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Abstract
Neurotrophic factors may play a role in exercise-induced neuroprotective effects, however it is not
known if exercise mediates changes in glial cell line-derived neurotrophic factor (GDNF) protein
levels in the spinal cord. The aim of the current study was to determine if 2 weeks of exercise
alters GDNF protein content in the lumbar spinal cord of young and old rats. GDNF protein was
quantified via an enzyme-linked immunosorbent assay and Western blot. Immunohistochemical
analysis localized GDNF in choline acetyltransferase (ChAT)-positive motor neurons and cell
body areas were measured. Involuntary running in the young animals appeared to elicit the
greatest increase in GDNF protein content (6-fold increase), followed by swimming (3-fold
increase) and voluntary running (2-fold increase); however there was no significant difference
between the modalities of exercise. Low-intensity running of the old animals significantly
increased GDNF protein content in the spinal cord. Both young and old exercised animals showed
a doubling in ChAT-positive motor neuron cell body areas. These results suggest that GDNF
protein content in spinal cord is modulated by exercise.
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1. Introduction
A significant loss of skeletal muscle mass and strength are commonly observed in aging
individuals (Kallman et al., 1990; Frontera et al., 2000) and contribute to an increased
incidence of falls and disability (Fries et al., 1994; Toulotte et al., 2003). Changes with age
are observed both in skeletal muscle and motor neurons innervating skeletal muscles.
Alterations in motor neurons with increased age include loss of somatic motor neurons
(Jacob, 1998) and loss of inputs to motor nerve cell bodies (Kullberg et al., 1998). In the
aging rat there is a decrease in muscle innervation, loss of myelinated nerve fibers and
changes in expression of neuropeptides and growth factors, similar to what is observed
following axon lesion (Johnson et al., 1999). One possible contributing factor for the loss of
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motor neurons with age could be diminished neurotrophic factor signaling (Bergman et al.,
1999).

Glial cell line-derived neurotrophic factor (GDNF) was first discovered in glial cells (Lin et
al., 1993), and its expression has been found in a variety of tissues both in the central and
peripheral nervous systems (Henderson et al., 1994; Suter-Crazzolara and Unsicker, 1994;
Springer et al., 1995; Suzuki et al., 1998). To date, GDNF is the most potent survival factor
identified for motor neurons (Henderson et al., 1994), where heterozygous GDNF knockout
mice lack 22% of their lumbar motor neurons (Moore et al., 1996), and GDNF receptor
alpha-1 (GFRα-1) knockout mice lack 24% of their lumbar motor neurons (Cacalano et al.,
1998). One possible source of GDNF for somatic motor neurons is skeletal muscle, where
GDNF is transported in a retrograde fashion (Yan et al., 1995; Trupp et al., 1997; Wang et
al., 2002).

Increased expression of GDNF in developing skeletal muscle leads to increased axonal
branching and increased motor unit size (Nguyen et al., 1998; Zwick et al., 2001), while
treatment with exogenous GDNF causes continuous synaptic remodeling at the
neuromuscular junction (Keller-Peck et al., 2001) and prevents motor neuron degeneration
following axotomy (Oppenheim et al., 1995). GDNF increases choline acetyltransferase
(ChAT) activity of embryonic motor neurons (Zurn et al., 1994), rescues somatic motor
neurons from natural occurring cell death (Oppenheim et al., 2000) and from axotomy-
induced cell death (Oppenheim et al., 1995), and protects motor neurons from chronic
degeneration (Corse et al., 1999). Neurotrophic factors, such as brain derived neurotrophic
factor (BDNF), insulin-like growth factor 1, and vascular endothelial growth factor (Wu et
al., 2008; Trejo et al., 2001; Fabel et al., 2003) have been suggested to play a role in
exercise-mediated neuroprotective effects, however it is not known if GDNF plays a similar
role. While independent studies have found similar beneficial effects following exercise to
those observed with exogenous treatment with GDNF, no one has been able to link the two
together. One of the goals of our studies is to determine if the beneficial effects of exercise
for the motor nervous system may, in part, be driven by changes in GDNF levels. Here, we
report that short-term exercise increases GDNF protein content in the lumbar spinal cord of
young (6-month-old) and old (24-month-old) rats, at the same time we observed
morphological changes of motor neuron cell bodies.

