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Abstract

Upon peripheral nerve injury, specific molecular events, including increases in the expression of
selected neurotrophic factors, are initiated to prepare the tissue for regeneration. However, the
mechanisms underlying these events and the nature of the cells involved are poorly understood.
We used the injury-induced upregulation of glial cell-derived neurotrophic factor (GDNF)
expression as a tool to gain insights into these processes. We found that both myelinating and non-
myelinating Schwann cells are responsible for the dramatic increase in GDNF expression after
injury. We also demonstrate that the GDNF upregulation is mediated by a signaling cascade
involving activation of Schwann cell purinergic receptors, followed by protein kinase C signaling
which activates protein kinase D (PKD), which leads to increased GDNF transcription. Given the
potent effects of GDNF on survival and repair of injured peripheral neurons, we propose that
targeting these pathways may yield therapeutic tools to treat peripheral nerve injury and
neuropathies.
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INTRODUCTION

Damage to a peripheral nerve can have dramatic consequences on sensory and motor
function in the immediate aftermath of an injury, and long-lasting consequences if the
process of regeneration is impaired. The cellular and molecular changes that occur within
the nerve following an injury are components of a program whose ultimate goal is repair and
regeneration (Makwana and Raivich 2005). Numerous studies, utilizing different peripheral
nerve injury models, have shown that nerve insult leads quickly to a significant local
increase in the expression of several neurotrophic factors and that this induction is important
to the process of regeneration (reviewed by (Chen et al. 2007), but little is known
concerning the local signals that mediate these events. Identification of the critical
physiological modulators and their underlying signal transduction pathways should provide
important insights into the intrinsic mechanisms of the injury response and have the
potential to reveal new targets for the development of therapies to enhance nerve
regeneration.

One of the trophic factors whose expression is induced by peripheral nerve injury is glial
cell-derived neurotrophic factor (GDNF). GDNF expression is up-regulated after several
types of peripheral nerve injury including sciatic nerve crush, axotomy, and compression
(Chao et al. 2008; Hoke et al. 2000; Naveilhan et al. 1997; Trupp et al. 1995). GDNF is a
potent survival factor for several types of neurons (Henderson et al. 1994; Lin et al. 1993;
Tansey et al. 2000) and application of exogenous GDNF has proven to be beneficial to both
peripheral nerve regeneration and functional recovery in multiple experimental nerve injury
models, including sciatic nerve transection (Blesch and Tuszynski 2003; Chen et al. 2001;
Jubran and Widenfalk 2003; Tannemaat et al. 2008), sciatic nerve crush (Magill et al. 2009),
dorsal root avulsion (Ramer et al. 2000), dorsal root compression (Hubbard et al. 2009) and
diabetic peripheral neuropathy (Akkina et al. 2001; Anitha et al. 2006). Surprisingly, even
though more than 15 years have passed since the first report that peripheral nerve injury
induces GDNF expression (Trupp et al. 1995), neither the identity of the cells expressing
this factor after injury nor the mechanism responsible for this had been defined. We
therefore investigated the temporal, spatial and cellular patterns of injury-induced GDNF
expression and the mechanisms that underlie it using adult rat sciatic nerve transection as a
model. Using a combination of in vivo, ex vivo and in vitro approaches, we find that injury
induces Schwann cells in proximity to the insult to express GDNF and that this depends on
the activation of protein kinase C/protein kinase D signaling, which appears to be acting
downstream of purinergic receptors.

MATERIALS AND METHODS

Reagents

Drugs were purchased from Calbiochem (La Jolla, CA; Bisindolylmaleimide |
hydrochloride (BIM), 12-O-tetradecanoylphorbol-13-acetate (TPA)), Sigma (St. Louis, MO;
Forskolin (forsk), 8-bromoadenosine 3’, 5'-cyclic monophosphate (8-Br-cAMP), grade 1|
Apyrase, Adenosine 5'-triphosphate di(Tris) salt dihydrate (ATP)) or Tocris Bioscience
(Ellisville, MO; kb NB 142-70).
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8-10 weeks old, male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA)
were housed in groups, with a 7 AM-7 PM light-dark cycle. All animal use procedures were
in strict accordance with the NIH “Guide for the Care and Use of Laboratory Animals” and
were approved by the Animal Care and Use Committee at Children’s Hospital Boston.
While under isoflurane anesthesia, the left sciatic nerves were exposed and a full transection
just below the sciatic notch was made. Sequential, injury site-adjacent proximal and distal
nerve segments (1-1.5 mm length) were removed at various time points and snap frozen in
liquid nitrogen. For in vivo drug treatments, Gelfoam® absorbable gelatin compressed
sponge (Pfizer, NY, NY) soaked with 200 ul TPA (50 uM in PBS, 3% DMSO final
concentration) or vehicle was placed on top of the sciatic nerve around the sciatic notch
area. Six hours later, the treated sciatic nerve segment was dissected and then snap frozen.

