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Enhanced Artemin/GFRa3 Levels Regulate Mechanically
Insensitive, Heat-Sensitive C-Fiber Recruitment after
Axotomy and Regeneration

Michael P. Jankowski, Kristofer K. Rau, Deepak J. Soneji, Collene E. Anderson, and H. Richard Koerber
Department of Neurobiology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15261

We have shown recently that following saphenous nerve transection and successful regeneration, cutaneous polymodal nociceptors
(CPMs) lacking transient receptor potential vanilloid 1 (TRPV1) are sensitized to heat stimuli and that mechanically insensitive, heat-
sensitive C-fibers (CHs) that contain TRPV1 increase in prevalence. Target-derived neurotrophic factor levels were also enhanced after
axotomy and regeneration. In particular, the glial-cell line-derived neurotrophic factor (GDNF) family member artemin was found to be
significantly enhanced in the hairy hindpaw skin and its receptor GDNF family receptor o3 (GFRa:3) was increased in the L2/L3 dorsal
root ganglia (DRGs) following nerve injury. In this study, we assessed the role of enhanced artemin/GFRo:3 levels on the changes in mouse
cutaneous CH neurons following saphenous nerve regeneration. We used a newly developed siRNA-mediated in vivo knockdown strategy
to specifically inhibit the injury-induced expression of GFRa3 and coupled this with an ex vivo recording preparation to examine
response characteristics and neurochemical phenotype of different types of functionally defined neurons after injury. We found that
inhibition of GFRa3 did not affect the axotomy-induced decrease in CPM threshold, but transiently prevented the recruitment of CH
neurons. Western blot and real-time PCR analysis of hairy hindpaw skin and L2/L3 DRGs after saphenous nerve regeneration suggested
that inhibition of the potential initial injury-induced increase in enhanced target-derived artemin signaling resulted in dynamic changes
in TRPV1 expression after regeneration. These changes in TRPV1 expression may underlie the functional alterations observed in CH

neurons after nerve regeneration.

Introduction

Peripheral nerve regeneration and reinnervation of the target
tissue has been shown to induce a variety of molecular and bio-
physical changes in sensory neurons due to changes in the target
tissue and at the site of injury (Taniuchi et al., 1986; Terenghi,
1995; Smith and Skene, 1997; Ruocco et al., 2000; Campbell,
2001; Kiry et al., 2001; Decosterd et al., 2002; Koerber and
Woodbury, 2002; Priestley et al., 2002; Obata et al., 2003;
Oaklander and Brown, 2004; Bennett et al., 2006; Koerber et al.,
1999, 1994). These changes correlate with increased spontaneous
activity (Xie et al., 1995; Djouhri et al., 2006), hyperexcitability
(Wall and Devor, 1983; Kajander and Bennett, 1992; Amir et al.,
1999; Waxman, 1999), and sensitization (Jankowski et al.,
2009a), potentially leading to conditions of acute or chronic pain.
We have shown that the peripheral response properties of two
different populations of cutaneous C-fibers are significantly af-
fected by axotomy and regeneration. Isolectin B4 (IB4)-binding,
transient receptor potential vanilloid type 1 (TRPV1)-lacking,
polymodal C-fibers (CPMs) have decreased thresholds to heat
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stimuli, while IB4-negative, TRPV1-positive, mechanically in-
sensitive, heat-sensitive C-fibers (CHs) increase in prevalence
(Jankowski et al., 2009a).

It has been proposed that neurotrophic factors may play an
important role in the injury-induced responses of peripheral sen-
sory neurons (Lundborg et al., 1994; Wang et al., 2003). The
glial-cell line-derived neurotrophic factor (GDNF) family is of
interest because we have previously found that after axotomy, the
cutaneous target is enriched in both GDNF and artemin (but not
neurturin) along with a subsequent increase in their receptors in
the dorsal root ganglia (DRGs) (Jankowski et al., 2009a). These
ligands can signal through the ret tyrosine kinase receptor
but bind to a glycosylphosphatidylinositol-linked coreceptor
[GFRa1-3 (Sariola and Saarma, 2003)]. GDNF has the highest
affinity for GFRal, and artemin specifically binds GFRa3 (Baloh
etal., 1998; Carmillo et al., 2005). GDNF is known to regulate the
development of small-diameter nociceptors and may be involved
in modulating mechanosensation (Albers et al., 2006). Artemin
has been shown to be involved in nociceptor sensitization (Elitt et
al., 2006), although others have suggested that artemin is antino-
ciceptive (e.g., Gardell et al., 2003).

Since we found that TRPV1 was increased in the DRGs after
reinnervation of the skin (Jankowski et al., 2009a), and that
GFRa3 and TRPV1 colocalize in murine CH fibers (Jankowski et
al., 2009a), we hypothesized that enhanced target-derived arte-
min and DRG GFRa3 levels may be responsible for the induction
of TRPV1 expression in the DRGs and the observed CH neuron
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recruitment after regeneration. Here, we tested this hypothesis by
coupling our newly developed in vivo siRNA-mediated inhibition
(Jankowski et al., 2009b) of injury-induced GFRa3 with func-
tional recording of single afferents after saphenous nerve axo-
tomy and regeneration using an ex vivo skin/nerve/DRG/spinal
cord preparation. We then examined mRNA and protein levels of
artemin in the skin and GFRa3 and TRPV1 in DRGs during and
after regeneration to determine potential mechanisms.

Materials and Methods

Animals. Experiments were conducted using age-matched adult (4-6
weeks) male Swiss Webster mice (Hilltop Farms). All animals were
housed in group cages, maintained in a 12 h light-dark cycle with a
temperature-controlled environment, and given food and water ad libi-
tum. All procedures used in these experiments were reviewed and ap-
proved by the Institutional Animal Care and Use Committee at the
University of Pittsburgh. Animals were cared for and used in accordance
with guidelines of the U.S. Public Health Service Policy on Humane Care
and Use of Laboratory Animals and the NIH Guide for the Care and Use of
Laboratory Animals and following institutional Association for Assess-
ment and Accreditation of Laboratory Animal Care-approved practices.