2. Experimental Procedures
2.1 Subjects

All experiments were performed in accordance with the “Guide for the Care and Use of
Laboratory Animals” (National Research Council) and protocols were approved by the
Institutional Animal Care and Use Committee at Western Michigan University. Male
Sprague-Dawley rats (Charles River, Kalamazoo, MI) were given access to food and water
ad libitum and were maintained on a 12h light/dark cycle. Rats were euthanized via CO2
asphyxiation followed by thoracotomy.

2.2 Training Protocol
We tested the effects of 2 weeks of exercise on GDNF protein content in the lumbar spinal
cord of young (6-month-old) and old (24-month-old) animals. Two weeks of exercise was
chosen as we have previously shown that this duration alters GDNF protein content in rat
skeletal muscle (McCullough et al., 2011). The 6-month-old rats were randomly divided into
four groups. One group was kept as sedentary controls (n=12). The remaining groups
underwent different exercise protocols (swimming, voluntary running and involuntary
running). The voluntary running group (n=6) had continuous access to individually housed
running wheels, where activity was recorded with an activity wheel monitoring system
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(Lafayette Instruments, Lafayette, IN). The involuntary running group (n=5) were placed in
individual forced running wheels (Lafayette Instruments). These animals underwent 5 bouts
of 24 min of running plus 10 min of rest, at a pace of 10m/min (McCullough et al., 2011).
Two hours of involuntary exercise was chosen to match the distance run by the voluntary
running group. The swimming group (n=6) had 3 rats/barrel placed in water (35°C) and
these animals swam for a total of 2 hours, with bouts of rest, to match the animals of the
running groups. The 24-month-old rats were randomly divided into two groups, a voluntary
running group (n=6), as this was the least stressful of our exercise protocols, and an age-
matched sedentary control group (n=5). Aged animals reached a peak running speed of only
2m/min.

2.3 Tissue Processing
In order to minimize the number of animals used for this study, we selected different regions
of the spinal cord from each animal to quantify and visualize GDNF protein. The L1 – L3
lumbar spinal cord region was chosen for quantification of GDNF protein content, as these
motor neurons innervate the quadriceps, gluteus, adductor muscles, flexor muscles and
extensor muscles, including the extensor hallucis longus and extensor digitorum longus, and
the soleus (Nicolopoulous-Stournaras and Iles, 1983). Others have published GDNF protein
content data from this region of the spinal cord (Tokumine et al., 2003). The lumbar spinal
cord region of L4 – L5 was chosen to examine localization of GDNF protein, as these motor
neurons innervate the muscles of the hamstrings, adductor muscles, flexor muscles, extensor
muscles including the extensor hallucis longus and extensor digitorum longus,
gastrocnemius and the soleus (Nicolopoulous-Stournaras and Iles, 1983). Others have
utilized immunohistochemical techniques to localize GDNF in this lumbar spinal cord
region (Tokumine et al., 2003). To determine GDNF protein content, lumbar spinal cord
sections (L1–L3) were removed and frozen on dry ice and samples were subsequently
dipped in liquid nitrogen and smashed into a fine powder. Sample processing buffer (0.55 M
NaCl, 0.02 M NaH2PO4, 0.08 M Na2HPO4, 2 mM EDTA, 0.1 mM benzethonium chloride,
2 mM benzamidine, 20 KIU/ml aprotinin, 0.5% bovine serum albumin, and 0.05%
Tween-20) was added and was homogenized on ice. Samples were centrifuged for 30 min at
4°C and supernatant was collected and stored at −80°C.

