga-
tion. A combined approach will most likely be required, with a
“start-up” technique such as electrical stimulation, followed by
treatments directed at the neuron and growth cone to speed
regeneration, at the pathway to maintain responsiveness of de-
nervated Schwann cells and at the end organs to maintain their
viability.
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