Penetratin-1/siRNA linkage. siRNAs were conjugated to Penetratin-1
(MP Biomedicals) peptide as previously described (Davidson et al., 2004;
Jankowski et al., 2006). Penetratin-1 peptide is a 16 aa peptide corre-
sponding to the third helix of the homeodomain of Antennapedia pro-
tein that penetrates cell membranes (Derossi et al., 1998). siRNAs were
synthesized with a 5" thiol modification on the sense strand to allow
Penetratin conjugation (Dharmacon). The nontargeting siRNA duplex
also contained a 5' CY3 molecule conjugated to the antisense strand.
Equimolar concentration of activated Penetratin-1, reconstituted in ster-
ile water, was added to each of the siRNAs dissolved in 1X siRNA buffer
(Dharmacon) and incubated for 15 min at 65°C and then 1 h at 37°C.
Stock siRNAs were brought to 400 nm NaCl to enhance solubility of
Penetratin-linked siRNAs and kept at —80°C until used.

Penetratin-1-modified siRNA injections. Mice were anesthetized by a
mixture of ketamine and xylazine (90 mg/kg and 10 mg/kg, respectively).
A small incision made in the midthigh region exposed the saphenous
nerve to be injected. Pen-siRNAs were heated to 65°C for 5-15 min
before injection. A 0.1-0.2 ul quantity of 90 um Penetratin-1-linked
control (PenCON) or GFRa3-targeting (Pena3) siRNAs was pressure
injected at 10 psi into the saphenous nerve using a quartz microelectrode
connected to a Picospritzer (Jankowski et al., 2009b). In each case, the
electrode is positioned such that the injection is directed centrally toward
the ganglion and away from the transection site. Under conditions in
which mice received both nerve cut and siRNA injection, cuts were made
1-2 mm distal to the injection site without cleaning the surrounding area
or damage to vasculature as described below. Tissues were collected at
7—-84 d after nerve cut for analysis.

Saphenous nerve axotomy. Mice were anesthetized as described. A
small incision was made in the skin at the midthigh level over the saphe-
nous nerve. The exposed nerve was transected using fine iridectomy
scissors without disturbing the surrounding connective tissue. There-
fore, the cut ends of the nerve remained closely apposed. The wound was
closed using 7.0 silk sutures. Animals were allowed to survive for 7-84 d
after nerve injury for immunocytochemical, electrophysiological, West-
ern blotting, and/or real-time PCR analysis.

Ex vivo preparation. The ex vivo somatosensory system preparation has
been described in detail previously (Woodbury et al., 2001). Briefly, mice
were anesthetized via injection of ketamine and xylazine (90 and 10
mg/kg, respectively) and perfused transcardially with oxygenated (95%
0,-5% CO,) artificial CSF (aCSF; in mm: 1.9 KCl, 1.2 KH,PO,, 1.3
MgSO,, 2.4 CaCl,, 26.0 NaHCOs, and 10.0 p-glucose) containing 253.9
mwu sucrose at 12-15°C. The spinal cord and the right hindlimb were
excised and placed in a bath of aCSF. Hairy skin of the right hindpaw,
saphenous nerve, DRGs, and spinal cord were isolated. Following dissec-
tion, the preparation was transferred to a separate recording chamber
containing chilled oxygenated aCSF in which the sucrose was replaced
with 127.0 mm NaCl. The skin was pinned out on a stainless steel grid
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located at the bath/air interface, such that the dermal surface remained
perfused with the aCSF while the epidermis stayed dry. The platform
served to provide stability during applied thermal and mechanical stim-
uli. The bath was then slowly warmed to 31°C before recording.

Recording and stimulation. All recordings were made from the L2-3
DRGs as these are the primary source of cutaneous fibers contained in the
saphenous nerve. Sensory neuron somata were impaled with quartz mi-
croelectrodes (impedance >150 M()) containing 5% Neurobiotin (Vec-
tor Laboratories) in 1 M potassium acetate. Orthograde electrical search
stimuli were delivered through a suction electrode on the nerve to locate
sensory neuron somata innervating the skin. Peripheral receptive fields
(RFs) were localized with a blunt glass stylus and von Frey hairs. When
cells were driven by the nerve but had no mechanical RF, a thermal search
was conducted. This was accomplished by applying hot (~52°C) and/or
cold (~0°C) physiological saline to the skin. There was some concern
that the brief but multiple applications of hot saline might cause sensiti-
zation of nociceptors during the course of an experiment. We examined
this possibility in two recent studies (Lawson et al., 2008; Jankowski et al.,
2009a) and found no change in average heat thresholds obtained at the
onset of the experiment when compared to the average heat thresholds of
the last fibers recorded. We have made a similar comparison of the data
from these experiments in mice following nerve regeneration and also
found no change in the average heat thresholds during the course of these
experiments (data not shown).

The response characteristics of DRG cells were determined by apply-
ing digitally controlled mechanical and thermal stimuli. The mechanical
stimulator consisted of a tension/length controller (Aurora Scientific)
attached to a 1-mm-diameter plastic disc. Computer-controlled 5 s
square waves of 1, 5, 10, 25, 50, and 100 mN were applied to the cell’s RF.
After mechanical stimulation, a controlled thermal stimulus was applied
using a 3 mm? contact area Peltier element (Yale University Machine
Shop). The temperature stimulus consisted of a 12 s heat ramp from 31 to
52°C followed by a 5 s plateau at 52°. The stimulus then ramped back
down to 31°C in 12 s. Adequate recovery times (~30 s) were used be-
tween stimulations. While recording from myelinated nociceptors in
many cases, multiple heat applications were made, and in some cases the
heat ramp was continued to 54°C and held for 5 s. In other instances,
fibers that were unable to be characterized by computer-controlled me-
chanical or thermal stimulation but were characterized by von Frey
and/or saline stimuli were included for categorization of cell types but
not included in the determination of thresholds and firing rates. All
elicited responses were recorded digitally for offline analysis (Spike2 soft-
ware, Cambridge Electronic Design). After physiological characteriza-
tion, select cells were labeled by iontophoretic injection of Neurobiotin
(2-3 cells per DRG). Peripheral conduction velocity was then calculated
from spike latency and the distance between stimulating and recording
electrodes (measured directly along the nerve). All electrophysiological
and immunocytochemical experiments in naive and nerve-injured mice
were performed blinded to the experimenter.

