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Abstract
Glial cell line-derived neurotrophic factor (GDNF) has been identified as a potent survival factor
for both central and peripheral neurons. GDNF has been shown to be a potent survival factor for
motor neurons during programmed cell death and continuous treatment with GDNF maintains
hyperinnervation of skeletal muscle in adulthood. However, little is known about factors
regulating normal production of endogenous GDNF in skeletal muscle. This study aimed to
examine the role that motor neurons play in regulating GDNF secretion by skeletal muscle. A co-
culture of skeletal muscle cells (C2C12) and cholinergic neurons, glioma × neuroblastoma hybrid
cells (NG108-15) were used to create nerve muscle interactions in vitro. Acetylcholine receptors
(AChRs) on nerve-myotube co-cultures were blocked with alpha bungarotoxin (α-BTX). GDNF
protein content in cells and in culture medium was analyzed by enzyme-linked immunosorbant
assay (ELISA) and western blotting. GDNF localization was examined by immunocytochemistry.
The nerve-muscle co-culture study indicated that the addition of motor neurons to skeletal muscle
cells reduced the secretion of GDNF by skeletal muscle. The results also showed that blocking
AChRs with α-BTX reversed the action of neural cells on GDNF secretion by skeletal muscle.
Although ELISA results showed no GDNF in differentiated NG108-15 cells grown alone,
immunocytochemical analysis showed that GDNF was localized in NG108-15 cells co-cultured
with C2C12 myotubes. These results suggest that motor neurons may be regulating their own
supply of GDNF secreted by skeletal muscle and that activation of AChRs may be involved in this
process.
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1. Introduction
Glial cell line–derived neurotrophic factor (GDNF) was purified from B49 glial cells and
was first identified as a potent survival factor for dopaminergic neurons in the central
nervous system (CNS) (Lin et al. 1993; Schatz et al. 1999). Later, GDNF was reported to be
a trophic factor for other populations of neurons in the peripheral nervous system (PNS)
including spinal motor neurons (Caumont et al. 2006; Henderson et al. 1994). GDNF is
widely distributed in various neuronal tissues of the central and peripheral nervous systems
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(Nosrat et al. 1996; Springer et al. 1995; Woodbury et al. 1998) and is produced by non-
neuronal cells including skeletal muscle (Nagano and Suzuki, 2003; Suzuki et al. 1998;
Trupp et al. 1995). The presence of GDNF in skeletal muscle at the neuromuscular junction
(NMJ) suggests a target-derived action on motor neurons, in which GDNF is retrogradely
transported along axons to the target neuron’s cell body, through a receptor-mediated
process (Nguyen et al. 1998).

GDNF has been shown to be a potent survival factor for motor neurons. GDNF was found to
be 75 times more potent than brain-derived neurotrophic factor (BDNF) and ciliary
neurotrophic factor (CNTF) in preventing programmed cell death in cultured motor neurons
(Henderson et al. 1994). GDNF administration was associated with retention of nearly all
facial motor neurons that had been deprived contact with their targets in neonatal rats
(Houenou et al.1996). It was noted that only GDNF was able to prevent nearly 100% of
death and atrophy of motor neurons compared to BDNF, nerve growth factor (NGF), and
neurotrophin-4/5 (NT-4/5) (Henderson et al. 1994). Widespread loss of motor neurons has
been observed in GDNF knockout mice (Moore et al. 1996). It was also shown that survival
of motor neurons depends on GDNF secreted by skeletal muscle and it may be sufficient to
provide support to the motor nerve innervating muscle during development (Angka et al.
2008). Mice lacking GDNF displayed death of motor neurons, while mice treated with
GDNF in absence of skeletal muscle retained motor neurons (Angka et al. 2008). It has been
shown that during synaptic formation, the number of axons innervating skeletal muscle
depends on the concentration of GDNF protein available (Nguyen et al. 1998).
Hyperinnervation at the NMJ is observed in transgenic mice expressing high levels of
GDNF in skeletal muscle (myo-GDNF), whereas overexpression of NT-3 and NT-4 had no
effect (Nguyen et al. 1998). Moreover, mice overexpressing GDNF under myosin light chain
1(MLC1) promoter were shown to maintain hyperinnervation in adulthood (Zwick et al.
2001); and multiple innervations were maintained when continuous administration of
exogenous GDNF started right after birth into adulthood (Keller-Peck et al. 2001). Wang et
al. (2002) found that continuous treatment with GDNF in Xenopus nerve-muscle co-culture
enhanced axonal growth by increasing the length of neurites in motor neurons. From this, it
can be suggested that GDNF plays a significant role in synaptic maintenance and
remodeling of the NMJ; also, motor neurons depend primarily on GDNF as their trophic
factor and that GDNF may be useful as a therapeutic candidate for neuromuscular diseases.