Sciatic nerve ex vivo culture

Sciatic nerves from adult male rats were dissected, cleaned of overlying connective tissue
and cut into 1-1.5 mm segments, which were cultured in low glucose (5.5 mM) Dulbecco’s
Modified Eagle Medium (DMEM) with 100 units/ml Penicillin and 100 ug/ml streptomycin
at 37° C (Invitrogen, Carlsbad, CA) with the indicated drugs and for the times specified,
after which the tissues were snap frozen and stored at —80° C until used to extract RNA or
proteins as described below. In each experiment, a group of nerve segments was frozen
immediately after cutting and referred to as time 0. Each condition and time point had
duplicate samples and at least three independent experiments were performed for each. For
samples used in RNA analysis we utilized a pool of 3 to 4, 1-1.5 mm nerve segments for
each condition. For samples used in protein extraction and Western blotting, 5 to 6, 1-1.5
mm nerve segments were pooled for each condition tested. We found that the time lag
required to clean these segments resulted in a 3 to 6 fold induction in GDNF mRNA
compared to nerves that were frozen immediately after euthanasia (data not shown), which
explains the apparent lower magnitude of GDNF induction in ex vivo experiments as
compared to in vivo injury.

Primary Schwann cell culture

For use in primary cultures, Schwann cells were purified from P1 Long-Evans rats (Charles
River, Wilmington, MA) by panning twice on anti-Thy1.1 (AbD Serotec, Raleigh, NC)
coated dishes as described previously (Bampton and Taylor 2005). Briefly, sciatic nerves
were collected and dissociated with 0.25 % type IV collagenase (Worthington Biochemical
Corp., Lakewood, NJ) for one hour, followed by a 15 minute incubation in 0.25% Trypsin
(Invitrogen, Carlsbad, CA). The dissociated cell mixture was plated on an anti-Thy1.1-
coated dish and incubated at 37° C for one hour. Unattached cells were collected and plated
on another anti-Thy1.1 coated dish to further eliminate contaminating fibroblasts. This
method results in high purity populations of Schwann cells (> 95%; (Gumy et al. 2008). For
GDNF mRNA induction assays, cells were plated at 1.6 x 10° cells/well in laminin (Sigma,
St. Louis, MO) coated 24 well plates. Cells were allowed to attach overnight in low glucose
DMEM with 0.5% FBS, 1x N2 supplements and penicillin-streptomycin. The next day,
cultures were treated with different pharmacological reagents and cells lysed directly in

Glia. Author manuscript; available in PMC 2014 September 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Xu et al.

Page 4

RNA lysis buffer for RNA collection (Qiagen; Valencia, CA). For Western blot assay,
Schwann cells were plated at 3.2 x 10° cells per well in laminin (Sigma) coated 12 well
plates. The next day, cultures were treated with drugs as indicated and collected using RIPA
buffer.

RNA extraction, cDNA synthesis and quantitative real time PCR

Nerve samples were homogenized in Qiazol (Qiagen) using a Polytron homogenizer.
Primary Schwann cells were lysed directly in RNeasy lysis buffer provided in the RNA
micro collection kit (Qiagen). RNA was extracted according to the manufacturer’s
instructions and genomic DNA was eliminated with an on-column DNase treatment
(Qiagen). RNA quantity was determined by absorbance at 260 nm. For first-strand cDNA
synthesis, 250 ng RNA was used as template for reverse transcription with an iScript kit
(Bio-Rad Laboratories, Hercules, CA). Real time PCR was performed using SYBR Green in
reactions run on an iCycler (Bio-Rad Laboratories). The amplification conditions were as
follows: step 1, 3 mins at 95° C; step 2, 30 sec at 95° C for denaturation; 30 sec at 60° C for
annealing and extension for 40 cycles. The following PCR primers were used. Rat GDNF
(NCBI Reference Sequence: NM_019139.1): forward, 5’-
ACGAAACCAAGGAGGAACTGA-3; reverse, 5-TTTGTCGTACATTGTCTCGGC-3
with an expected 74 bp fragment; rat Neurturin (NCBI Reference Sequence:
NM_053399.1): forward, 5-CGTGCGTGTGATGCTACCT-3; reverse, 5'-
TGTGAATTCAGTTCTCCTGAAAGT-3 with an expected 73 bp fragment; rat 18S rRNA
(GenBank: X01117.1), 5-CGGCTACCACATCCAAGGAA-3’; reverse, 5'-
GCTGGAATTACCGCGGCT-3" with an expected 187 bp fragment. 18S rRNA was used as
the internal control. The primer efficiency was measured by standard curves and amplicon
specificity was determined by melting curve analysis and DNA sequencing. All samples
were run in triplicate and the relative gene expression was calculated using the 2-AACt
method (Livak and Schmittgen 2001; Vandesompele et al. 2002) with the iQ5 optical system
software (Bio-Rad). Since GDNF mRNA levels were nearly undetectable at the initial time
points in our experiments, we normalized expression to later time points in order to get more
accurate quantitation.