Tissue processing and analysis of recorded cells. Once a sensory neuron
was characterized and intracellularly filled with Neurobiotin, the DRG
containing the injected cell was removed and immersion fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) for 30 min at 4°C.
Ganglia were then embedded in 10% gelatin, postfixed in 4% parafor-
maldehyde, and cryoprotected in 20% sucrose. Frozen sections (60 um)
were collected in PB and reacted with fluorescently tagged (FITC) avidin
to label Neurobiotin-filled cells (Vector Laboratories). Next, each section
was processed for IB4 binding (AlexaFluor 647; Invitrogen) and/or
TRPV1 (1:500; Calbiochem), GFRa3 (1:100; R&D Systems) immunohis-
tochemistry. After incubation in primary antiserum, tissue was washed
and incubated in Cy3- or Cy5-conjugated donkey anti-rabbit or donkey
anti-goat secondary antisera (1:200; Jackson ImmunoResearch). Distri-
bution of fluorescent staining was determined using Olympus Fluo-
View 500 laser scanning confocal microscope (Olympus America).
Sequential scanning was performed to prevent bleed-through of the
different fluorophores.

Sections of hairy hindpaw skin from naive and nerve-injured mice
were also dissected, fixed, and sectioned as described. Skin sections were
blocked and incubated in primary antiserum rabbit anti-PGP9.5 (1:2000;
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Ultraclone) overnight at room temperature. After incubation in primary
antiserum, tissue was washed and incubated in Cy3-conjugated goat
anti-rabbit secondary antiserum (1:200; Jackson ImmunoResearch). Tis-
sue was analyzed as described above using confocal microscopy.

The expression of GFRa3 was analyzed in three L3 DRGs from naive
mice and three L3 DRGs from each nerve-injured group. The DRGs
taken after electrophysiological experiments and were processed for im-
munohistochemical analysis as described above. The numbers of positive
cells were determined as previously reported (Christianson et al., 2006;
Jankowski et al., 2009a). In brief, three nonconsecutive sections were
randomly chosen and 15 um stacks with 3-um-thick optical sections
were captured using a 40X oil-immersion objective. Multiple optical
stacks were taken of each selected tissue section and visual confirmation
was used to avoid analyzing cells twice. The number of GFRa3-positive
cells were counted and averaged in the top and bottom optical section of
each stack. The percentage of double-labeled cells was determined and
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Figure 1.  Light micrographs of L3 dorsal root ganglia immunolabeled for ATF3 after
injection of PenCON siRNAs into the saphenous nerve or axotomy. Injection of PenCON
siRNAs into the saphenous nerve does not cause significant injury of saphenous afferents
to the same degree as axotomy. Injection of siRNAs into the saphenous nerve occasionally

reported as mean = SEM.

To determine the relative specificity of GFRa3, we also performed cell
counts on naive tissue processed with IB4 to determine the overlap of

induces ATF3 expression in a few DRGs neurons (arrow) 3 d after injection (4). However,
complete transection of the saphenous nerve induces ATF3 expression in most DRG neu-
rons (arrows) 3 d after injury (B).

these cell types. It is thought that GFRa3 and IB4 are relatively separate

populations of sensory neurons in mouse
DRGs using other GFRa3 antibodies (Orozco
etal., 2001). IB4 also overlaps with GFRa1 and
GFRa2 (Bennett et al., 1998), and it is known
that IB4 and TRPV1 do not overlap extensively
in mouse DRGs (Zwick et al., 2002). However,
using our antibody, GFRa3-positive cells over-
laps highly with TRPV1-expressing neurons
(Elitt et al., 2006). Therefore our data confirm
the notion that these two populations are
mostly exclusive, as only 8.2 * 2.5% of
GFRa3-positive cells in the DRGs bind 1B4,
suggesting that our antibody is specific.

RNA isolation and real-time PCR. Animals
were anesthetized as described and the dorsal
hindpaw skin was shaved. The skin innervated
by the saphenous nerve was quickly removed,
taking care to acquire skin from the central part
of the innervation field. Trizol reagent was then
used to isolate RNA from skin. The mice were
then intracardially perfused with ice-cold 0.9%
NaCl before dissection of DRGs. RNA isolation
from the L2 and L3 DRGs was performed using
Qiagen RNeasy mini kits for animal tissues us-
ing the supplied protocol. RNA concentrations
were then determined by obtaining A260 read-
ings on a GeneQuant spectrometer. Purified
RNA was treated with DNase I (Invitrogen) for
15 min at room temperature, and 1 ug of
DNased RNA was reverse transcribed using Su-
perscript IT Reverse Transcriptase (Invitro-
gen). For real-time PCR, 20 ng samples of
c¢DNA were added to a SYBR Green MasterMix
(Applied Biosystems) and run in triplicate on
an Applied Biosystems Imager. Forward and
reverse primer sequences used in real-time
PCRs for GFRa3, TRPV1, ret, and GAPDH
were obtained from Elitt et al. (2006). GFRal,
GFRa2, and P2X3 primer sequences were ob-
tained from Jankowski et al. (2009a). IFN type
I-induced and dsRNA-activated kinase (IFN
type I) sequences are as follows: forward: 5’-
GTT AAA GAG CCC GCC GAA A-3'; reverse:
5'-TGG AAA AGC CACTGA ATG TAG ATG-
3’. Values were normalized to GAPDH and
changes in expression are calculated as a AACt
value that is determined by subtracting the cy-
cle time (Ct) values of the gene of interest from
the GAPDH internal control for each sample
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Figure 2. Real-time PCR and Western blotting analysis of DRGs 7 and 28 d after saphenous nerve axotomy with or
without injection of PenCON or Penc3 siRNAs. GFRa:3 mRNA is significantly increased in the L2/L3 DRGs 7 d after saphe-
nous nerve axotomy alone (41 = 8%), and after axotomy plus PenCON injection (42 == 5%); however, injection of Penc3
siRNAs prevented the axotomy-induced increase in GFRa3 mRNA (6 = 12%) at this time point (4). mRNA levels of GFRa3
returned to baseline by 28 d after saphenous nerve axotomy under all conditions (B). Western blot analysis verified that an
increase in mRNA expression corresponded to an increase in protein expression 7 d after axotomy (32 = 8%) and after
PenCON siRNA injection plus axotomy (38 = 14%), whereas injection of Penc3 siRNAs plus axotomy (—3 £ 5%)
displayed no increase in GFRa:3 protein (C). Surprisingly, the initial increase in GFRa:3 mRNA at 7 d induced a prolonged
increase in GFRa3 protein at 28 d after axotomy (31 = 3%) and PenCON siRNA injection plus axotomy (42 = 16%).
Injection of Pencx3 siRNAs plus axotomy did not show any rebound of GFRa3 protein (—15 = 13%) at 28 d (D). Axotomy-
induced expression of P2X3 (85 = 10%) in the L2/L3 DRGs 7 d after saphenous nerve axotomy is not affected by injection
of either PenCON (58 == 16%) siRNAs or Pencx3 (54 = 12%) siRNAs (E). Representative Western blots are shown for GFRa:3
protein normalized to actin at 7 and 28 d after saphenous nerve axotomy with or without injection of PenCON or Pena3
siRNAs (F). The mouse GFRa:3 band is detected around 40 kDa (dashed arrow) and a smaller product (arrowhead) is also
detected around 30 kDa. *p << 0.05. The membrane fraction of GFRae3 was also found to have enhanced levels in the DRGs
7 d after axotomy (F, inset; N, naive; Ax, axotomy).
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Pena3 + Axotomy (10 wks)