GDNF mRNA expression was shown to be altered in disease and aging in both the central
and the peripheral nervous systems. GDNF protein and mRNA levels were increased in
human denervated skeletal muscle and in skeletal muscle samples from individuals in the
early stage of amyotrophic lateral sclerosis (Lie and Weis, 1998). GDNF is also increased in
regenerating muscles with Duchenne type muscular dystrophy and polymyositis (Lie and
Weis, 1998; Suzuki et al. 1998). Because GDNF maintains synaptic connections (Zwick et
al. 2001), an increase in expression of GDNF in denervated tissues may indicate a response
by target tissues in attempting to foster reinnervation.

Although addition of exogenous GDNF to neuromuscular synapses has been extensively
studied, and the expression patterns for GDNF have been examined in skeletal muscle
(Nagano and Suzuki, 2003; Suzuki et al. 1998); little is known about factors regulating
normal synthesis and secretion of endogenous GDNF in skeletal muscle. In order to gain
more insight concerning production of endogenous GDNF, this study is aimed at examining
the role that motor neurons play in regulating GDNF secretion by skeletal muscle. A co-
culture of skeletal muscle cells (C2C12) and cholinergic neurons, glioma × neuroblastoma
hybrid cells (NG108-15) were used to study nerve-muscle interactions in vitro. Because of
their similar characteristics to their counterparts in vivo, the cell lines used in this study have
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been widely used by researchers in physiological and pharmacological studies (Ling et al.
2005).

2. Results
2.1. C2C12 cells secrete GDNF into culture medium

Before examining nerve-muscle co-cultures, a preliminary study was performed to
investigate whether C2C12 cells or NG108-15 cells produce GDNF. To answer this
question, the C2C12 cells or NG108-15 cells were cultured as described in the material and
methods section and GDNF secretion and protein content of cells was studied. NG108-15
cells differentiate into nerve-like cells by cessation of cell division and growth of neurites
(Fig. 1A-B). C2C12 cells resemble skeletal muscle cells therefore, they develop in two
stages: a myoblast stage, which are undifferentiated skeletal muscle cells and a myotube
stage, which are differentiated skeletal muscle cells (Fig. 1C-D). When grown together in
co-culture, NG108-15 cells make contact with myotubes (Fig. 1E-F). The results indicated
that C2C12 cells were capable of producing and secreting GDNF. However, we noted a
decrease in GDNF production with increased cell passage, thus only cells at passage three
were used in all experiments. Figure 2 shows GDNF content in both C2C12 myoblasts and
myotubes. GDNF secreted by myoblasts into culture medium reached a maximum
concentration of 140pg/ml at 4h, and this concentration did not change between 4h and 24h
(Fig. 2A). Compared with myoblasts, myotubes secrete higher levels of GDNF protein (Fig.
2A).

Both myoblasts and myotubes retain more GDNF inside the cells than they secreted into
culture medium. However, myotubes contain more intracellular GDNF than myoblasts (Fig.
2B). Both growth stages of NG108-15 cells were examined to determine if they synthesize
GDNF. Enzyme-linked immunosorbant assay (ELISA) results (Table 1) and western blot
(Fig. 2C) showed no GDNF protein in differentiated NG108-15 cells. However, non-
differentiated NG108-15 cells, those that are still dividing, produce low levels of GDNF
(Table 1).

2.2. NG108-15 cells express choline acetyltransferase (ChAT) and C2C12 myotubes
express myosin and GDNF

Next, we examined whether the cell lines under investigation express proteins that are
normally seen in these tissues in vivo. Immunocytochemistry was performed; NG108-15
cells were confirmed to have neuronal characteristics by using Mill Marker FluoroPan
Neuronal Marker; a mixture of antibodies that bind to various neuronal proteins, and were
identified as cholinergic neurons by using anti-ChAT antibodies (Fig. 3A-C). Expression of
myosin protein in C2C12 myotubes was examined using anti-slow myosin, indicating that
C2C12 cell lines have characteristics of mammalian skeletal muscle cells (Fig. 4D). Anti-
GDNF antibodies were used to detect GDNF protein within myotubes (Fig. 4B).