2.4 GDNF protein quantification
GDNF protein content was measured using an enzyme-linked immunosorbent assay
(ELISA) as previously described (McCullough et al., 2011). Briefly, 96-well plates were
incubated overnight at room temperature in a humidified chamber with a monoclonal
antibody raised against GDNF (R&D Systems, Minneapolis, MN). The following day, plates
were rinsed with wash buffer and blocked with phosphate buffered saline containing 1%
bovine serum albumin and 5% sucrose for 1 hour at room temperature. Plates were rinsed
with wash buffer and the GDNF standard (R&D Systems) or tissue supernatants were added
to the wells. For each assay, a standard curve was calculated from the known GDNF
standard concentration, ranging from 1000 – 2pg/ml. Following a 2 hour incubation at room
temperature, the plates washed then incubated with biotinylated anti-GDNF secondary
antibody (R&D Systems) for 2 hours at room temperature. The plates were then washed and
coated with β-galactosidase conjugated to streptavidin (Molecular Probes, Eugene, OR) for
20 minutes at room temperature. The plates had a final wash and chlorophenol red-β-D-
galactopyranoside (CPRG) substrate was added (in phosphate buffered saline + bovine
serum albumin) and incubated until the color had developed.

2.5 Western Blot
Total protein content of the spinal cord samples were measured by a Pierce® BCA protein
assay (Thermo Scientific, Rockford, IL) according to manufacturers specifications. Tissue
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samples were prepared for Western blot analysis of GDNF protein as previously described
(Vianney and Spitsbergen, 2011). Briefly, protein extracts (20μg), a protein ladder (New
England BioLabs, Ipswich, MA) and a loading control of α-Tubulin (Developmental Studies
Hybridoma Bank, Iowa City, IA) were prepared with Laemmli 2X loading buffer and loaded
into a 15% polyacrylamide gel. The gel was submerged and was run in separating buffer at
different voltages followed by transfer to a polyvinylidene difluoride (PVDF; Invitrogen)
membrane in tris-glycine buffer. The PVDF membrane was blocked with I-Block (Applied
Biosystems, Foster City, CA) followed by overnight incubation with a primary antibody
against GDNF (Santa Cruz Biotechnologies). The following day, the membrane was washed
in buffer followed by incubation with a HRP-conjugated secondary antibody (ECL; GE
Healthcare) in I-Blocking buffer. The ECL detection kit was used to detect the proteins and
was visualized on BioMax XAR film (Kodak). ImageJ software was used to measure the
relative density of GDNF bands and values were expressed as ratios of controls.

2.6 Immunohistochemistry
Lumbar spinal cord sections (L4–L5) were fixed in 4% paraformaldehyde overnight at 4°C
and then washed in fresh phosphate buffered saline. Tissues were embedded in O.C.T.
compound mounting medium, cut into 40μm transverse sections on a cryotome, and thaw
mounted onto Histobond® slides (VWR International, Bridgeport, NJ). Slides were
incubated overnight at 4°C with primary antibodies (1:200) of rabbit anti-GDNF (Santa
Cruz Biotechnology, Santa Cruz, CA), (1:200) mouse anti-ChAT (Millipore, Temecula,
CA), and (1:50) goat-anti GM130 (Santa Cruz Biotechnology) in phosphate buffered saline
containing 1% bovine serum albumin and 0.1% triton X-100. Slides were then incubated
with secondary antibodies (1:500) of donkey anti-mouse conjugated to Alexafluor 568,
donkey anti-rabbit conjugated to Alexafluor 488, and donkey anti-goat conjugated to
Alexafluor 568, for 2 hours at room temperature. Negative control slides had primary
antibodies omitted. Slides were viewed with a Zeiss LSM 510 laser scanning confocal
microscope and images were examined with the Zeiss LSM 5 Image Examiner program.