Western Blot

Samples from dissected sciatic nerve, nerve segments or Schwann cells were prepared in
RIPA buffer containing 1 pg/ml leupeptin, 2 pg/ml antipain, 10 pg/ml benzamidine, 2 pg/ml
aprotinin, 1 mM NaF, 2 mM NazVOy, 1 mM Na pyrophosphate, 0.5 mM PMSF, 50 mM
Tris-HCI (pH=7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton, 1% Sodium deoxycholate and
0.2% SDS. The protein concentrations of the lysates were determined using the Pierce BCA
Protein Assay (Thermo Fisher Scientific, Rockford, IL). For experiments examining kinase
activation, 30 microgram protein samples were separated on 4-15% SDS-PAGE and
transferred to PVDF membrane. For examination of GDNF protein levels following nerve
segment explantation, samples were prepared as above and 40 micrograms of each extract
were run on 4 — 12% Novex Bis-Tris gels in MES running buffer (Invitrogen). The
membranes were incubated with primary antibodies against phospho-PKD (pS916) (1:1000,
Epitomics), phospho-PKD (pS744/748) (1:1000, Cell Signaling), phospho-PKD (pS744)
(1:1000, Cell Signaling), PKC p C-20 (total PKD, 1:1000, Santa Cruz), GDNF (1:250, Santa
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Cruz), actin (1:5000, Calbiochem) or a-tubulin (1:1000, Abgen). After overnight incubation,
membranes were washed and incubated with appropriate secondary antibodies (1:2000
HRP-conjugated goat anti-rabbit or anti-mouse antibodies, GE Healthcare Bio-Sciences
Corp.) and the bands detected using enhanced chemiluminescence (GE Healthcare Bio-
Sciences Corp.).

In situ hybridization

Both sense and antisense probes were generated against the rat GDNF sequence which was
produced with the following primer set: forward: 5-GACTCCAATATGCCCGAAGA-3,
reverse: 5-CTGGAGCCAGGGTCAGATAC-3'. Schwann cells were identified by
hybridization with a probe encoding S1008, a known marker of both myelinating and non-
myelinating Schwann cells in humans (Gonzalez-Martinez et al. 2003) and rodents
(Sugimura et al. 1989). Sense and antisense probes for rat S100p were generated with the
following primers: forward: 5-ATAGCACCTCCGTTGGACAG-3/, reverse: 5'-
CATGACACCCAGCAGCTAAA-3'. For PCR-generated cDNAs, the consensus sequence
for the T7 promoter was added to the forward primer and the consensus sequence for the T3
promoter was added to the reverse primer. Probes were synthesized using the DIG RNA
Labeling Kit following the manufacturer’s instructions (Roche, Indianapolis, IN). OCT or
paraffin embedded sciatic nerve samples were sectioned at 15 um and processed for in situ
hybridization. In brief, sections were fixed with 4% paraformaldehyde-PBS and treated with
proteinase K (45 U/ml). After acetylation with 0.25% acetic anhydride in triethanolamine
buffer, slides were prehybridized at room temperature for one hour and then incubated with
1 pg/ml antisense or sense probes at 65° C for 15 hrs. Unbound probes were washed off and
signals were revealed with NBT/BCIP (Roche). Sections incubated with sense probe did not
show any signals.

Immunolabeling of sciatic nerves

Freshly dissected (control) and ex vivo (9 hours in culture media) nerve segments were fixed
in 4% paraformaldehyde in 0.1M phosphate buffer (PB) for 2 hours, equilibrated in 30%
sucrose in PB, embedded in OCT and sectioned (transverse) at 15um. Sections were blocked
in PB containing 10% normal goat serum and 0.3% Triton-X 100 followed by labeling with
rabbit anti-GDNF (1:400, Santa Cruz) and either mouse anti-MBP (1:1000, Sternberger
Monoclonals) or chicken anti-GFAP (1:1000; Millipore) overnight. Secondary detection was
performed using anti-rabbit Alexa 594 and either anti-mouse Alexa 488 or anti-chicken
Alexa 488 (Invitrogen). DAPI counterstaining was used to visualize nuclei.

Histology on plastic embedded sciatic nerves

Rats were terminally anesthetized with pentobarbital 100 mg/kg, and underwent transcardial
perfusion with 30 mL of cold phosphate buffered saline, followed by 100 mL of cold
fixative, containing 1.25% PFA, 2.5% GA, 0.03% Picric Acid in 0.1 M Cacodylate buffer.
Sciatic nerves were dissected, immersed in the fixative for 48 hours, washed 2X in 0.1 M
cacodylate buffer, and post fixed with 1% OsO4 in 0.1 M cacodylate buffer for 48 hours.
After fixation, nerves were washed 2X for 1 hour in 0.1 M cacodylate buffer, dehydrated in
graded ethanol solutions: 50, 75, 95, 100% (2X), and suspended in Propylene Oxide for 1
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hour 2X. Before embedding the nerve fragments in plastic resin, they were suspended in a
solution of Propylene Oxide:araldite-ddsa 1:1 overnight, and serial sections of 1 um
thickness were cut with an ultra-microtome (Reichert Ultracuts, Leica AG 702501, Austria).