2.3. NG108-15 cells in co-culture contain GDNF protein
To examine GDNF in NG108-15/C2C12 co-cultures, antibodies against slow myosin protein
and GDNF were used. Although ELISA and western blot results showed no GDNF in
differentiated NG108-15 cells, GDNF was observed in NG108-15 cells grown in co-culture
with myotubes (Fig. 4A-C). Because proliferating NG108-15 cells were shown to produce
GDNF, while differentiated cells did not, we examined whether NG108-15 cells
differentiate upon contact with muscle cells, by examining if these neural cells continue to
divide. An antibody against proliferating cell nuclear antigen (PCNA), a characteristic of
dividing cells, was used to test for NG108-15 cell division. No PCNA was observed in
differentiated NG108-15 cells and in NG108-15 cells co-cultured with myotubes (data not
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shown). However, PCNA was observed in non-differentiated NG108-15 cells using an
antibody against PCNA (Fig. 4D).

2.4. Addition of Cholinergic NG108-15 cells to C2C12 myotubes reduced GDNF protein
production

Following co-culture with myotubes, NG108-15 cells stopped dividing and extended
neurites to make contact with myotubes (Fig. 1E-F). Surprisingly, the addition of cholinergic
neurons on C2C12 myotubes reduced GDNF protein secretion in the culture medium by
approximately 25% and 33% at 2h and 24h, respectively (Fig. 5A). GDNF protein content in
cells was also reduced at 2h and 24h by 21% and 31%, respectively (Fig. 5B). Total GDNF,
the sum of GDNF content in cells and GDNF secreted in culture medium, was also less in
the co-culture as compared to myotubes alone, showing a decrease by 14% and 36% at 2h
and 24h, respectively (data not shown).

2.5. Blocking acetylcholine receptors (AChRs) in Nerve-Muscle co-culture reversed the
action of NG108-15 cells on myotubes at 2 hours

The results above suggest that addition of NG108-15 cells to myotubes inhibited both
GDNF production in myotube cells and its secretion in the culture medium. Here we sought
to examine whether NG108-15 cells inhibit production of GDNF through activation of
AChRs. Results showed that the addition of alpha-bungarotoxin (α-BTX) reversed the effect
of NG108-15 cells on GDNF secretion at 2h but not at 24h (Fig. 6A). Blocking AChRs with
α-BTX failed to reverse the effect of addition of NG108-15 cells on GDNF protein content
in the cells (Fig. 6B).

3. Discussion
The primary goal of the present study was to examine the normal regulation of GDNF
production by skeletal muscle cells using a nerve-muscle co-culture system. Results from
this study suggest that motor neurons regulate the secretion of a target-derived factor,
GDNF, from skeletal muscle cells, in part, through activation of AChRs.

We examined characteristics of GDNF production in C2C12 cells. Results from these
studies showed that C2C12 cells produced and secreted GDNF protein in the culture
medium. This characteristic was seen in both myoblasts; undifferentiated C2C12 cells, and
myotubes; differentiated C2C12 cells. These observations were consistent with previously
reported observations that GDNF appears to be continuously expressed in skeletal muscle
(Hase et al. 1999; Suzuki et al. 1998). Interestingly, we observed that the amount of GDNF
contained within both myoblast and myotube cells was fivefold higher compared to that
secreted in the culture medium. Based upon our results, which showed a significant
difference between the amount of GDNF inside the cell and that secreted in culture medium,
several possible explanations emerge. First, under normal conditions, skeletal muscle cells
constitutively produce and secrete GDNF; and the relatively high amount of intracellular
GDNF observed may be due to GDNF processing in cell compartments such as the Golgi
body (Oh-hash et al. 2009; Wang et al. 2008). Second, skeletal muscle cells produce and
store GDNF in cells and the stored GDNF can be secreted upon demand, such as following
prolonged muscle depolarization. Up-regulation of GDNF expression by skeletal muscle has
been suggested to be an indication of a need for additional GDNF by spinal motor neurons.
For example, a higher amount of GDNF mRNA was expressed in mouse limb bud during
neuromuscular formation (Henderson et al. 1993, 1994). In adult rats and mice, GDNF
protein and its mRNA were up-regulated in denervated muscle after axotomy (Naveihan et
al. 1997; Springer et al., 1995). GDNF mRNA is also elevated in the human skeletal muscle
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in individuals suffering from neuromuscular disease such as amyotrophic lateral sclerosis,
Duchenne muscular dystrophy, and polymyosits (Lie and Weis, 1998; Suzuki et al. 1998).