2.7 Measurement of motor neuron cell body size
Since somatic motor neurons stain positively for ChAT immunoreactivity (Wetts and
Vaughn, 1996), ChAT-positive cells were measured in Lamina IX of the spinal cord from all
animals. Twenty randomly selected motor neurons from the L4–L5 spinal cord levels were
counted from each animal to determine cell body area. The cells that had a mid-section
through the nucleus were examined. Cell body areas were determined with the Zeiss LSM 5
Image Examiner program.

2.8 Statistical Analysis
All data values are reported as mean ± the standard error of the mean (SEM). GDNF protein
values are expressed as pg GDNF/mg of wet tissue weight. Data were analyzed using a one-
way ANOVA and Tukey’s post-hoc comparison to test for differences between groups. p
values ≤ 0.05 were considered as statistically significant.

Results
3.1 Short-term exercise increases GDNF protein in the lumbar spinal cord of 6-month-old
rats

Six-month-old animals underwent voluntary running, involuntary running, or swimming for
2 weeks. Animal weights were lower in the pooled exercised animals (388.8g ±16.7g)
compared to sedentary controls (401.9g ± 24.8g). The maximum running speed of the
voluntary running group was 28m/min, whereas the involuntary running group was
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maintained at 10m/min. While the intensities were quite different between the two running
groups, the average distance run per day was similar (Table 1). Two weeks of all modes of
exercise significantly increased GDNF protein content in the lumbar spinal cord as
compared to sedentary controls (8.6 ± 1.5pg GDNF/mg tissue weight). Involuntary running
resulted in the greatest change in GDNF protein content in the lumbar spinal cord (56.3 ±
26.4pg GDNF/mg tissue weight), followed by swimming (25.1 ± 9.5pg GDNF/mg tissue
weight) and voluntary running (15.7 ± 1.9pg GDNF/mg tissue weight) (Figure 1), however
there were no significant differences between the exercise groups. The involuntary running
group had a 6.5-fold increase of GDNF protein content as compared to controls, followed by
a 2.9-fold increase from the swimming group and a 1.8-fold increase from the voluntary
running group (Table 1).

Using Western blot analysis we found that GDNF had a molecular weight of 30kDa (Figure
1B), which is close to the 34kDa previously reported in human fetal spinal cord (Koo and
Choi, 2001). Densitometry analysis of GDNF bands showed a 3.5-fold increase in GDNF
expression for the involuntary runners, followed by a 1.7-fold increase for the swimmers and
a 1.5-fold increase for the voluntary runners, which follows the same trend as our ELISA
results (Table 1).

Positive immunoreactivity for GDNF was found in ChAT-positive cells, which are
presumed to be motor neurons (Wetts and Vaughn, 1996), in the lumbar spinal cord from
control and exercised animals (Figure 2). We observed more vesicle-like structures
containing GDNF surrounding motor neurons in exercised rats (arrows in Figure 2B–D)
compared to those from sedentary controls (Figure 2A).

Analysis of motor neuron cell body areas revealed a significant increase following voluntary
running (841.5 ± 49.6μm2), involuntary running (749.8 ±29.5μm2), and swimming (879.9 ±
46.2μm2), compared to that in controls (454.8 ± 25.6μm2). No significant differences were
observed between exercise groups. Histogram analysis of motor neuron cell body areas
displayed more occurrences of the large-sized motor neurons (>1500 μm2) belonging to the
fast motor units (Deforges et al., 2009) among the voluntary and swimming groups than the
involuntary running group and controls (Figure 3).

3.2 Short-term exercise increases GDNF protein in the spinal cord of 24-month-old rats
To determine if short-term exercise alters GDNF protein content in the spinal cord of old
animals, 24-month-old rats underwent voluntary running for 2 weeks. These animals ran at a
peak speed of only 2m/min (Table 1), which is considered to be low-intensity running.
Average animal weights were significantly lower in the exercised animals (355.0g ± 34.9g)
as compared to age-matched sedentary controls (415.4g ± 56.0g). The average distance run
per day by these old animals was around 1km less than the 6-month-old runners (Table 1).
Two weeks of voluntary running significantly increased GDNF protein content 2-fold in the
lumbar spinal cord of the 24-month-old rats (87.4 ± 4.6pg GDNF/mg Tissues) as compared
to age-matched sedentary controls (54.4 ± 9.3pg GDNF/mg Tissue) (Figure 4a). GDNF
protein levels in the spinal cord were significantly higher among the 24-month-old controls
than the 6-month-old controls.