Statistical analyses

Unpaired t-test was used for two group comparisons and one-way analysis of variance
(ANOVA) followed by Tukey test was used for multiple group comparisons. Data is
presented as mean + S.E.M. and significance is indicated with asterisks: *** p<0.001, **
p<0.01, * p< 0.05 (GraphPad Prism 5 software).

To characterize the temporal and spatial pattern of GDNF mRNA expression after peripheral
nerve injury, sciatic nerves of adult rats were transected and RNA was collected from the
first and second millimeter segments proximal and distal to the injury site at either 6 or 12
hours following injury. Axotomy caused a dramatic induction in the levels of GDNF mRNA
on both sides of the injury site in a time dependent fashion (Fig. 1A), with the greatest
increase found in the 1 mm of nerve immediately adjacent to the injury site, suggesting a
local response. Interestingly, expression of another member of the GDNF family of trophic
factors, Neurturin (Kotzbauer et al. 1996), was not altered by the injury (not shown),
indicating that the increase in GDNF expression is specific.

It had been proposed that Schwann cells are the source of the GDNF mRNA in injured
nerves (Hammarberg et al. 1996), but this was not formally proven because the methods
used (radioactive in situ hybridization) did not provide the necessary resolution. Other
studies (Bar et al. 1998; Hoke et al. 2002) showed that injury leads to increased GDNF
immunostaining in Schwann cells, but this approach could not discriminate between these
glial cells being the source of this factor or a site of its accumulation. Therefore, to explore
the identity of the GDNF-expressing cells, we used non-radioactive in situ hybridization.

Within peripheral nerves there are several cell types, including Schwann cells, endothelial
cells and fibroblasts. Two types of Schwann cells can be observed in the nerve, myelinating
and non-myelinating. Each myelinating Schwann cell wraps around one large-diameter
axon, creating the myelin sheath while each non-myelinating cell associates with several
small diameter axons forming a Remak bundle. Both of these types of cells can be readily
identified in histological preparations, including electron microscopy (Corfas et al. 2004) as
well as in conventional microscopy using plastic (Fig 1B1), frozen (Fig. 1B2) and paraffin
sections (Fig 1E3 and E4).

Non-radioactive in situ hybridization failed to detect GDNF mRNA in the un-injured nerve
(Fig. 1E1) but clear signal was observed after injury (Fig. 1C1C2-4 and ). These results
(going from no signal to robust signal) are consistent with the dramatic increase we
measured using real-time RT-PCR. The cellular resolution of the non-radioactive in situ
hybridization identified Schwann cells as the source of increased GDNF mRNA, and the
morphology of the labeled cells indicated that GDNF expression was induced in both
myelinating and non-myelinating cells (white arrow in Fig. 1C2). No GDNF mRNA was
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observed in endothelial cells, which did show increased expression of NGF (data not
shown).

To investigate the mechanisms underlying this injury-induced increase in Schwann cell
GDNF expression, we adopted an ex vivo sciatic nerve segment culture system (Banner and
Patterson 1994; Kinameri and Matsuoka 2003). Samples consisting of several, 1-1.5 mm
long segments of acutely isolated sciatic nerve were cultured for 0, 3, 6, 9, and 12 hours
post-dissection, after which RNA was isolated and used to measure GDNF expression.
Quantitative RT-PCR revealed a dramatic time-dependent increase in levels of GDNF
mMRNA in a pattern similar to that seen in vivo (Fig. 1D). As we found with the in vivo
axotomy experiments described above, Neurturin expression was not induced by the
incubation (data not shown), showing that this system retains its specificity. Furthermore, in
situ hybridization of explanted sciatic nerve segments mirrored those obtained in vivo, i.e.
Schwann cells are the source of GDNF mRNA after injury. These histological analyses also
showed that nerve morphology was well maintained over the course of the experiment (Fig.
1E). Finally, to determine if the change seen in GDNF mRNA was reflected by an increase
in GDNF protein, we performed both Western blot and immunofluorescence analyses.
Immunoblot analysis showed that extracts of nerve explants that had been in culture for 12
hours contained much greater amount of GDNF protein than freshly isolated segments (Fig.
1F). Immunostaining demonstrated that GDNF protein is clearly upregulated in myelinating
(MBP+) Schwann cells in nerve explants after 9 hours in culture compared to freshly
dissected ones (Fig. 2A). Changes in GDNF expression in non-myelinating Schwann cells
could not be assessed due to the overall increase in the expression of their marker GFAP
(Fig. 2B). Some of the secondary antibodies showed non-specific binding to endothelial
cells (arrowheads in Figs. 2A and B).