Our results showed no GDNF in differentiated NG108-15 cells, suggesting that these
cholinergic cells either do not produce GDNF or express GDNF at levels below the
detection limit of our GDNF ELISA. Consistent with our observations, other studies have
reported a very low amount of GDNF in neuronal cells (Trupp et al. 1995). Other studies
show that sciatic nerves express undetectable levels of GDNF (Frostick et al. 1998),
suggesting that intact motor neurons do not produce GDNF. These observations together
with our results raise the possibility that some populations of neurons, including motor
neurons, do not produce sufficient GDNF to sustain their own growth or regeneration. This
is seen especially in conditions such as programmed cell death when motor neurons depend
on GDNF secreted by skeletal muscle (Angka et al. 2008), or during nerve damage when
motor neurons again depend on GDNF from other sources such as skeletal muscle and/or
Schwann cells for survival (Gordon, 2009; Henderson, 1996; Naveilhan et al. 1998; Springer
et al. 1995). In contrast, we observed low levels of GDNF in non-differentiated NG108-15
cells, the cells that are still dividing, suggesting that growing neural cells may be capable of
expressing growth factors. GDNF expression has been reported in developing nerves
(Henderson et al. 1994; Trupp et al. 1995). Therefore, from other observations and our
current results, we assume that growing motor neurons may have the ability to express
GDNF whereas mature motor neurons produce undetectable amounts of GDNF.

Immunocytochemical results showed that GDNF was localized in NG108-15 neural cells
when in co-culture with C2C12 myotubes, suggesting that these cholinergic neurons either
secrete the GDNF protein upon contact with their target or utilize GDNF secreted by
skeletal muscle. Because motor neurons express GDNF receptor alpha one (GFR-α1), a
GDNF receptor (Hase et al. 1999; Iwase et al. 2005; Naveilhan et al. 1997), it has been
suggested that GDNF is secreted by skeletal muscle and retrogradely transported along
axons to the nerve cell body, through a receptor-mediated process (Nguyen et al. 1998).

We found that C2C12 myotubes secrete GDNF in culture medium and retain approximately
fivefold more GDNF within the cells. We observed GDNF production to be significantly
decreased in co-cultured myotubes compared to myotubes grown alone. These results are
similar to earlier reports that denervated skeletal muscle secretes a high amount of GDNF
prior to reinnervation, presumably to provide trophic support for incoming neurons (Lie and
Weis, 1998; Suzuki et al.1998). From this it may be assumed that upon synaptic contact, an
incoming nerve provides a signal to its target, which inhibits continued production of GDNF
and allows only the amount of GDNF needed for maintenance of normal structure and
function to be secreted. Thus, we report that following contact with skeletal muscle, motor
neurons regulate their own supply of GDNF, by inhibiting excess secretion of GDNF from
the skeletal muscle they innervate.

We hypothesized that the action of NG108-15 on inhibiting GDNF production may be
mediated through AChRs. α-BTX appears to abolish the action of NG108-15 cells on GDNF
secretion in co-cultures at two hours. These results suggest that the decline of GDNF
secretion by skeletal muscle may be related to activation of AChRs. However, the blocking
agent failed to reverse the effects of neural cells at 24h. One possible explanation may be
that 24h was long enough to allow the myotubes to insert new AChRs. It has been shown
that insertion of newly found AChRs can be observed as early as 4h (Yang and Nelson,
2004). It was also noted that α-BTX failed to reverse the action of NG108-15 on GDNF
content within skeletal muscle cells. That is, the neural cells continued to exert an inhibitory
effect on GDNF content in skeletal muscle in the presence of the α-BTX. These results may
indicate that processes controlling expression and secretion of GDNF by skeletal muscle

Vianney and Spitsbergen Page 5

Brain Res. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may be regulated by different mechanisms. While the secretion step is directly affected by
AChR activity, the expression of GDNF within the cell may involve other unknown factors.

The current study has demonstrated that cholinergic neurons regulate GDNF secretion either
by utilizing the GDNF secreted by skeletal muscle and/or through activity of AChRs,
suggesting that neurons may be regulating their own supply of GDNF protein.

