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Recent advances in understanding the role of neurotrophins on
activity-dependent plasticity have provided insight into how be-
havior can affect specific aspects of neuronal biology. We present
evidence that voluntary exercise can prime adult dorsal root
ganglion neurons for increased axonal regeneration through a
neurotrophin-dependent mechanism. Dorsal root ganglion neu-
rons showed an increase in neurite outgrowth when cultured from
animals that had undergone 3 or 7 days of exercise compared with
sedentary animals. Neurite length over 18–22 h in culture corre-
lated directly with the distance that animals ran. The exercise-
conditioned animals also showed enhanced regrowth of axons
after an in vivo nerve crush injury. Sensory ganglia from the 3- and
7-day-exercised animals contained higher brain-derived neurotro-
phic factor, neurotrophin 3, synapsin I, and GAP43 mRNA levels
than those from sedentary animals. Consistent with the rise in
brain-derived neurotrophic factor and neurotrophin 3 during ex-
ercise, the increased growth potential of the exercise-conditioned
animals required activation of the neurotrophin signaling in vivo
during the exercise period but did not require new mRNA synthesis
in culture.

neurotrophin � gene expression � plasticity � neural activity � experience

A lterations in neuronal activity can lead to lasting changes in
the ability of the nervous system to transduce information

(1). Such synaptic plasticity is well documented in the developing
nervous system where the levels of neuronal activity can influ-
ence the eventual organization of cortical circuits (2). More
recent studies (3) indicate that activity-dependent plasticity is
retained into adulthood. The morphological basis of lasting
forms of activity-dependent synaptic plasticity is manifest as an
overall change in the number and�or area of synaptic contacts
(1–3). In the developed organism, both of these processes
require remodeling of synaptic structures, either through retrac-
tion of existing neuronal processes or by growth of new neuronal
processes.

Formation of synaptic contacts and growth is a dynamic process
that is largely affected through interactions with the environment,
such that experience can imprint the nervous system by regulating
these events (3). Neurotrophins, originally described for their role
on growth and differentiation of neurons, are becoming recognized
as regulators of synaptic plasticity (4, 5). The levels of the neuro-
trophins and�or their receptors can be altered by neuronal activity,
thus providing a potential means to perpetuate changes in synaptic
transmission (6, 7). Brain-derived neurotrophic factor (BDNF) and
neurotrophin 3 (NT3) are important for the regulation of sensori-
motor function taking place at the muscle–dorsal root ganglion
(DRG)–spinal cord interface (8–10). We previously showed that
the expression of BDNF and NT-3 is increased in the spinal cord
and skeletal muscle after voluntary exercise and this alters expres-
sion of synapsin I mRNA in motor neurons (11–13). Here, we have
asked how voluntary exercise affects the structural plasticity of the
DRG. Exercise increased the capacity for axonal outgrowth from
cultured DRG neurons and for nerve regeneration in vivo. Phar-
macological inhibition of Trk neurotrophin receptors before exer-

cise indicates that activation of neurotrophin signaling is required
for the priming effect of exercise on axonal regeneration.

Materials and Methods
Exercise Conditioning. For exercise conditioning, animals were
housed in individual cages with voluntary access to a running
wheel (11). Sedentary animals were housed in standard rodent
cages. Animals were treated with K252A before exercise to
evaluate the role of neurotrophin signaling during exercise. For
this purpose, latex microspheres were absorbed with a solution
of K252A or cytochrome C (CytC) as described (14). Briefly,
f luorescent latex microspheres (Lumafluor) were incubated in a
1:5 ratio with 46.8 ng��l solution of K252A (Biomol) or CytC
overnight at 4°C. Pelleted microspheres were resuspended in
1:10 in sterile water. A total of 3 �l of coated microspheres were
injected into the space surrounding the L4 and L5 DRGs by
injecting through the intervertebral foramina. The right side was
injected with K252A and the left with CytC. Approximately 12 h
after surgery, six of the animals were provided access to a
running wheel and the other six were housed in standard cages.