Western blot analysis also confirmed that 2 weeks of exercise increased GDNF protein
expression 2-fold in the lumbar spinal cord of old rats as compared to age-matched
sedentary controls (Figure 4b). Interestingly, the molecular weight of GDNF appeared to be
around 41kDa in old rats compared to 30kDa in young adult rats.

Immunoreactivity for GDNF followed a similar pattern to that observed in 6-month-old rats,
where we found more vesicle-like structures containing GDNF outside of ChAT-positive
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motor neurons in exercised animals compared to sedentary controls (Figure 5A–B).
Antibody staining for colocalization of GDNF to vesicle-like structures was confirmed with
the GM130 antibody (Figure 5C).

ChAT-positive motor neuron cell body area in 24-month-old animals was significantly
greater following 2 weeks of exercise (618.8 ± 31.5 μm2) compared to that in age-matched
sedentary controls (387.1 ± 18.0 μm2). The ChAT-positive motor neuron cell body area
from the 24-month-old sedentary controls were significantly smaller than the 6-month-old
sedentary controls (p=0.02). Furthermore, the ChAT-positive motor neuron cell body area
from the 24-month-old voluntary runners were significantly smaller than the 6-month-old
voluntary runners (p=0.003). Again, histogram analysis of ChAT-positive motor neuron cell
body areas displayed a higher frequency of the large-sized motor neurons (>1500μm2)
following 2 weeks of voluntary running as compared to controls (Figure 6).

4. Discussion
While other investigators have found that exercise increases neurotrophin levels in the spinal
cord (Gomez-Pinilla et al., 2001, 2002; Dupont-Versteegden et al., 2004), few studies have
examined the effects of exercise on spinal cord GDNF levels. The present study was
designed to determine if short-term exercise (2 weeks) would alter GDNF protein content in
the spinal cord of young and old animals. In young rats, involuntary running resulted in the
greatest fold-change in GDNF protein content in the spinal cord, followed by swimming and
voluntary running, however these levels were not statistically different. Interestingly, both
young and old voluntary runners displayed the same fold-change in GDNF protein content
as compared to their age-matched controls. In the exercise groups, ChAT-positive motor
neuron cell body area doubled in size compared to that from age-matched sedentary
controls.

4.1 Motor neuron size increases at the same time as GDNF levels following short term
exercise

In animal models of aging, there is selective atrophy of large-sized motor neurons and a
decrease in the total number of motor neurons that innervate hindlimb muscles (Hirofuji et
al., 2000; Hashizume and Kanda, 1990). Our results confirm that motor neuron cell body
size decreases with advancing age in sedentary animals. Mature motor neurons obtain
trophic support from various types of cells, including Schwann cells, skeletal muscle cells
and other neurons (Nishi, 1994; Oppenheim, 1996), and may resist death by increasing
production of neurotrophic factors in these tissues. While there may not be a direct
correlation to the increase in neurotrophic factor content with the decrease in motor neuron
size observed with aging, our observations of increased neurotrophic levels with advancing
age may suggest a steady increase is in response to motor neuron loss with senescence.
Acute effects of exercise were also found to increase production of neurotrophic factors.
Recent studies have demonstrated links between beneficial effects of exercise, changes in
neurotrophic factor levels and neuronal plasticity. Our observations of increased
neurotrophic factor expression in the lumbar spinal cord following short-term exercise
coupled with the increase in motor neuron size suggest acute bouts of exercise as a possible
mechanism to protect motor neurons from undergoing atrophy with senescence.