Since the sciatic nerve contains both sensory and motor axons, in situ hybridization of nerve
sections did not provide insights into any potential differences in the injury response
between Schwann cells associated with sensory versus motor axons. To address this, we
performed in situ hybridization experiments using explants of L4 dorsal and ventral roots,
which contain predominantly sensory or motor fibers respectively. Hybridization with the
GDNF probe showed that injury induces GDNF expression in both roots, peaking at 12 hr,
but the density of GDNF-expressing cells was higher in the dorsal root (Table 1). In
contrast, hybridization with a probe for S100B, a molecule expressed by both myelinating
and non-myelinating cells in rodents (Li et al. 1997; Sugimura et al. 1989), showed no
difference in Schwann cell density between dorsal and ventral root sections. These results
indicate that the percent of Schwann cells expressing GDNF after injury is significantly
higher in the dorsal than the ventral root, suggesting a greater response by Schwann cells
associated with sensory axons.

Some studies have suggested that protein kinase C (PKC) is instrumental in the regulation of
GDNF expression in Schwann cells (Kinameri and Matsuoka 2003), while data from studies
using glioma and other cell lines have suggested that cCAMP-dependent protein kinase
(PKA) may also be involved (Verity et al. 1999), including the identification of a cAMP
response element in the promoter of the gene for GDNF (Grimm et al. 1998). Therefore, we
used the ex vivo system to test the effects of modulators of both pathways. Treatment with
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TPA, an activator of PKC, increased GDNF mRNA levels significantly beyond that found
with “injury” alone (Fig. 3A) while the PKC inhibitor bis-indolyl-maleimide I (BIM) nearly
completely inhibited the expression of GDNF mRNA in explants (Fig. 3B), indicating that
PKC activity is required for the injury-induced elevation in GDNF mRNA. Conversely,
treatment with forskolin, an activator of adenylate cyclase and therefore of PKA,
significantly decreased the levels of GDNF mRNA in explanted nerve segments (Fig. 3C),
indicating that PKA is not involved in the injury-induced GDNF upregulation, but that
rather it acts as an inhibitor. Based on these results we considered the possibility that injury-
associated signals activate PKC in Schwann cells, which leads to an induction in GDNF
expression. To test this hypothesis we subjected primary cultures of rat sciatic nerve
Schwann cells to treatment with TPA and/or BIM. As was observed with the explanted
nerve segments, TPA treatment of Schwann cells led to a significant induction of GDNF
mMRNA, an effect that was blocked by BIM (Fig. 3D). Consistent with what we found in
explants, PKA activation in Schwann cells by either forskolin or 8-bromo-cAMP led to a
reduction in GDNF mRNA production (Fig. 3E).

Together, the results obtained with both explants and dissociated Schwann cells suggested
that injury causes the activation of PKC in Schwann cells close to the injury site, leading to
increased GDNF expression. To monitor endogenous PKC activation after injury, we
measured the phosphorylation state of a PKC substrate, protein kinase D (PKD; (Valverde et
al. 1994), in nerve explants. Western blots using phospho-residue-specific antibodies
showed that PKD became activated and phosphorylated on known PKC-dependent sites, i.e.
Ser744 and Ser748 (Jacamo et al. 2008), within minutes of being explanted, with
phosphorylation reaching maximum levels rapidly and then decreasing gradually over
several hours (Fig. 4A). Importantly, this occurs in the absence of changes in the total
amount of PKD. To test if PKC activation is sufficient to upregulate GDNF expression in
peripheral nerves, rat sciatic nerves were surgically exposed and then overlaid with
GelFoam® saturated with either TPA or vehicle (DMSO) without injuring them. Then, the
incision was sutured and the treatment continued for 6 hours, at which time the animals were
sacrificed and the nerves were harvested. Exposure of the intact sciatic nerve to the
membrane permeable PKC activator TPA caused a dramatic induction of GDNF mRNA
(Fig. 4B) of approximately the same order of magnitude as that induced by injury (Fig. 1A).
Importantly, neither the procedure nor the presence of the DMSO soaked GelFoam® itself
had any impact on the typical response to transection over the same time course (Fig. 4C).

The observation that PKD becomes phosphorylated in response to injury raised the
possibility that its activity could be involved in the injury-induced GDNF expression.
Therefore, we tested the effects of CRT0066101, a PKD inhibitor (Thrower et al. 2011),
using nerve explants. Western blot analysis showed that CRT0066101 blocked PKD
catalytic activity specifically, as revealed by the inhibition of PKD Ser 916
autophosphorylation (Fig. 5A). Importantly, this drug did not interfere with the
phosphorylation of MARCKS, another PKC substrate, indicating that PKC activity was not
compromised (Fig. 5A). Quantitative RT-PCR showed that PKD inhibition blocks the
induction of GDNF by injury even when PKC is activated by TPA (Fig. 5B), indicating a
key role for PKD in GDNF expression and that it acts downstream of PKC. Furthermore,
PKD inhibition using two different inhibitors, CRT0066101 and kb NB 142-70 (Lavalle et
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al. 2010) also blocks induction of GDNF expression by TPA in Schwann cells (Fig. 5C and
D). Thus, PKC-driven PKD activity is a positive regulator of Schwann cell GDNF
expression and is involved in the injury-induced GDNF expression in sciatic nerve.