DRG Culture. L4–5 DRGs were dissociated and plated onto
polylysine�laminin-coated coverslips as described (15). To eval-
uate the role of transcription during the culture period, 80 �M
5,6-dichlorobenzimidazole 1-�-D-ribofuranoside (DRB; Sigma)
was included in the culture medium (16). After 20–22 h in vitro,
cultures were fixed in 4% paraformaldehyde and processed for
immunofluorescence (see below). For quantification of neurite
growth, digital images were captured, and the longest process of
�70 neurons for each condition was measured as described (17).

Nerve Crush and Analysis of Regeneration in Vivo. To evaluate the
effect of exercise on nerve regeneration, 7-day-exercised or
sedentary animals were subjected to unilateral sciatic nerve
crush at mid-thigh level as described (15). Three days after crush,
the sciatic nerve was transected at 8 mm distal to the crush site.
The nerve stump was placed in a blind-ended silicon cuff
containing FluoroGold (Fluorochrome, Denver) solution such
that nerve 5–8 mm distal to the crush site was contained within
the cuff. Two days after transection, the animals were killed, and
sciatic nerves and L4–5 DRGs were dissected and fixed in 4%
paraformaldehyde. Cryostat sections of the DRGs and sciatic
nerve were used for immunofluorescence as described below.

Immunofluorescence. Immunofluorescence for DRG cultures
and tissue sections was performed as described (18). The fol-
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lowing antibodies were used for indirect immunofluorescence:
mouse antineurofilament (1:1,000; Zymed), mouse anti-tubulin
�III (1:1,000; Chemicon), rabbit anti-FluoroGold antibodies
(1:100) and Texas red-conjugated donkey anti-mouse or FITC-
conjugated donkey anti-rabbit (1:400; Jackson Immuno-
Research).

Isolation of Total RNA and Real-Time Quantitative RT-PCR. For anal-
ysis of mRNA levels, total RNA was isolated from DRGs
immediately after dissection by using the RNA STAT-60 kit
(Tel-Test, Friendswood, TX). Quantitative real-time RT-PCR
was used determine the relative levels of BDNF, NT-3, synapsin
I, and GAP43 mRNAs. Amplification of GAPDH mRNA used
as a control. One hundred nanograms of total RNA was reverse-
transcribed by using TaqMan EZ RT-PCR core reagents (Per-
kin–Elmer). Fluorescently tagged probes and forward and re-
verse PCR primers, designed by Integrated DNA Technologies
(Coralville, IA), consisted of the following: BDNF, probe 5�-
AGTCATTTGCGCACAACTTTAAAAGTCTGCATT-3�,
forward primer 5�-GGACATATCCATGACCAGAAAGAAA-
3�, reverse primer 5�-GCAACAAACCACAACATTATC-
GAG3�; synapsin I, probe 5�-CATGGCACGTAATGGAGAC-
TACCGCA-3�, forward primer 5�-CCGCCAGCTGCCTTC-3�,
reverse primer 5�-TGCAGCCCAATGACCAAA-3�; and
GAP43, probe 5�-CTCATAAGGCTGCAACCAAAAT-
TCAGGCT-3�, forward primer 5�-GATGGTGTCAAACCG-
GAGGAT-3�, reverse primer 5�-CTTGTTATGTGTCCACG-
GAAGC-3�. Proprietary TaqMan probe and forward and
reverse primers were used for rat GAPDH (Applied Biosys-
tems). PCR was performed with ABI PRISM 7700 software. RT

reaction conditions were as follows: 2 min at 50°C to activate
uracil glycosylase, 30 min at 60°C for reverse transcription, and
95°C for 5 min to deactivate uracil glycosylase. Two-step PCR
consisted of 20 s at 94°C and 1 min at 62°C for 40 cycles.
SEQUENCE DETECTOR 1.6.3 software (Applied Biosystems) was
used to determine the threshold cycle, where the first significant
increase of fluorescence occurred in individual RT-PCR ampli-
fications. The threshold cycle values for BDNF, NT3, GAP43,
and synapsin I mRNAs were then normalized to the GAPDH
control amplification for each RNA template. The normalized
values were used to make comparisons across experimental
groups.