4.2 Low-intensity exercise is a potent stimulus for enhancing neurotrophic factor levels
While some studies report that voluntary exercise increases mRNA and protein levels for
neurotrophic factors in the spinal cord (Ferraiuolo et al., 2009; Macias et al., 2002; Skup et
al., 2002; Ying et al., 2003), others show decreasing levels of neurotrophic factors in the
spinal cord following exercise (Siamilis et al., 2009; Engesser-Casar et al., 2007). One
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possible contributing factor to these discrepancies may be due to variations in intensity and
duration of exercise. BDNF and neurotrophin-3 mRNA and protein levels in the lumbar
spinal cord are known to increase following short-term exercise (Gomez-Pinilla et al., 2001;
Molteni et al., 2002; Neeper et al., 1996). Moderate-intensity exercise (13m/min) increases
BDNF, but high intensity exercise decreases BDNF levels in the brain (Aguiar et al., 2007),
suggesting that low to moderate levels of exercise may be a more potent stimulus for
increasing neurotrophic factor levels. Our results lend support to this idea, where we find
that our moderate-intensity involuntary running protocol yielded the greatest change in
GDNF protein content of all exercise regimens examined. Together, these results may
suggest that short-term, moderate-intensity exercise programs may be a better stimulus for
enhancing neurotrophic factor content in the spinal cord.

4.3 Punctate immunoreactivity for GDNF is altered with exercise and age
A punctate staining pattern for GDNF has been found in neuronal cell bodies, dendrites and
axons (Kawamoto et al., 2000). In cultured neuroendocrine cells the staining pattern for
GDNF appears to be localized to vesicle-like structures (Lonka-Nevalaita et al., 2010).
Moreover, in axons of dorsal root ganglion neurons GDNF is present in dense-core vesicles
(Ohta et al., 2001) and in rat primary cortical and hippocampal neurons, the immunostaining
pattern of GDNF appears in vesicle-like structures at the tips of neurites, where the authors
suggest transportation of GDNF to the cell periphery (Lonka-Nevalaita et al., 2010). Within
the spinal cord, we observed vesicle-like staining for GDNF that was confirmed with the
GM130 antibody, where our results suggest that exercise increases the incidence of GDNF
positive immunoreactivity. These observations are in accordance with our ELISA values,
where GDNF protein content is increased following exercise in both young and old animals
as well as increased with advancing age in control animals.

4.4 Molecular weight of GDNF changes with age
The reported molecular weight of GDNF varies in the literature depending on the cells/
tissues examined. Lin et al. (1994) describe GDNF from cultured dopaminergic cells as
having a molecular weight of 33–45kDa in non-reduced gels and 15–21kDa from reduced
gels. GDNF protein size was reported to be 24kDa in cultured primary fibroblasts (Blesch
and Tuszynkski, 2001), 30kDa in cultured neuroblastoma cells (Larsen et al., 2006) and
34kDa in 18-week-old human fetal spinal cord (Koo and Choi, 2001). We found the
molecular weight of GDNF in the rat lumbar spinal cord to be 30kDa in young animals and
41kDa in old animals. Similarly, several NGF isoforms have been reported in various whole
tissues of both humans and animals (reviewed by Al-Shawi et al., 2007). One explanation
for the variations in molecular weights may be due to modifications of the prodomain
regions of the protein. Pro-neurotrophins, which are the precursor forms of neurotrophins,
are synthesized and then cleaved by furin and other proteases to produce mature
neurotrophins (Lee et al., 2001). Mature NGF and BDNF induce neuronal survival,
differentiation and synaptic modulation (Huang and Reichardt, 2001). Results of other
studies suggest that the precursor of NGF may be either neurotoxic (Ibanez, 2002) or
significantly less neurotrophic than the mature form of NGF (Fahnestock et al., 2004). Pro-
neurotrophins, such as pro-BDNF and pro-NGF, induce cell death by activating an apoptotic
cascade via binding to cell death complexes involving sortilin and p75 receptors (Lee et al.,
2001; Nykjaer et al., 2004). Moreover, pro-NGF has been found to be upregulated with
aging and disease. Pro-NGF is increased in the superior cervical ganglia of old rats (Bierl
and Isaacson, 2007), the parietal cortex of patients with Alzheimer’s disease (Peng et al.,
2004) and in spinal cord oligodendrocytes from a murine model of spinal cord injury
(Beattie et al., 2002). Our observation of increasing molecular weight for GDNF with
advancing age may suggest a similar phenomenon is occurring in spinal cord of rat, possibly
demonstrating increased expression of a higher molecular weight pro-form of GDNF in the
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older animals. It has been shown that pro-NGF is secreted by reactive astrocytes, and may
affect motor neuron survival (Domeniconi et al., 2007). The spinal cord samples processed
in the current study would contain motor neurons, interneurons and glial cells, which could
account for the pro-GDNF, if it is associated with glial cells. While it is still unknown if the
pro form of GDNF activates similar apoptotic pathways as NGF, it is known that post-
translational modifications of GDNF are due to prohormone convertase that cleaves five
consensus sites giving rise to four different peptide forms of processed GDNF (Oh-hashi et
al., 2009; Immonen et al., 2008). Future studies are warranted to determine if proGDNF is
less neuroprotective or neurotoxic and how aging affects its expression.