To obtain insights into the potential ligand/receptor systems that might be responsible for the
injury-induced activation of the PKC/PKD signaling pathway in Schwann cells, we searched
for receptors known to be expressed by Schwann cells and capable of activating the above
mentioned kinases. We focused on P2 type purinergic receptors because they are expressed
by these glial cells (Braun et al. 2004; Grafe et al. 1999; Stevens 2006), are known to
activate PKC and PKD (Bradford and Soltoff 2002; Franke and Illes 2006) and previous
studies have shown that their ligand ATP is released as a result of injury in the nervous
system (Neary and Kang 2005; Sawynok and Liu 2003). To test the involvement of this
pathway in the activation of GDNF in sciatic nerve, we exposed nerve explants to apyrase,
an ectonucleotidase that degrades nucleoside di- and triphosphates to their monophosphate
form and can thus modulate the activity of P2 type purinergic receptors (Knowles 2011;
Zimmermann 1996). Inclusion of apyrase in the culture medium markedly decreased the
levels of GDNF expression in explants (Fig. 6A). Furthermore, we found that the addition of
exogenous ATP induces GDNF expression in Schwann cells and this effect is blocked by
apyrase (Fig. 6B). Finally, inhibiting PKD activation through the addition of CRT0066101
was able to block the ATP-induced increase in GDNF expression in Schwann cells,
recapitulating the results that were seen in nerve explants (Fig. 6C).

DISCUSSION

There is strong experimental evidence that molecules expressed by Schwann cells play
important roles in peripheral nerve regeneration (e.g. see Morisaki et al. 2010; Morton et al.
2012; Tomita et al. 2007; Webber et al. 2011). Schwann cell expression of GDNF in the
mature peripheral nerve is quite low, but there is evidence that it is necessary for the
maintenance of sensory neurons and their axons (Chen et al. 2003). It has been proposed that
induction of GDNF expression by injury is important for neuronal survival and nerve
regeneration (Hammarberg et al. 1996; Hoke et al. 2000). Here we delineate a cascade of
events that underlie the induction of GDNF expression in response to peripheral nerve
injury, i.e. trauma causes release of ATP/ADP at the site of injury, which, in turn, activates
Schwann cell purinergic receptors leading to the stimulation of PKC/PKD signaling, which
induces transcription of the GDNF gene, a process that might involve Schwann cell c-Jun
(Fontana et al. 2012). The source of the ATP/ADP and the mechanisms responsible for their
release remain undefined, but the similarity in the magnitude of the GDNF induction on both
sides of the lesion supports the hypothesis that purinergic ligands are released by axons in
response to electrical activity caused by the injury (Fields and Ni 2010; Mandolesi et al.
2004).

Most previous studies on the effects of nerve injury on GDNF expression focused on time
points days to weeks after injury, and showed that 48hr after injury GDNF expression
increases 500-1000 fold (Bar et al. 1998; Hammarberg et al. 1996; Hoke et al. 2000; Trupp
et al. 1995). We found that this level of induction is already evident within 12 hr after injury,
making this 12hr period key for understanding the mechanisms of the injury response.
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Furthermore, we observed that both myelinating and non-myelinating Schwann cells
adjacent to the injury site are responsible for the GDNF expression. We were somewhat
surprised to find that a greater proportion of Schwann cells in the dorsal root showed
increased GDNF expression following injury compared to the ventral root. This is consistent
with the fact that GDNF responsive cells represent a larger portion of the neurons located
within the sensory component of the postnatal spinal nerve as compared to the motor
(Baudet et al. 2000; Linnarsson et al. 2001; Mikaels et al. 2000). The differences in
responses in the roots are not simply due to differences between myelinating and non-
myelinating cells, and therefore indicate a significant diversity in the behavior of the
Schwann cells dependent upon the type of axons they contact. It is important to note that,
along with the injury-induced increase in GDNF, the expression of components of the Ret/
GFRa receptor complex is also strongly induced in multiple locations in the nerve, the
spinal cord and the dorsal root ganglion (DRG) following peripheral nerve injury (Fundin et
al. 1999; Keast et al. 2010; Naveilhan et al. 1997). Furthermore, Keast et al (2010) have
proposed that an upregulation of GDNF receptors may increase the number of GDNF
responsive cells beyond that seen in the healthy organism. Thus, the increased GDNF
expression by Schwann cells at the injury site might influence the behavior of cells that
would not normally be sensitive to this growth factor.