Light micrographs of saphenous nerve innervation area of the skin immunopositive for PGP9.5. Four weeks after axotomy of the saphenous nerve, the epidermis (arrow-

heads) and dermis (arrows) are readily reinnervated by regenerating saphenous afferents (A—(). Injection of control (B) or GFRa3-targeting siRNAs does not appear to effect the
reinnervation of the skin. Similar results are found 10 weeks after axotomy under the three experimental conditions (E-G). The innervation pattern is not as extensive as uninjured control
skin (D) at 4 weeks, but appears normal by 10 weeks. A diagram of the area of hairy hindpaw skin taken for PGP9.5 immunocytochemistry is shown (H). Scale bar, 500 pm.

and compared among samples. Fold change is described as 242" (Ap-
plied Biosystems), and twofold change equals 100% change. GAPDH did
not change after axotomy in any samples relative to naive mice and
verified the use of this internal control for normalization.

Western blot. Hairy hindpaw skin or DRGs from naive or nerve-
injured mice was homogenized in lysis buffer containing 1% SDS, 10 mm
Tris—HCI, pH 7.4, and protease inhibitors (1 ug/ml pepstatin, 1 pg/ml
leupeptin, 1 ug/ml aprotinin, 1 mm sodium orthovanadate, and 100
pg/ml phenylmethylsulfonyl fluoride; Sigma Biochemicals). Membrane
fractions from pooled DRGs from either naive or nerve-injured mice
were isolated with the Pierce membrane isolation kit according to the
manufacturer’s protocol. Total DRG samples (10 ug) were centrifuged
and boiled 10 min in a denaturing buffer containing B-mercaptoethanol
and SDS before gel electrophoresis. Membrane fraction samples were
heated to 37°C in the denaturing buffer containing 8 M uric acid. Each
sample was normalized for loading based on the volume of hydrophilic
and hydrophobic fractions obtained according to the manufacturer’s
recommendations (Pierce). Samples were then separated on an 8% (ar-
temin) or 10% (GFRa3) SDS-polyacrylamide gel and transferred to a
PVDF (Hybond) membrane (GE Healthcare) that was blocked in 5%
milk (in 0.1 M Tris-buffered saline with 0.1% Tween 20) and then incu-
bated with primary antibodies overnight at 4°C (GFRa3: 1:100; R&D
Systems; artemin: 1:500; Santa Cruz Biotechnology; actin: 1:10,000;
Sigma). Antibody binding was visualized using horseradish peroxidase-
conjugated goat anti-rabbit or donkey anti-goat secondary antibodies
(1:10,000) and chemiluminescent detection (Pierce Biochemical). Im-
munoreactive bands were analyzed by densitometry and intensity quan-
tified using NIH Image] software. Band intensity was normalized to actin
and reported as a percentage change.

Data analysis. One-way ANOVA tests and post hoc analysis (Tukey)
were used to analyze differences in firing rate and instantaneous fre-
quency along with mechanical and thermal thresholds of both A- and
C-fibers. This information was sorted by neuronal functional type to
examine whether or not certain classes of neurons have coherence with
regard to the expression of any of the markers tested. Differences in fiber
prevalence were determined by Fisher’s exact analysis. Percentage
changes in mRNA and protein were also determined to be statistically
significant by ANOVA with post hoc analysis (Tukey). Statistical analyses
were performed on the raw Ct data and represented for ease of presenta-
tion as a percentage change. Significance was set at p < 0.05.

Results

In vivo inhibition of axotomy-induced GFRa3 expression

To test our hypothesis that enhanced target-derived artemin/
GFRa3 levels may be responsible for the induction of TRPV1
expression in the DRGs and the observed CH neuron recruit-
ment after regeneration in vivo, we developed a technique that
would allow us to specifically target injured cutaneous sensory
neurons for mRNA inhibition and then test their response prop-
erties electrophysiologically. We have recently developed an in
vivo siRNA-mediated knockdown strategy that allowed us to in-
hibit gene expression in vivo in neurons contained in an individ-
ual peripheral nerve (Jankowski et al., 2009b). Since this strategy
for in vivo siRNA-mediated inhibition requires direct injection of
the Penetratin-1 modified siRNAs, we wanted to first confirm
that the injection itself was not causing significant injury. To test
this, we performed immunocytochemical labeling of DRGs for
activating transcription factor 3 (ATF3), a known marker of in-
jured neurons (Tsujino et al., 2000). Three days after injection of
nontargeting, control (PenCON) siRNAs into the saphenous
nerve, few ATF3-positive neurons were found in the L3 DRG
(L2-3 are the major source of afferent fibers in the saphenous
nerve). At this same time point after complete transection of the
saphenous nerve, numerous ATF3-positive neurons were found
in the L3 DRG (Fig. 1), suggesting that minimal injury to affer-
ents is occurring during these injections.

We next verified that changes in GFRa3 gene expression in
the DRGs could be specifically inhibited by GFRa3-targeting
(Pena3) siRNAs in saphenous neurons after axotomy. We ana-
lyzed changes in gene expression using real-time PCR and/or
Western blot in the L2/L3 DRGs of mice 7 and 28 d following
transection with or without injection of PenCON or Pena3 siRNAs.
Four naive mice and three to four axotomized mice per time
point and condition were used for RT PCR and Western blot
analyses. At 7 d, GFRa3 mRNA was found to be significantly
increased in the DRGs after axotomy alone (41 * 8%) and after
PenCON siRNA injection plus axotomy (42 * 5%) (Fig. 2A).
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Characterization of the immunocytochemical and electrophysiological response properties of injured CPM fibers in the L2/L3 DRGs using the saphenous nerve ex vivo preparation.