4.5 GDNF transport following exercise
GDNF is produced by motor neurons, oligodendrocytes and Schwann cells in the spinal cord
(Henderson et al., 1994; Rind and von Bartheld, 2002; Russell et al., 2000; Yamamoto et al.,
1996) as well as by skeletal muscles (Yamamoto et al., 1996). Both anterograde and
retrograde transport between neurons and target tissues have been demonstrated for GDNF
(Rind and von Bartheld, 2002; Russell et al., 2000). While our results did not determine
which cells are producing the GDNF protein observed in the spinal cord, we have previously
shown that GDNF protein is increased in skeletal muscle following short term exercise
(McCullough et al., 2011; Wehrwein et al., 2002), which could be transported back to the
spinal cord, resulting in the elevated levels observed in the current study. It has been shown
that skeletal muscle derived GDNF has more potent effects for the neuromuscular system
than that supplied by anterograde transport (Li et al., 2007), thus elevated retrograde
transport of GDNF from the muscle following exercise may represent an important stimulus
for enhanced plasticity.

4.6 Exercise stressors
There is evidence that stress is unlikely to be the critical factor underlying the differential
effects of voluntary and forced running (Leasure and Jones, 2008). Forced running acutely
elevates corticosterone levels, the rodent stress hormone, more than voluntary running
(Ploughman et al., 2005, 2007), however these levels return to baseline within a few hours
after exercise (Stranahan et al., 2006; Ploughman et al., 2007) and after several weeks of
exercise these levels are no longer elevated (Fediuc et al., 2006). Stress is also known to
activate microglia (Nair and Bonneau, 2006; Sugama et al., 2007), however neither forced
nor voluntary running enhances microglial activity in the brain (Leasure and Jones, 2008).
These observations may suggest that the exercise-induced changes in neurotrophic factor
expression observed in the current study are not likely to be dependent on a stress response.

Conclusion
In conclusion, the results demonstrate that short-term exercise increases GDNF protein
content, GDNF immuno-labeling and motor neuron size in the spinal cord of young and old
animals. These results are consistent with our hypothesis that the neural protection/neural
plasticity caused by exercise may be driven, in part, by enhanced GDNF production. In
addition, there may be a relationship between the intensity of exercise and the amount of
GDNF protein produced, where a low-intensity exercise protocol yields the greatest increase
in GDNF protein content. We believe that exercise has the advantage of enhancing
neurotrophic factor levels by physiological means using intrinsic mechanisms in the spinal
cord rather than attempting to increase neurotrophic factor levels via exogenous
administration where all the physiological implications are not well understood.
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Highlights

Exercise increases GDNF protein content in spinal cord.