Our finding that the increase in GDNF expression depends on purinergic receptors in
Schwann cells provides evidence that extracellular ATP/ADP acts as an injury signal in
peripheral nerves, something that had been observed in the CNS (Neary et al. 2005; Volonte
et al. 2003; Wang et al. 2004). For example, a recent study reported that astroglia utilize
signaling through P, X7 receptors as a cellular sensor for the pathological release of ATP
(Oliveira et al. 2011), and purinergic signaling activated via ATP release has been
implicated in bidirectional communication between neurons and satellite cells in the
trigeminal ganglion, where it modulates calcium signaling in both cell types (Suadicani et al.
2010). Also, of particular relevance to our results, mechanical injury to spinal nerve roots
has been shown to lead to a rapid and significant release of ATP to the extracellular space
(Grafe et al. 2006), and GDNF itself has been shown to regulate the expression of purinergic
receptors following injury (Bradbury et al. 1998). Schwann cells have been shown to
express a number of P2 type receptors (Fields and Burnstock 2006) and thus are capable of
responding to injury-released ATP/ADP, but the specific set of receptors involved in the
regulation of GDNF expression remain to be defined. It is important to note that purinergic
signaling in the context of axon-glia interactions also has been implicated in the process of
myelination, but the specifics in this respect remain poorly defined as they have been
reported to promote myelination by oligodendrocytes (Ishibashi et al. 2006) but inhibit it in
Schwann cells (Stevens and Fields 2000).

Downstream of purinergic receptor activation in Schwann cells, we have identified PKD
signaling as a critical component of the pathway leading to GDNF production following
axotomy. Our study provides the first evidence that PKD is critical in Schwann cells and
establishes this pathway as an important intracellular signaling mediator downstream of
axon-glia communication. PKD, originally characterized as a PKC isoform (PKCp)
(Valverde et al. 1994), plays important roles in numerous cell types outside of the nervous
system, regulating proliferation, migration and differentiation, immune function and

Glia. Author manuscript; available in PMC 2014 September 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Xu et al.

Page 11

angiogenesis (Rozengurt 2011). In contrast, there has been little information concerning the
involvement of PKD signaling in nervous system development and function. PKD has been
implicated in the establishment of neuronal polarity (Bisbal et al. 2008; Yin et al. 2008) and
the maintenance of Golgi apparatus integrity and dendritic arborization in hippocampal
neurons (Czondor et al. 2009). PKD activation is also part of the early response by
dopaminergic neurons to oxidative stress (Asaithambi et al. 2011). In sensory neurons, PKD
activation has been linked to the phosphorylation of transient receptor potential (TRP)
channels leading to pathological changes in nociception (Amadesi et al. 2009). From the
point of view of glia biology, it has been reported that cultured rat primary cerebellar
astrocytes express PKD and that it is activated downstream of signaling by different
purinergic receptors (Carrasquero et al. 2010).

Our data also identify an important new role for PKD, i.e. a critical component of the injury-
induced increase in GDNF expression in the peripheral nerve. The compelling evidence that
exogenous GDNF improves/facilitates recovery after peripheral nerve damage (Akkina et al.
2001; Blesch and Tuszynski 2003; Chen et al. 2001), coupled with data indicating that a
reduction in GDNF expression by non-myelinating Schwann cells causes small-fiber
neuropathy (Chen et al. 2003), suggest that the signaling cascade we have uncovered for the
regulation of GDNF expression by Schwann cells could be an interesting potential target for
pharmacological approaches for the treatment of peripheral neuropathies. Future studies
could also address whether PKD activation is important in Schwann cells during normal
development and in processes such as myelination.
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Fig. 1. Nerveinjury induces GDNF mRNA in Schwann cells
A) GDNF mRNA levels in adjacent 1 mm segments both proximal and distal to the injury

site in sciatic nerve 6 and 12 hours post-axotomy were measured using real time g-RT-PCR.
Values are expressed relative to non-axotomized sham using 18S rRNA as normalizer.

B) Images of sections of plastic embedded (B1) and frozen (B2) sciatic nerves illustrating
the distinct morphology of myelinating (black arrowheads) and non-myelinating (white
arrowheads) Schwann cells. The scale bars represent 20 um for B1 and 150um for B2.

C) In situ hybridization on frozen sections of adult rat sciatic nerve immediately adjacent to
the site of injury, 12 hours post axotomy, show GDNF mRNA is restricted to Schwann cells.
B1 shows a low magnification image, B2—4 show representative fields at high magnification
to illustrate the morphology of GDNF-expressing cells. Black arrowheads in B2—4 indicate
myelinating Schwann cells, white arrowheads indicate non-myelinating Schwann cells. The
scale bar represents 200 um for C1 and 50 um for C2—4.