4. Experimental Procedure
4.1 Cell Culture

Mouse skeletal muscle cells (C2C12), Glioma × Neuroblastoma hybrid cells (NG108-15),
and culture medium were obtained from the American Type Culture Collection (ATCC,
Manassas, VA). Culturing procedures were performed according to the ATCC protocols.

C2C12 myoblasts, undifferentiated skeletal muscle cells, were initially seeded on a 100-mm
plate (Falcon) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (Mediatech, Manassas, VA) and 1% antibiotic-
antimycotic (Invitrogen-GIBCO). Cells were incubated at 37°C in a water-saturated
atmosphere of 95% air and 5% CO2. The myoblasts were subcultured after two days. About
2.5 × 105 cells were allowed to grow on 35-mm culture plates for experiments. Cultured
cells were maintained in conditioned medium and in the same incubator described above.
Differentiation of myoblasts to myotubes was induced by replacing the growth medium with
DMEM supplemented with 10% horse serum and 1% antibiotic-antimycotic. The medium
was renewed every one to two days.

NG108-15 cells were cultured on 100-mm culture dishes in DMEM supplemented with 10%
fetal bovine serum, 2% HAT supplement, a mixture of hypoxanthine, aminopterin, and
thymidine (Invitrogen-GIBCO), and 1% antibiotic-antimyocotic. Differentiation of
NG108-15 cells was enhanced by switching from regular medium to a serum free medium.
The medium was renewed every two to three days.

Nerve-muscle co-culture procedure was performed as it was first described by Chen et al.
(2005) and Ling et al. (2005). Briefly, approximately 2.5 × 105 cells were grown as
myoblasts on 35-mm culture dishes in culture medium: DMEM supplemented with 10%
fetal bovine serum and 1% antibiotic-antimycotic for three days. Myoblasts were induced to
differentiate and fuse into myotubes. Approximately 1.0 × 105 NG108-15 cells were plated
onto 10-day old myotube cultures. Co-cultured cells were maintained at 37°C in a water-
saturated atmosphere of 95% air and 5% CO2.

4.2 GDNF content in cultured cells
GDNF protein content in each experiment was measured by an enzyme-linked
immunosorbent assay (ELISA). To determine GDNF protein content in cells or GDNF
protein concentration in culture medium, culturing procedure for NG108-15 cells alone,
myotubes alone, or NG108-15 co-cultured with myotubes was done as described above.
NG108-15 cell and C2C12 myoblast cell samples were collected at day 3, whereas myotube
only samples were collected at day 10. For nerve-muscle co-cultures, NG108-15 cells were
added at day 10 and samples were collected after 24h to 36h to allow nerve-muscle contacts
to form. For each experiment, a 1ml sample of culture medium was collected from each
culture dish at 2, 4, and 24 hours and kept at −20°C. To remove cells on dishes, culture
medium was removed followed by washing with calcium/magnesium-free saline buffer.
Then 1ml of sample buffer, (a mixture of phosphate buffered saline, 0.005% Tween-20,
0.5% bovine serum albumin, 0.1mM benzethonium chloride, 2mM benzemidine, 0.4M
NaCl, 2mM EDTA and 164μl/100ml aprotinin) was added to each culture dish containing
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cells. The cells were scraped from the dish using a cell lifter (Corning, NY). Cells were spun
in a cold centrifuge and supernatant was removed and stored at −20°C.

4.3 Addition of alpha-bungarotoxin
C2C12 cells were grown and allowed to fuse into myotubes as described above. To
investigate whether AChRs were involved in GDNF production we blocked the receptors
with alpha-bungarotoxin (α-BTX) (Biotium, CA). The blocking procedure was adopted from
Yang and Nelson (2004). Briefly, 10-day old myotubes were treated with fresh medium
containing 200nM α-BTX. Cells were maintained in α-BTX for 25min. Following
incubation the cells were washed twice with fresh culture medium, fresh culture medium
was added and culture medium and cells were collected at intervals of 2h, 4h, and 24 h.
GDNF protein content was measured by ELISA.