Examples of cutaneous sensory neurons intracellularly labeled with Neurobiotin (4, E; arrows) found to be immunonegative for TRPV1 (B; arrows) and GFRae3 (F) but positive for IB4 (C, G; arrows)
responded to both mechanical and thermal stimulation (D, H), classifying them as CPMs. Examples of other cutaneous sensory neurons intracellularly labeled with Neurobiotin (/, M; arrows)
responded to both mechanical and thermal stimulation (L, P), classifying them as CPM. In certain cases, Neurobiotin-labeled cells (/, M; arrows) that were found to be immunopositive for GFRa3 (J;
arrows) were negative for [B4 (K; arrows). CPM neurons found to be GFRae3 immunoreactive (N; arrows) were also occasionally found to be TRPV1 positive (0; arrows).

Pena3 injection plus axotomy completely inhibited the injury-
induced increase in GFRa3 mRNA (Fig. 2A). Similar effects on
protein expression were also found using Western blotting anal-
ysis (Fig. 2C, D, F) (axotomy: 32 = 8%; PenCON plus axotomy:
38 * 14%; Pena3 plus axotomy: —3 * 5%). Although the levels
of GFRa3 mRNA returned to baseline by 28 d under all experi-
mental conditions (Fig. 2 B), GFRa3 protein levels remained el-
evated after axotomy (31 = 3%) and following PenCON plus
axotomy (42 = 16%), while Pena3 siRNA injection (—15 =*
13%) dropped GFRa3 protein levels below baseline for at least 4
weeks after axotomy (Fig. 2D, F). To determine whether GFRa3
was also enhanced in the membrane, we performed Western blot
analysis for GFRa3 on the membrane fractions of pooled DRGs
from four mice 7 d after axotomy and compared them to pooled

naive DRGs. We found GFRa3 to be enhanced in the membrane
after injury (Fig. 2 F, inset), thus further supporting the notion of
potential enhanced artemin signaling after injury.

To confirm that GFRa3 inhibition was specific, we first ana-
lyzed the expression of P2X3 mRNA, which was also found to be
increased in the DRGs 7 d after injury (Jankowski et al., 2009a).
No change in P2X3 mRNA at 7 d (Fig. 2E) was detected under
any condition. We then analyzed the expression of ret, GFRal,
and GFRa2 at 7 and 14 d after injury to verify that GFRa3-
targeting siRNAs were not knocking down the expression of
genes associated with other GDNF signaling pathways. We found
no change in ret (axotomy: 6 = 6%; PenCON plus axotomy: 18 =
7%; Penas3 plus axotomy: 1 * 6%), GFRal (axotomy: 17 = 27%);
PenCON plus axotomy: 16 * 24%; Pena3 plus axotomy: 20 =
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Table 1. Quantification of the percentage of IB4 binding, and TRPV1- and GFRa3-
immunoreactive neurons intracellularly labeled with neurobiotin in the ex vivo
preparation in saphenous nerve axotomized mice with or without injection of
PenCON or Pena3 siRNAs

Condition B4+ TRPV1+  GFRa3+ o3+ &V1+ o3+ &IB4+
(PM neurons
Axotomy 1212 25 2115 2/5 0/10
PenCON + 1/14 1/5 3/15 13 1/12
axotomy
Pena3 + 10/15 077 2/16 0/4 0/12
axotomy
CH neurons
Axotomy nt 7 7 7 nt
PenCON + 0/3 33 6/6 33 0/3
axotomy
Pena3 + nt ”n 11 1N nt
axotomy

nt, Not tested.

21%) or GFRa2 (axotomy: —29 = 20%; PenCON plus axotomy:
—40 * 21%; Pena3 plus axotomy: —38 * 20%) at 7 d, nor was
there an effect on the injury-induced changes in these receptors at
14 d after inhibition of GFRa3 (ret, axotomy: 1 * 5%; PenCON
plus axotomy: —6 = 5%; Pena3 plus axotomy: 6 * 4%; GFRa1,
axotomy: 53 = 16%; PenCON plus axotomy: 44 = 11%; Pena3
plus axotomy: 62 = 22%; GFRa2, axotomy: —31 * 20%; Pen-
CON plus axotomy: —54 = 21%; Pena3 plus axotomy: —64 =
21%). There was also no rebound in GFRa3 mRNA at 14 d after
knockdown (data not shown). We then wanted to confirm that
there were no antiviral-related off-target effects of our siRNA
injections. We therefore tested for IFN type I-induced and
double-stranded RNA-activated kinase (IFN type I). This gene
was also not found to be altered by presence of siRNAs (data not
shown).

Time course of skin reinnervation is unaffected by

GFRa3 knockdown

The time course of reinnervation of the hairy hindpaw skin by the
axotomized and regenerating saphenous axons was determined
by immunolabeling the skin with pan-axonal marker PGP9.5
(Fig. 3). We have previously shown that axotomy of the saphe-
nous nerve causes complete denervation of the hairy hindpaw
skin at 7 d after injury and that by 28 d, both the epidermis and
dermis show extensive reinnervation (Jankowski et al., 2009a).
We verified these results in the current study. Four weeks after
saphenous nerve axotomy, both the epidermis and dermis were
heavily reinnervated by putative regenerated afferent fibers (Fig.
3B) and the extent of reinnervation appeared to be similar to that
of uninjured control mice at this time point (Fig. 3A). The rein-
nervation of the skin by axotomized saphenous axons did not
appear to be affected by injection of either PenCON siRNAs (Fig.
3C) or Pena3 siRNAs (Fig. 3D). Similar reinnervation patterns
were detected under all three experimental conditions at the
10-12 week time point (Fig. 3F—-H). We did not observe any
obvious qualitative differences between proximal and distal por-
tions of the cutaneous target at any of the time points or condi-
tions tested (data not shown). It should be noted that using this
histochemical approach, we are unable to determine the differ-
ence between regenerated fibers and possible collateral sprouts of
intact fibers. To minimize this possibility, we have sampled areas
of skin well within the borders of the saphenous nerve inner-
vation field (Fig. 3E). Regardless, our subsequent recording
experiments verified that ample reinnervation by regenerated sa-
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phenous nerve fibers in all three conditions had occurred by the
4—6 week time point. These results then allowed us to use our ex
vivo somatosensory system preparation (Lawson et al., 2008) af-
ter axotomy and regeneration of the saphenous nerve.