Low-intensity, forced running elicits the greatest fold-change in GDNF content.

Motor neuron cell body size increases over the same time course as GDNF protein.

Molecular weight of GDNF protein in spinal cord changes with advancing age.

Exercise increases GDNF staining in and around motor neurons in spinal cord.
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Figure 1.
Note: Staining for α-tubulin as a loading control was added to Panel B GDNF protein
content was increased in the spinal cord after 2 weeks of exercise in 6-month-old rats. The
lumbar spinal cord (L1–L3) was removed from control and exercised 6-month-old animals.
(A) Tissues were processed for GDNF protein content using an ELISA. A significant
increase in GDNF protein content was detected in the spinal cord of animals that had
undergone 2 weeks of voluntary running, involuntary running and swimming as compared to
sedentary control animals. Values are displayed as mean ± SEM. Asterisk (*) indicates
significance (p≤0.05) from controls. (B) Tissues were processed for Western blot to
determine GDNF protein content (top) and a loading control of α-tubulin (bottom). An
increase in GDNF protein content was detected in the spinal cord of animals that had
undergone 2 weeks of involuntary running, followed by swimming and then voluntary
running as compared to controls.
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Figure 2.
Exercise increased motor neuron size and vesicle-like structures of GDNF in 6-month-old
rat spinal cord. Representative lumbar spinal cord sections from a 6-month-old sedentary
control animal (A), voluntary exercised animal (B), swimming exercised animal (C) and an
involuntary exercised animal (D). Spinal cord sections were immunolabeled with primary
antibodies against ChAT (red) and GDNF (green). ChAT immunoreactivity is co-localized
with GDNF immunoreactivity in the lumbar spinal cord. Exercised animals appeared to have
more vesicle-like structures containing GDNF that surround the motor neurons (indicated by
arrows), as compared to controls. The scale bar represents 20μm.
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Figure 3.
Histogram analysis of ChAT-positive motor neuron cell body area of 6-month-old rats.
Following 2 weeks of exercise, the voluntary running group and swimming group displayed
a higher frequency of cells >1500μm2 as compared to the involuntary running group and
controls.
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Figure 4.
Note: Staining for α-tubulin as a loading control was added to Panel B GDNF protein
content was increased in the spinal cord after 2 weeks of exercise in 24-month-old rats. The
lumbar spinal cord (L1–L3) was removed from control and exercised 24-month-old animals.
(A) Tissues were processed for determination of GDNF protein content using an ELISA. A
significant increase in GDNF protein content was detected in the lumbar spinal cord of
animals that had undergone 2 weeks of voluntary running as compared to age-matched
sedentary controls. Values are displayed as mean ± SEM. Asterisk (*) indicates significance
(p≤0.05) from controls. (B) Tissues were processed for Western blot to determine GDNF
protein content (top) and a loading control of α-tubulin (bottom). An increase in GDNF
protein content was detected in the spinal cord of animals that had undergone 2 weeks of
voluntary running as compared to controls.
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Figure 5.
Note: Panel C was added displaying staining for vesicle-like structures using anti-GM130
GDNF immunoreactivity and motor neuron cell body size increased with exercise in 24-
month-old rats. Representative lumbar spinal cord sections from a 24-month-old control
animal (A) and a 2 week voluntary exercised animal (B). Spinal cord sections were
immunolabeled with primary antibodies against ChAT (red) and GDNF (green). Exercised
animals appeared to have more vesicle-like structures containing GDNF that surrounded the
motor neurons (arrows in B) as compared to controls (arrows in A). GDNF
immunoreactivity was also colocalized to the GM130 antibody for vesicle-like structures
(C). The scale bar represents 20μm.
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Figure 6.
Exercise increased ChAT-positive motor neuron cell body area of 24-month-old rats.
Histogram analysis of ChAT-positive motor neuron cell body area. Following 2 weeks of
exercise, voluntary runners displayed a higher frequency of cells >1500μm2 as compared to
24-month-old sedentary controls.
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