Statistical Analyses. Neurite lengths are displayed as mean � SEM.
Significance for mean neurite length between different conditions
was calculated by using Student’s t test (unpaired with unequal
variation). Correlation between neurite length and distance run
(i.e., revolution number) was assessed by calculation of Spearman’s
rank correlation coefficient. Potential significance of differences
RT-PCR signals were determined by using one-way ANOVA.

Results
Exercise Conditioning Increases DRG Growth Potential in Vitro. Pre-
vious studies (16, 19, 20) have shown that axonal injury can prime
DRG neurons for increased axonal regeneration both in vitro and
in vivo. To investigate the possibility that physiological stimuli
could also contribute to regenerative capacity, dissociated cul-
tures were prepared from L4–5 DRGs of animals that had been
allowed access to running wheels for 0, 3, or 7 days. The 0-day
time point constitutes the control sedentary animals. The pat-

Fig. 1. DRG neurons from exercised animals have increased neurite outgrowth in culture. (A–D) Representative images of DRG cultures (20 h duration) from
sedentary (A and B) or 3-day-exercised animals (C and D) that were immunostained for tubulin �III. The increased neurite length in the 3-day-exercised DRGs
required a montage to include the entire neuritic arbor of these neurons. Mean neurite length in DRG cultures from 0-, 3-, and 7-day exercise-conditioned animals
is shown in E (error bars � 2 � SEM). Student’s t test showed that differences in length of 3 and 7 days vs. 0 and 7 days vs. 3 days were statistically significant
(P � 0.0001 and P � 0.01, respectively). Mean neurite length in individual cultures vs. the distance run for individual animals (number of wheel revolutions) is
shown in F. Matched sedentary and 3-day-exercised animals are displayed as red circles and sedentary and 7-day-exercised animals as blue squares with neurite
length expressed as the percent of average sedentary length for each sample set (error bars � 2 � SEM). Linear regression revealed R2 of 0.855. Spearman’s rho
correlation coefficient calculation showed a highly significant correlation between distance run and neurite length (rho coefficient � 0.626, P � 0.001).
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tern and magnitude of neurite outgrowth was analyzed after 20 h
in culture. Neurons from the exercised animals (Fig. 1 C and D)
showed overall more robust neurite extension when compared
with neurons from the sedentary animals (Fig. 1 A and B).
Analogous to DRGs cultured after nerve crush (16, 19), the
neurites of the 3-day exercise-conditioned DRGs were less
branched than the sedentary DRG cultures. The cultures from
7-day exercise-conditioned animals showed similarly longer and
less branched neurites compared with the sedentary cultures
(data not shown). The length of the longest neurite was mea-
sured in 20-h DRG cultures prepared from each condition. Mean
neurite length in cultures from the 3-day-exercised animals was
statistically greater than that of the cultures from the sedentary
animals (Fig. 1E). Cultures from the 7-day-exercised animals
showed statistically longer neurites than those from the 3-day-
exercised animals (Fig. 1E), suggesting that capacity for axonal
outgrowth increased with longer periods of exercise. Comparing
of the mean neurite length with the number of wheel revolutions
in individual animals showed statistically significant correlation
between neurite outgrowth and distance run (Fig. 1F).

Transcription-Independent Growth from Exercise-Conditioned Neu-
rons. The increased neurite growth after exercise is reminiscent
of the accelerated axonal outgrowth seen in neurons cultured
after axonal crush injury (16, 17, 19, 21). In injury-conditioned
DRGs, this enhanced outgrowth does not require new RNA
synthesis in culture (16). To determine whether the increased
outgrowth from the exercise-conditioned neurons required new
mRNA synthesis in vitro, DRG cultures were treated with the
RNA synthesis inhibitor DRB. At 80 �M, DRB inhibits �95%
of new RNA synthesis in rat DRG cultures (16). Similar to
injury-conditioned neurons, inhibition of new mRNA synthesis
throughout the culture period did not affect axonal outgrowth
from the exercise-conditioned DRG cultures (Fig. 2).