Response properties of A- and C-fiber neurons after
saphenous nerve regeneration

A total of 315 primary cutaneous neurons were intracellularly
recorded and physiologically characterized from 60 nerve-
injured Swiss-Webster mice. Of these, 107 cells came from 9 mice
at the 4—6 week time point and 10 mice at the 10—12 week time
point in animals that only received saphenous nerve cut. An ad-
ditional 104 cells were derived from 6 mice at the 4—6 week time
and 9 mice at the 10—12 week time point in animals that received
nerve cut plus control, nontargeting (PenCON) siRNA injection.
The final 104 cells came from 9 mice at the 4—6 week time and 13
mice at the 10—12 week time point in animals that received nerve
cut plus GFRa3-targeting (Pena3) siRNA injection. The results
from these three experimental groups were compared with each
other and to previously published results from naive SW mice
(Jankowski et al., 2009a). Neurons with a conduction velocity of
<1.2 m/s were classified as C-fibers (Kress et al., 1992), and all
others were classified as A-fibers. Conduction velocities between
1.2 and 10 m/s were considered to be in the Ad range, and those
=10 m/s were classified as conducting in the A range (Koltzenburg
et al., 1997; Mcllwrath et al., 2007). For the purposes of these
experiments, we have focused our recordings and analyses spe-
cifically on the population of regenerated C-fibers. In addition, in
all nerve regenerated preparations we encountered a number of
cells that were driven by the electrical nerve stimulus, but were
found to be both mechanically and thermally unresponsive; how-
ever, only cells that had a response to cutaneous stimulation (me-
chanical or thermal) were included in the analysis.

The C-fiber classes included the following: (1) CPMs, which
responded to mechanical and heat stimuli and sometimes cool/
cold stimuli; (2) C-mechano (CMs), which responded only to
mechanical deformation of the cell’s RF; (3) C-mechano cool/
cold (CMCs), which responded to mechanical and cooling
stimuli (but not heating); (4) CHs, which were mechanically
insensitive but responded to heat stimuli; and (5) C-cooling/cold
(CCs), which were mechanically insensitive but responded to
lowering the skin temperature. Cold threshold in the CMCs was
not found to be altered under either condition at either time
point. Mechanical threshold was also unchanged under any
condition in the CMCs (data not shown). Inhibition of GFR«a3
appeared to alter the mechanical threshold of CM neurons
compared to axotomy alone and PenCON siRNA injection plus
axotomy; however, given the small numbers of cells recorded for
this fiber type under the different experimental conditions, fur-
ther statistical analysis was not feasible. Additional analysis of the
C-fiber responses focused on the remaining two types of cutane-
ous C-fibers (CPMs and CHs).

Neurochemical identity of CPM and CH neurons after
saphenous nerve regeneration

A total of 62 cutaneous C-fibers were intracellularly labeled, re-
covered, and immunohistochemically characterized in nerve-
injured mice from the three experimental conditions. We found
that the distribution of histochemical phenotypes in these single
characterized sensory neurons was very similar to that previously
observed following regeneration (Jankowski et al., 2009a). Across
all experimental groups, the majority of regenerated fibers were
CPMs. Thirty-three of forty-one CPM fibers (80%) bound IB4,
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Characterization of the immunocytochemical and electrophysiological response properties of CHs in the L2/L3 DRGs using the saphenous nerve ex vivo preparation. Examples of

cutaneous sensory neurons intracellularly labeled with Neurobiotin (4, E; arrows) were found to be immunopositive for GFRa:3 (B, F; arrows) and positive for TRPV1 (C), but these cells were never
found to be positive for IB4 (G; arrows). These cells did not respond to mechanical stimulation, but did respond to heat stimulation (D, H), classifying them as CHs.

whereas 3 of 17 (18%) stained positively for
TRPV1 after axotomy and regeneration. In-
terestingly, in those mice receiving GFRa3-
targeting siRNA injections, none of the 7
CPM neurons stained positively for TRPV1.

In naive wild-type mice, virtually all
GFRa3-positive cells also stain positively
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that were possibly gaining mechanical

sensitivity, 12 regenerated CPM fibers Figure 6.  Electrophysiological response properties of polymodal C-fiber neurons before and after axotomy of the saphenous

were processed for both GFRa3 and

TRPV1 immunoreactivity. Three of these
cells were double labeled for both mark-
ers; the remaining cells were immunon-
egative for both GFRa3 and TRPV1. It is
again interesting to note that in those
cases from mice injected with GFRa3-

nerve in the skin—nerve DRG-spinal cord ex vivo preparation. CPMs showed a significant reduction in thermal threshold at 4 -6
weeks and 10 —12 weeks after regeneration (n = 18, 4—6 weeks and n = 23, 10—12 weeks) with or without injection of either
PenCON (n = 17, 4—6 weeks and n = 21, 10 —12 weeks) siRNAs or Penac3 (n = 23, 4—6 weeks and n = 18, 10-12 weeks)
siRNAs (4, B) compared to naive (n = 60) mice. *p << 0.003. The maximum number of spikes per second in CPM neurons during
the heat ramp was not affected by axotomy under any condition (naive: 4.1 = 0.5 Hz, axotomy: 5.3 = 0.9 Hz, PenCON +axotomy:
3.9 = 1Hz, Pena3 +axotomy: 6.1 == 1.6 Hz) at 4 — 6 weeks (€) but was significantly increased in all conditions (naive: 4.1 == 0.5
Hz, axotomy: 6.4 = 1.4 Hz, PenCON +axotomy: 7.1 £ 1.6, Pena3 +axotomy: 6.4 = 0.7 Hz) by 1012 weeks after injury

targeting siRNAs, none of the four CPM
fibers processed for these two markers
were TRPV1 or GFRa3 positive. In addition, 34 cells were pro-
cessed for both IB4 binding and GFRa3 immunoreactivity. Only
one cell was found to colabel for both of these markers (Table 1).
These findings suggest that the increase in the numbers of
GFRa3-positive cells following axotomy (Bennett et al., 2000) is the
result of de novo or increased expression in a population of fibers
that are TRPV1 negative and lack IB4 binding. This would most
likely be the population of CPM fibers that are peptidergic, but
lack TRPV1 (Lawson et al., 2008; Jankowski et al., 2009a).

For the CH fibers following regeneration, all five were immu-
nopositive for TRPV1, consistent with our previous reports (Fig.

compared to naive animals (D). *p << 0.04.