4.4 Immunocytochemical detection of choline acetyltransferase (ChAT)
For immunocytochemical purposes, the NG108-15 cells were cultured on coverslips (VWR
Scientific) and allowed to differentiate by serum starvation as described in Pun et al. (1997).
Cells were fixed with 4% parformaldehyde in phosphate buffered saline (PBS) for 30 min,
washed and bound with the Mill-Marker FluoroPan Neuronal Marker conjugated to Alexa
Fluor 488 (1:125; Millipore) for two hours at room temperature. The cells were washed and
mounted on a glass slide with 50% glycerol/50%PBS. For detection of choline
acetyltransferase (ChAT: a marker of cholinergic neurons), cells were incubated with 1:125
ratio goat anti-ChAT primary antibody (Molecular Probes) followed by labeling with a
1:100 dilution of Alexa Fluor 647 conjugated donkey anti-Goat IgG secondary antibody
(Molecular Probes). Images were viewed and captured using a Zeiss laser scanning confocal
microscope.

4.5 Examination of cell proliferation for NG108-15 cells
NG108-15 cells were grown on coverslips and were maintained in either DMEM
supplemented with 10% FBS, 1% antimyotic-antimyocotic, and HAT supplement (neural
medium), neural medium containing no FBS (serum free) or DMEM supplemented with
10% horse serum and1% antimyotic-antimyocotic (myotube medium). Detection of
proliferation cell nuclear antigen (PCNA) in NG108-15 cells was performed as described in
Andrade et al. (1993). Briefly, at day 3, the neural medium was switched to serum free.
After 72 h, serum free medium was replaced by the neural medium for control culture dishes
or myotube medium. Cells were fixed at 3h intervals with cold (−20°C) methanol for 5 min
followed by acetone for 2 min at −20°C. Plates were blocked with donkey serum followed
by incubation with antibody against PCNA (1:250) overnight. Cells were washed followed
by 2h incubation with donkey anti mouse secondary antibody (1:125) conjugated to Alexa
Fluor 568. Images were viewed and captured using a Zeiss laser scanning confocol
microscope.

4.6 Detection of Myosin and GDNF in Myotubes or nerve-muscle co-cultures
Myotube culturing procedures were the same as previously described, but for
immunocytochemical purposes cells were grown on coverslips placed in a 35-mm dish. The
coverslips were coated with collagen to enhance myotube adhesion. 10-day old myotubes
were fixed with 4% paraformaldehyde for 30 min and were incubated overnight at 4°C with
mouse anti-myosin or rabbit anti-GDNF primary antibody (1:125). Cells were washed and
donkey anti-mouse or donkey anti-rabbit conjugated to Alexa Fluor 488 or Alexa Fluor 568,
respectively, was added (1:100) for two hours at room temperature. Cells were washed and
mounted on a glass slide with 50% glycerol/50%PBS. The same immunocytochemical
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procedure was repeated for nerve-muscle co-cultures. Images were viewed using a Zeiss
laser scanning confocal microscope.

4.7 Western Blotting
The amount of GDNF in culture medium and in cells was determined by western blotting.
NG108-15 cells and C2C12 myotubes were cultured and samples of culture medium and
scraped cells were collected as in previous experiments. Cells were spun in a cold centrifuge
and supernatant was removed and stored at −20°C in sample buffer for western blotting
analysis. Culture medium and cell samples were loaded with Laemmli 2X loading buffer to
make a final volume of 20μL. Controls consisted of a protein ladder (New England
BioLabs), GDNF protein (positive control) and NGF protein (negative control). The samples
were boiled for 5 minutes then loaded into a 15% polyacrylamide gel. The gel was
submerged and was run in separating buffer at two different voltages. The transfer of protein
from the gel to the polyvinylidene difluoride (PVDF; Invitrogen) membrane was performed
at 12 volts for 1 hour. The PVDF membrane was blocked with I-Block (Tropix) for 1 hour at
4°C on a shaking platform. The membrane was then incubated with a primary antibody
against GDNF (Santa Cruz Biotechnologies) in I-Blocking buffer overnight at 4°C on a
rotating platform. The membrane was washed 3 times, for 5, 10, and 20 minutes while
shaking. The membrane was then incubated with a HRP-conjugated secondary antibody
(ECL; GE Healthcare) in I-Blocking buffer for 1 hour at room temperature, while shaking.
GDNF protein was detected with chemiluminescence and was visualized on BioMax XAR
film (Kodak) with exposure times of 15 minutes.