Exercise-Conditioned Animals Show Increased Nerve Regeneration in
Vivo. To address the effect of exercise on axonal regeneration in
vivo, a peripheral nerve crush was performed on animals that had
been allowed access to a running wheel for 7 days. The sciatic nerve
of exercised and sedentary animals was crushed at the mid-thigh
level as described (18). The sciatic nerve was then transected at 0.8
cm distal to the crush site and proximal end of the transected nerve
stump was placed into a 0.5-cm blind-ended cuff containing the
retrograde tracer FluoroGold at 72 h after the initial crush injury.
Animals were killed 48 h later and then the number of L4–5 DRG
neuronal cell bodies that contained FluoroGold was determined.
The exercise-conditioned animals had approximately twice as many
FluoroGold-positive neurons than sedentary animals that received
identical nerve crush lesions (Fig. 3 A–D). Sections of sciatic nerve
distal to the crush site showed more axons in the nerves from the
exercised animals than in those from the sedentary animals (Fig. 3
F and G). Sections of uninjured sciatic nerve are shown for
comparison (Fig. 3E).

Exercise Induces Changes in DRG Gene Expression. In previous
studies (11–13), we showed that voluntary exercise increased
gene expression in motor neurons. Because the sensory nervous
system would also be stimulated by this physiological activity, we
asked whether exercise affects gene expression in the L4–5
DRGs. For this purpose, we used real-time RT-PCR to first
determine whether neurotrophin mRNA levels changed during
voluntary exercise. Both BDNF and NT3 mRNA levels were
increased by 3 days of exercise (Fig. 4). After 7 days of exercise,
BDNF and NT3 mRNA levels were �1.5-fold greater in the
DRGs of exercised animals than in those of sedentary animals.
In other systems, BDNF has been shown to regulate the tran-
scription of synapsin I mRNA (22). Thus, we asked whether the
increased BDNF levels during exercise might affect expression

of synapsin I mRNA in the DRG. Levels of synapsin I mRNA
increased by �2-fold in the DRG after 3 days of exercise and
remained elevated above sedentary levels at 7 days (Fig. 4). To
determine whether activity alters levels of gene products that are
known to be up-regulated during axonal growth, we analyzed the
GAP43 mRNA levels in DRGs of 0-, 3-, and 7-day-exercised
animals. High GAP43 mRNA expression is seen during periods
of developmental and regenerative axonal growth (23). GAP43
mRNA was higher in DRGs from the 3- and 7-day-exercised
compared with sedentary animals (Fig. 4).

Inhibition of Trk Tyrosine Kinase Blocks the Conditioning Effect of
Exercise. To address the potential activation and effect of neu-
rotrophin receptors during exercise, we used a pharmacological
inhibitor of the Trk tyrosine kinase, K252A (24), in an attempt
to block potential intracellular effects of neurotrophins. For this
experiment, latex microspheres were used as an in vivo reservoir
for release of K252A over a period of 3 days of exercise. Previous
studies (14, 25, 26) have used this method for sustained release
of neurotrophins or inhibitors in CNS tissues and have proven
the specificity of such microspheres in vivo by using CytC-
absorbed microspheres as a control. In this series of experiments,
equal volumes of K252A- or CytC-coated microspheres were
injected into the space surrounding L4 and L5 DRGs. Animals
were allowed to recover for 12 h after injection and were then
provided running wheel access for 3 days. Dissociated DRG
cultures were then prepared from the L4 DRGs and the L5
DRGs were used for isolation of RNA and RT-PCR. K252A
near completely blocked the conditioning effect of exercise on
neurite outgrowth when DRGs were cultured after 3 days of
exercise (Fig. 5A). Real-time RT-PCR was used to evaluate the
potential changes in mRNA levels after exercise in the animals
that had been injected with K252A and CytC. In the CytC-
injected DRGs, exercised animals had statistically higher syn-
apsin I and GAP43 mRNA levels than did those from sedentary