5, Table 1) (Jankowski et al., 2009a). In addition, all eight CH
neurons tested were also found to be immunoreactive for
GFRa3, and all five CH neurons tested were found to colabel for
TRPV1 and GFRa3. Finally, none of the three CH neurons were
found to bind IB4 (Table 1) following regeneration.

To determine the extent of GFRa3 immunoreactivity after
regeneration with or without inhibition of GFRa3, we counted
the average number of GFRa3 neurons in the DRGs after axo-
tomy. The average numbers of GFRa3-positive cells found per
field of view was not statistically different for the 4—6 week and
10-12 week time points under each condition; therefore, the
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axotomy ( p < 0.07).

results were combined for ease of presentation. In uninjured
mice, the average number of GFRa3 cells per field of view was
30.3 = 2.2 in the L3 DRGs. After axotomy alone, there was a
significant increase in GFRa3 labeling relative to naive mice as
the average number of cells found rose to 37.5 = 1.5 (p < 0.01).
Similar results were observed in mice that received PenCON
siRNA injection plus axotomy (35.8 £ 1.5; p < 0.01). Pena3
siRNA injection blocked the increase in GFRa3 labeling follow-
ing axotomy compared to uninjured mice, as only 32.9 *= 1.2
neurons per field were immunopositive for GFRa3 ( p < 0.07).
These findings are consistent with the results from real-time PCR
and Western blot analysis.

GFRa3 knockdown does not affect response properties of
regenerated CPM neurons

Shortly after functional reinnervation of the cutaneous target
(4—6 weeks), CPM thermal thresholds were significantly reduced
t039.1 = 1.1°C( p = 0.003) compared to previous naive mouse
data (42.6 *= 0.5°C). Similar reduction in threshold was de-
tected in mice that received PenCON siRNA injection (39.7 =
1.1°C) or Pena3 siRNA injections (40.4 = 0.8°C) plus axotomy
(Fig. 6 A). Mean peak firing rate during the heat ramp was unaf-
fected, however, under any condition at the 4—6 week time point
(Fig. 6C). At 10—12 weeks after saphenous nerve axotomy and re-
generation, CPMs still showed a significant decrease in thermal
threshold (39.3 = 0.9°C; p = 0.0002). Injection of PenCON
siRNAs (40.0 = 0.7°C) or Pena3 siRNAs (39.0 = 0.8°C) also did
not affect the axotomy-induced decrease in heat threshold (Fig.
6 B). However, by 10-12 weeks after axotomy, CPM neurons in
mice from all three experimental conditions displayed an in-
crease in mean peak firing rate during the heat stimulation (Fig.
6D) (naive: 4.1 = 0.5 Hz; axotomy: 6.4 = 1.4 Hz; PenCON +
axotomy: 7.1 * 1.6 Hz; Pena3 + axotomy: 6.4 = 0.7 Hz; p <
0.04). CPM mechanical threshold was not altered at any time
point under any condition (data not shown). In summary,
GFRa3-targeted siRNA injections had no effects on regenerated
CPM fibers.

G Peno3 + Axotomy

Phenotypes of C-fibers before and after saphenous nerve transection as characterized by ex vivo recording. A, Most of
the C-fibers are CPMs under normal conditions. The remaining C-fibers are approximately of equal representation comprised of
(MCs, (Ms, CCs, and CHs. B, Regenerated (-fibers display a shiftin the distribution of fiber types in that there s a significant increase
(naive = 5%; axotomy = 28%) in the percentage of CHs at 4 — 6 weeks after injury. C, These findings are also observed after
injection of PenCON siRNAs (26%) and axotomy at 4 — 6 weeks after injury. D, The axotomy-induced recruitment of CH neurons is
blocked by injection of Penc3 siRNAs (7%) at this time point. E, F, A significant increase in CH neuron prevalence is still detected
10-12 weeks after regeneration of saphenous afferents after axotomy alone (24%) and PenCON siRNA injection plus axotomy
(21%). G, Surprisingly, CH neuron recruitment was detected after Penc:3 siRNA injection plus axotomy (24%) at this late time
point. *p values << 0.001; *p << 0.6. Increases in CH neuron prevalence corresponded to a significant decrease in sum of (M and
(MCs after axotomy and PenCON + axotomy ( p << 0.02). There was not a significant decrease in CMs and CMCs after Pena3 +
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GFRa3 knockdown blocks the
recruitment of functional CH fibers
following regeneration

CH fibers showed no significant changes
in thermal threshold or firing rate at any
time points tested after axotomy under
any condition (thresholds—naive: 41.0 =
1.6°C; combined time points: axotomy:
44.0 = 1.3°C; PenCON + axotomy:
42.9 £ 1.4°C; Pena3 + axotomy: 40.8 *+
1.7°C; mean peak firing rates—naive:
3.0 = 1.2 Hz; combined time points: axo-
tomy: 6.1 £ 1.5 Hz; PenCON + axotomy:
7.3 £ 2.4Hz; Pena3 + axotomy: 9.4 = 3.9
Hz; p < 0.3). However, the prevalence of
CH fibers significantly increased after re-
generation (Fig. 7). At 4—6 weeks follow-
ing nerve cut, 28% of all recorded C-fibers
were found to be mechanically insensitive
CH neurons (Fig. 7B) (p < 0.001) com-
pared to naive mice (5%) (Fig. 7A). A sim-
ilar increase in CH neuron prevalence was
detected in mice that received PenCON
siRNA injection plus axotomy (26%)
(Fig. 7C) (p < 0.001); however, at this
time point, mice that received Pena3
siRNAs plus axotomy did not show CH fiber recruitment (7%)
(Fig. 7D) (p = 0.5).

By 10—12 weeks after nerve cut, this percentage was still ele-
vated after axotomy alone (24%) (Fig. 7E) ( p < 0.001) and after
PenCON siRNA injection plus axotomy (21%) (Fig. 7F) (p <
0.001). Recovery of CH neuron recruitment was also detected in
the Pena3 siRNA-injected mice by this time point (24%) (Fig.

G) (p < 0.001). The increase in CH fibers was coupled with a
significant decrease in the combined numbers of CMC and CM
fibers after axotomy and PenCON siRNA injection plus axotomy
(p < 0.02), suggesting that the increase of CH fibers was due to
recruitment from these populations. There was not a significant
decrease in the sum of CMs and CMCs after Pena:3 siRNA injec-
tion plus axotomy, although there was a trend toward statistical
significance ( p < 0.07).