Statistical Analysis
Statistical analysis was performed using a student’s t-test. P values ≤ 0.05 were considered
statistically significant. All data values are reported as the mean ± standard error of the mean
(SEM).
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Figure 1. C2C12 and NG108-15 cells in culture
Cells were fixed with 4% paraformaldehyde. A. Undifferentiated NG108-15, B.
differentiated NG108-15 cells, C. myoblasts, D. myotubes, myoblasts in (c) fused to form
myotubes. E &F. Nerve-muscle co-cultured cells.

Vianney and Spitsbergen Page 11

Brain Res. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. GDNF protein production in myoblasts, myotubes, and NG108-15 cells
Samples of 3-day-old myoblasts or 10-day-old myotubes were taken at 2h, 4h, and 24h after
changing medium. Myotubes were scraped from dishes at 2h, 4h, and 24h. Protein content in
panel A and B was determined by ELISA. A. At all time points myotubes secreted
significantly higher levels of GDNF than myoblasts. B. GDNF content within myoblasts and
myotubes: Myotubes contain significantly more intracellular GDNF than myoblasts. Values
are presented as mean ± S.E.M. Asterisk indicates significance (p≤ 0.05). n=4. C. Western
blot: lanes 1& 2 represent GDNF secreted in culture medium by myotubes, lanes 3 & 4
represent GDNF contained within myotubes, lanes 5-6 represent GDNF in NG108-15
culture medium, and lane 7-6 represent GDNF in NG108-15 cells.

Vianney and Spitsbergen Page 12

Brain Res. Author manuscript; available in PMC 2012 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. NG108-15 cells express ChAT
Cells were cultured and fixed in 4% paraformaldehyde. A. NG108-15 cells were bound with
Mill Marker FluoroPan Neuronal Marker (green), B. and anti-ChAT (blue). C. Overlay.
Images were captured by Zeiss laser scanning confocal microscope.
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Figure 4. GDNF in NG108-15/C2C12 myotubes co-culture
Co-cultures of C2C12 cells and NG108-15 cells were cultured on coverslips in DMEM
supplemented by 10% horse serum. The cells were fixed in 4% paraformaldehyde and
mouse anti-myosin followed by donkey anti-mouse conjugated to Alexa Fluor 568 were
added to localize myosin. Also, rabbit anti-GDNF followed by donkey anti-rabbit
conjugated to Alexa Fluor 488 for GDNF were added to localize GDNF. A. Myosin (red), B.
GDNF (green), and C. overlay, GDNF was observed in both NG108-15 cells and myotubes.
D. Non-differentiated NG108-15 cells express PCNA (red), a marker for cell proliferation;
identified by an anti-PCNA antibody. All images were captured by Zeiss laser scanning
confocol microscope.
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Figure 5. NG108-15 cells inhibited GDNF production by myotubes at 2h and 24h
The 10-day-old myotubes were co-cultured with NG108-15 neural cells and samples of
harvested cells and conditioned culture medium were taken at 2h and 24h after the addition
of fresh medium. Samples of conditioned culture medium were taken from cultures
containing myotubes alone (control) and cultures containing myotubes and NG108-15 cells
(treatment) and GDNF protein content was determined by ELISA. A. Addition of NG108-15
cells reduced GDNF concentration in culture medium by 25% and 33% at 2h and 24h,
respectively. B. GDNF content in cells was reduced by 21% and 31% at 2h and 24 h,
respectively. Values are presented as mean ± S.E.M. Asterisk indicates a significant
difference between control and treatment groups (p ≤ 0.05). n=8.
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Figure 6. Effect of α-BTX on GDNF production in co-cultures
The co-cultures were incubated for 24-36 hrs to allow nerve-muscle contact to form, then
fresh medium containing 200nM of α-BTX was added. Culture medium samples were taken
at 2h and 24h and cells were harvested and centrifuged. GDNF protein content was
determined by ELISA. A. α-BTX blocked the action of neural cells on GDNF secretion in
culture medium at 2h. B. α-BTX failed to reverse the effects of neural cells on GDNF
content in myotubes. Data are in percentage from control and values are presented as mean
± S.E.M. Asterisk indicates significant difference (p ≤ 0.05) from control. n=3.
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Table 1

Average GDNF protein content produced by NG108-15 cells versus C2C12 cells (pg/ml)

GDNF secreted into culture
medium

GDNF content in
cells

1. Non-differentiated NG108-15 74.3±7 217±13

2. Differentiated NG108-15 undetectable undetectable

3. C2C12 myoblasts 147±7 683±53

4. C2C12 myotubes 487±89 1047±133
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