Fig. 2. Enhanced neurite outgrowth from exercise-conditioned neurons
does not require new mRNA synthesis in vitro. L4–5 DRGs were isolated from
sedentary and 7-day-exercised animals and dissociated for culture. The RNA
polymerase inhibitor DRB (80 �M) was included in the culture medium to
evaluate the requirement for new mRNA synthesis by the exercise conditioned
DRGs. After 22 h in vitro, cultures were fixed and stained for neurofilament.
Results are displayed as mean neurite length (error bars � 2 � SEM). Student’s
t test revealed P � 0.0001 for exercise plus DRB cultures vs. sedentary cultures.
Comparing exercised neurons cultured with vs. without DRB and sedentary
neurons cultured with vs. without DRG showed no statistically significant
differences (P � 0.05).
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animals (Fig. 5B). This increase in synapsin I mRNA after
exercise is identical to that seen in animals that had not been
manipulated before exercise (see Fig. 4). The exercise-induced
increase in synapsin I mRNA was effectively blocked by K252A
pretreatment (Fig. 5C). Thus, activation of Trk during exercise
contributes to the increase in synapsin I mRNA in the DRG.
Surprisingly, there was no statistically significant difference in
GAP43 mRNA levels comparing the K252A- and CytC-injected
ganglia (Fig. 5C). This finding suggests that Trk activity does not
contribute to the moderate increase in GAP43 mRNA levels that
are seen after 3 days of voluntary exercise (see Fig. 4).

Discussion
The results presented here indicate that voluntary physical activity
can prime adult sensory neurons for enhanced axonal regeneration
after subsequent axotomy. Both early neurite extension in vitro and
nerve regeneration in vivo were enhanced in sensory neurons of
exercised animals compared with those of sedentary animals.
Inhibition of RNA synthesis in cultures of exercise-conditioned
neurons did not affect neurite outgrowth in vitro, arguing that
exercise increases the expression of genes needed for rapid neurite
growth. Consistent with this notion, L4–5 DRGs from exercised
animals had higher levels of BDNF, NT3, synapsin I, and GAP43
mRNAs than did DRGs from sedentary animals. Injection of the
K252A inhibitor of Trk neurotrophin receptor activity into the
DRGs before exercise blocked the effects of exercise on synapsin
I transcription and attenuated the exercise-dependent increase in
neurite growth. This finding indicates that activation of neurotro-
phin signal transduction pathways during exercise plays a critical

role promoting the growth potential of DRG neurons. In previous
work (11, 13), we showed that exercise regulates gene expression in
the spinal cord. The increased rate of axonal outgrowth after
exercise in the current study now demonstrates a direct functional
outcome of exercise-dependent changes in gene expression.

The increased axonal outgrowth from the exercise-conditioned
neurons closely resembles the conditioning effect of peripheral
axotomy, where distal nerve injury primes neurons for more rapid
axonal regeneration after a second injury placed proximal to the
‘‘conditioning’’ injury (27–29). In an analogous fashion, our results
show enhanced nerve regeneration in animals that had exercised for
7 days compared with sedentary animals. In DRG cultures from 3-
and 7-day-exercised animals, the pattern of neurite growth was also
similar to that of injury-conditioned neurons. Cultures prepared
from L4–5 DRG of animals subjected to peripheral nerve crush 7
days before culture show processes �5-fold longer than those from
uninjured or naive DRGs over the first day in vitro (16). The
processes of injury-conditioned DRG neurons have fewer branches
when compared with naive cultures that show highly branched
processes (referred to as ‘‘elongating’’ vs. ‘‘arborizing’’ growth
patterns, respectively; refs. 16 and 19). Neurite growth from the 3-
and 7-day-exercised DRGs was comparable with this elongating
growth. Smith and Skene (16) argued that retrogradedly trans-
ported signals reduce the capacity for elongating growth in the
intact nerve, and axotomy alleviates this inhibitory effect. Cultures
of naive DRG cultures transition to elongating growth over 2–4
days in culture but this growth requires a period of at least 12 h for
new RNA synthesis in culture; elongating growth from the injury-
conditioned DRGs does not require new RNA synthesis in vitro