D) GDNF mRNA levels measured in ex vivo nerve segments at 0, 3, 6, 9, and 12 hours post-
explant. Values were normalized to the maximum expression at 12 hours. ANOVA showed
that most time points are significantly different from the others with p < 0.001, except for 0
hrvs. 3 hrand 9 hrvs. 12 hr (p > 0.05).
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E) In situ hybridization for GDNF performed on sections prepared from paraffin embedded
ex Vivo sciatic nerve explants. D1: low magnification image of ex vivo nerve segment at time
0. D2: low magnification image of GDNF expression in an ex vivo nerve segment at 12
hours post-explant. D3—4: high magnification view of representative fields of ex vivo nerve
sections 12 hours post-explant. Black arrowheads indicate myelinating Schwann cells, white
arrowheads indicate non-myelinating Schwann cells. The scale bar represents 200 pm for
D1-2 and 50 um for D3-4.

F) Western blot analysis of ex vivo nerve segments at 0 and 12 hours post-explant shows
that the levels of GDNF protein are increased after explantation. Actin levels were measured
to control for loading.
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i Control

Fig. 2. Nerveinjury increases GDNF protein expression in myelinating Schwann cells
A) Immunofluorescence analysis shows that ex vivo nerve segments 9 hours post-

explantation have higher GDNF protein levels associated with myelinating (MBP+)
Schwann cells compared to freshly dissected nerve segments. The arrowhead shows blood
vessels, which display non-specific staining (see also Panel B). Scale bar = 20pm.

B) Immunofluorescence analysis shows that staining for GFAP, a marker for non-
myelinating Schwann cells, is widely increased in ex vivo nerve segments at 9 hours post-
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explantation compared to freshly dissected nerve segments. As a result, changes in GDNF
protein levels in non-myelinating Schwann cells could not be validated. Scale bar = 20um.
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Fig. 3. PKC up-regulates and PKA downregulates GDNF expression in sciatic nerve segments
and cultured Schwann cells

A) The PKC activator TPA enhances the upregulation of GDNF expression in ex vivo sciatic
nerve segments after 6hr of culture.

B) PKC inhibition by Bisindolylmaleimide | hydrochloride (BIM) blocks the injury-induced
increase of GDNF expression in ex vivo nerve segments.

C) Forskolin reduces the injury-induced increase of GDNF expression in ex vivo nerve
segments.

D) TPA treatment induces GDNF expression in Schwann cell cultures, an effect that is
blocked by BIM.

E) Forskolin and 8-Br-cAMP treatments reduce GDNF expression by Schwann cells.
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Fig. 4. PKC becomes activated in theinjured nerve and PKC activation is sufficient to induce
GDNF expression in intact peripheral nerve

A) Western blot depicting the rapid site-specific phosphorylation of protein kinase D, a PKC
substrate, at Ser916, Ser744, and Ser748 in ex vivo nerve segments at the indicated times
following culture. Levels of total PKD are unchanged by nerve injury. a-tubulin was used as

loading control.

B) Exposure of uninjured nerve to GelFoam® containing the PKC activator TPA for 6 hr

induces GDNF expression.

C) Exposure of sciatic nerve to GelFoam® soaked with vehicle (DMSO) does not interfere

with GDNF induction in the 2 mm segment adjacent to the injury site.
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Fig. 5..P.KD activation, downstream of PKC, is necessary for induction of GDNF expression by
nerveinjury

A) Inhibition of PKD using CRT0066101 blocks PKD catalytic activity as revealed by the
inhibition of its autophosphorylation (pSer916) but has no impact on the phosphorylation of
MARCKS, another target of PKC. a-tubulin was used as a control for loading.

B) TPA treatment of ex vivo nerve segments increases GDNF expression to levels above
those induced by injury alone. Both the injury and TPA-induced effects are blocked by
CRT0066101.

C) The TPA-induced increase in Schwann cell GDNF expression is significantly reduced by
PKD blockade using CRT0066101 (CRT).

D) Blocking PKD activity using the inhibitor kb NB 142-70 (kb NB) greatly diminishes the
TPA-induced increase in GDNF expression in cultured Schwann cells.
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Fig. 6. Purinergic signaling induces GDNF expression in explants and Schwann cells through
PKD activation

A) Induction of GDNF expression by injury in ex vivo nerve segments is reduced by the
presence of apyrase (APY), an ectonucleotidase that degrades ATP and ADP.

B) ATP stimulates GDNF expression by Schwann cells, an effect that is blocked by apyrase
(APY).

C) Inhibition of PKD by CRT0066101 (CRT) blocks the ATP-mediated increases in GDNF
expression by Schwann cells.
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Table 1
Effects of injury on Schwann cell GDNF expression in thedorsal and ventral roots

The density of GDNF expressing Schwann cells was measured in sections of dorsal and ventral roots 12 hr
after explantation. The density of S100p expressing Schwann cells was measured of sections of uninjured
roots.

L4 dorsal L4 ventral p value

Density of GDNF expressing cells (cells/mm?) 66.7 +13.7 139+1.7 p <0.02

Density of S100p expressing cells (cells/mm?) 165.3+154 | 170.7+24.1 | p=0.86

GDNF expressing Schwann cells (% of S1008+ cells) | 42.1+16.6 84+18 p <0.05
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