Fig. 3. Exercise-conditioned animals show increased nerve regeneration after crush injury. Sedentary and 7-day-exercised animals were subjected to sciatic
nerve crush. Three days after crush, the nerve was transected at 8 mm distal to the crush site and was exposed to FluoroGold for additional 2 days.
FluoroGold-positive neurons were more abundant in the L4–5 DRGs from the exercised animals (B) than in those from the sedentary animals (A). Costaining for
neurofilament antibody showed similar numbers of neurons in these sections (C and D). Mean number of retrogradedly labeled neurons (FluoroGold-positive,
left axis) and total neurons (neurofilament-positive, right axis) are presented of three serial sections from three animals for each condition in E (error bars � SD).
(G and H) Representative sections of sciatic nerve distal to the crush site that were stained for neurofilament (green) and counterstained with 4�,6-diamidino-
2-phenylindole (blue). Sections of uninjured sciatic nerve taken at a distal thigh level are shown for comparison (F). Only a few axons were discernable in the
sections of crushed nerve from the sedentary animals (arrow, H). (Scale bars: 50 �m in A–D and 20 �m in F–H).
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(16). This result suggests that injury induces transcription of new
gene products in vivo that can enhance axonal growth capacity. The
increased growth from the exercised-conditioned neurons and
elevations in neurotrophin and GAP43 mRNAs in our study argue
that exercise activates expression of mRNAs encoding proteins
needed for rapid elongating axonal growth. This idea is further
supported by the fact that inhibiting mRNA synthesis in culture did
not affect elongating growth from the exercise-conditioned neu-
rons. However, our studies do not distinguish between exercise
directly activating a growth program vs. exercise alleviating an
inhibitory signal in the sedentary animals.

The conditioning effect of exercise on axonal outgrowth from the
DRG neurons suggests that neural activity initiates molecular
changes similar to those seen in axotomized neurons. Studies in
other systems also support the notion that activity-dependent

plasticity and neurite regeneration share some mechanisms. Sero-
tonin stimuli that generate long-term facilitation, a form of synaptic
plasticity, also enhance regrowth of severed Aplysia axons (30).
Similar retrograde messengers, which transmit signals from axons to
the cell body, are activated by axonal injury and stimuli that
generate long-term facilitation (31). Recent work (32, 33) suggests
that analogous retrograde messengers are activated in vertebrate
axons after injury to signal the nucleus to initiate a regenerative
response. Increase in synapsin I and GAP43 mRNAs during
exercise likely illustrates an overlap between retrograde signals
induced by activity and injury. Synapsin I is a synaptic vesicle
protein that is up-regulated after nerve injury in some systems, and
this fact has been suggested to provide the growing axon with a
source of axoplasmic membranes (34). The inhibitory effect of
K252A pretreatment on the exercise-dependent increase in synap-
sin I mRNA indicates that activation of neurotrophin receptors
during exercise positively regulates synapsin I expression. In hip-
pocampal neurons, BDNF regulates synthesis of synapsin I to
increase neurotransmitter release (22). GAP43, on the other hand,
has a more direct tie with injury. High GAP43 mRNA levels, both
during development and after injury, correlate with periods of
axonal growth and GAP43 protein localizes to growth cones (23).
However, there is also evidence that GAP43 can play a role in
synaptic function, because overexpression of GAP43 enhances
learning in transgenic mice (35), and neural activity leads increased
GAP43 expression in wild-type mice (35, 36). The lack of any effect
of K252A treatment on exercise-induced GAP43 expression in our
system suggests that GAP43 mRNA, in contrast to synapsin I
mRNA, may be more directly regulated by neural activity than by
Trk signaling in our experimental system. Nonetheless, we cannot
exclude the possibility that differences in GAP43 levels with K252A
vs. CytC treatment may be more apparent with longer duration of
exercise where differences in GAP43 levels reached higher statis-
tical significance.

Activity-dependent increase in BDNF and NT3 is one means by
which exercise could trigger the increased axonal growth potential
in the DRG neurons. The decrease in neurite outgrowth with
K252A pretreatment in exercised animals argues that neurotro-
phins play an essential role in regulating DRG growth potential.
Growth-promoting effects of the neurotrophins are well character-
ized (37). In recent years, it has become clear that neurotrophins
can also play a role in synaptic function or plasticity (4, 5). BDNF,
NT3, and NT4 have been shown to exert rapid, local effects on
neuronal excitability and synaptic efficacy (38). In addition to such
immediate effects, neurotrophins can exert more lasting effects on
synaptic function by altering gene expression and structure of
synaptic contacts (39–42). Activity-dependent release of and syn-

Fig. 4. Exercise increases mRNA levels in the DRG. Levels of BDNF, NT3,
synapsin I, and GAP43 mRNAs in the L4–5 DRG were measured by real-time
RT-PCR. All values were normalized for the amplification of GAPDH. BDNF,
NT3, synapsin I, and GAP43 mRNA levels are expressed as a percentage relative
to the 0-day-exercised animals (error bars � standard SD for �5 animals per
condition). BDNF, NT3, synapsin I, and GAP43 each showed statistically signif-
icant differences when comparing the 3- and 7-day with the 0-day samples
with P � 0.05 (*) or �0.01 (**) by ANOVA.

Fig. 5. Inhibition of Trk receptors before exercise blocks exercise-induced growth and synapsin I mRNA increase. (A) L4–5 DRGs were pretreated with K252A
(gray columns) or CytC (white columns) before exercise as described in Materials and Methods. After a 3-day exercise period, L5 DRGs were cultured for 20 h.
Mean neurite length is presented (error bars � 2 � SEM). The difference between CytC-exercised DRG vs. K252A-exercised DRG is statistically significant (**, P �
0.0001 by Student’s t test). Although mean neurite length in the K252A exercised DRG is closer to that of the sedentary conditions, the difference between
exercise and sedentary K252A-treated DRGs is statistically significant (*, P � 0.01 by Student’s t test). (B and C) RNAs from the L5 DRGs of the sedentary and
exercised animals from A were used as a template for real-time RT-PCR to evaluate levels of synapsin I (B) and GAP43 (C) mRNAs. Signals were normalized to
GAPDH levels and are expressed as the relative to the CytC-injected, sedentary signals (error bars � SD for six animals per condition). Synapsin I showed statistically
significant differences when comparing the exercise CytC with the exercise K252A samples (*, P � 0.01 by ANOVA). Differences in GAP43 mRNA levels between
CytC and K252A exercise samples were not statistically significant (P � 0.05).
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thesis of neurotrophins have been shown to alter dendritic and
axonal formations in the developing nervous system (43). Enhanced
dendritic sprouting seen in cultured hippocampal neurons after
depolarization requires BDNF, but sprouting in response to exog-
enous BDNF does not require neuronal activity (44). This finding
suggests a chronological sequence where activity triggers synthesis�
release of neurotrophins that can then regulate expression of genes
needed for growth. The inhibitory effect of K252A pretreatment on
transcription of synapsin I mRNA in the DRG after exercise is
consistent with this notion (see Fig. 5B).

Our study has focused on the effects of physical activity on the
DRG neurons before axonal injury. In addition to our findings,
there is also experimental evidence showing that neural activity
after injury may have positive effects on axonal growth. Application
of electrical fields after optic nerve crush enhances axonal regen-
eration (45) and electrical activity can enhance recovery after

experimental spinal cord hemisection (46, 47). Electrical stimula-
tion facilitates peripheral nervous system motor nerve regeneration
allowing early extension of axons across an injury site (48, 49).
Similar to the effects of exercise before injury that we show here,
increased expression of BDNF temporally correlates with this effect
of exogenous electrical activity (7). Taken together with our data,
these observations suggest that physiological forms of activity may
also have beneficial effects on regenerative potential after nerve
injury through neurotrophin-dependent mechanisms.
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