Pena3 + Axotomy
(4-6wks)

(10-12 wks)

~

GFRa3 knockdown during regeneration alters the expression
of TRPV1 in DRG neurons
In our previous study, we noted that the increase in CH neurons
following reinnervation was correlated with an increased expres-
sion of TRPV1 in the DRGs 28 d following axotomy, suggesting a
potential role for TRPV1 in the recruitment of CH neurons
(Jankowski et al., 2009a). To further investigate the potential role
of TRPV1 in the artemin/GFRa3-mediated CH neuron recruit-
ment, we first performed Western blot analysis on the hairy hind-
paw skin for artemin 28 and 70 d following saphenous nerve
transection. At 28 d following axotomy when most fibers had
reinnervated the skin, there was a significant increase in the levels
of artemin protein (145 * 67%), and these levels were found to
remain elevated (120 = 70%) at 70 d after saphenous nerve axo-
tomy (Fig. 8A,B) ( p values < 0.05), suggesting that the regener-
ated fibers had access to enhanced target-derived artemin for 2
months after reinnervation of the skin. This sustained increase in
cutaneous artemin is correlated with the recovery of the increased
CH prevalence normally seen at 10—12 weeks following axotomy.
We assumed that the increase in target-derived artemin would
increase artemin signaling in regenerating neurons as long as
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Figure8.  Expression of artemin in hairy hindpaw skin and TRPV1in L2/L3 DRGs at 4 and 10
weeks after saphenous nerve axotomy with or without injection of PenCON or Pencx3 siRNAs.
Two representative Western blots are shown for artemin protein normalized to actin in the hairy
hindpaw skin after axotomy and regeneration at 28 and 70 d. The antibody used produces
multiple bands with Western blotting, but the mouse artemin protein (dashed arrow) is clearly
detected at the appropriate size around 24 kDa (4). Western blot analysis of hairy hindpaw skin
showed that there was a significant increase in the levels of artemin protein immediately after
reinnervation of regenerating saphenous afferents at 28 d (145 == 67%), and this level was
maintained until at least 70 d (120 == 70%) (B). TRPV1 mRNA is significantly increased in the
L2/13 DRGs 28 d after axotomy alone (40 == 8%) and with injection of PenCON siRNAs (35 =
12%). Inhibition of GFRa:3 expression with injection of Pencz3 siRNAs plus axotomy (—28 =+
16%) prevented the injury-induced expression of TRPV1 at 28 d (C). Surprisingly, the increase in
TRPV1 expression at 70 d after axotomy (67 = 18%) or after PenCON siRNA injection and
axotomy (51 = 11%) was maintained out to 70 d, but mRNA levels did not rebound after
Penc:3 injection and axotomy (14 = 16%) compared to naive mice (D). However, the percent-
ageincrease in TRPV1 mRNA from 28 to 70 d after axotomy alone (15 == 11%) or PenCON siRNA
plus axotomy (9 = 13%) was not significant, whereas the increase in TRPVT mRNA was signif-
icantly increased after Pencx3 siRNA injection plus axotomy (42 == 14%) between these time
points (E). The percentage increase in TRPV1 mRNA from 0 to 28 d after axotomy (40 == 8%) or
PenCON plus axotomy (35 == 12%) is similar to the increase in TRPV1 expression from 28to 70 d
(42 = 14%) after Penca3 siRNA injection plus axotomy (F). *p < 0.05.

GFRa3 levels were maintained at normal levels. To determine
whether this putative increase in artemin signaling was correlated
with changes in TRPV1 expression in the DRGs, we performed
RT-PCR analysis on L2/L3 DRGs at 28 and 70 d after axotomy. At
28 d, TRPV1 was found to be statistically increased in the DRGs
(Fig. 8C) after axotomy alone (40 * 8%) and after PenCON
siRNA injection plus axotomy (35 * 12%). However, Pena3
injection plus axotomy (—28 = 16%) completely inhibited the
injury-induced increase in TRPV1 mRNA (Fig. 8C) at this time
point. Thus, the changes in TRPV1 mRNA levels were directly
correlated with the increased prevalence of CH neurons. At 70 d
after axotomy, TRPV1 expression remained elevated in the DRGs
after axotomy alone (67 = 18%) and after PenCON siRNA injec-
tion plus axotomy (51 = 11%), while TRPV1 mRNA in mice with
Pena3 injection plus axotomy (14 = 16%) remained at naive
levels (Fig. 8 D). This suggests that the recovery in the prevalence
of CH fibers to axotomy alone levels out at 10 weeks following
axotomy is not correlated with an increase in TRPV1 expression.
However, a closer examination of the data revealed that there was
a significant rebound in TRPV1 expression between 28 and 70 d
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in mice receiving Pena3 siRNA at the time of injury (Fig. 8 E)
(p <0.05), which was similar to the changes in TRPV1 observed
in control DRGs from 0 to 28 d (Fig. 8 F).

Discussion

Specificity and duration of in vivo siRNA knockdown

We found that injection of Penetratin-1-modified, GFRa3-
targeting siRNAs into the saphenous nerve could completely
block the axotomy-induced increase in GFRa3 mRNA and pro-
tein in the DRG 7 d after injury. However, since the regenerating
saphenous axons take several weeks to functionally reinnervate
the skin (Jankowski et al., 2009a), it was important to also exam-
ine the long-term effects of targeted siRNA knockdown. We
found that in untreated, regenerating mice, GFRa3 mRNA was
elevated only at 1 week following axotomy; however, GFRa3 pro-
tein remained elevated for at least 4 weeks. Therefore, at the time
axons are initially reinnervating the skin, GFRa3 protein is nor-
mally elevated significantly. This increase coupled with elevated
cutaneous artemin should provide the potential for enhanced
signaling in GFRa3-containing neurons. We also found that in-
hibition of GFRa3 mRNA could prevent this prolonged increase
in GFRa3 protein in the DRGs, thus reducing possible enhanced
signaling following reinnervation of the skin.

Off-target effects are always a concern when using siRNA
techniques. Previously we demonstrated that these injections did
not activate the interferon viral response pathway (Jankowski et
al., 2009b) that has been shown to be associated with off-target
effects of RNAi strategies (e.g., Alvarez et al., 2006). Here we have
confirmed this by finding a lack of a change in IFN-type I after
siRNA injection (data not shown).

The effects of targeting siRNA injections used here are appar-
ently restricted to the population of cutaneous afferents that ex-
press GFRa3. For example, we have previously found that similar
to GFRa3, axotomy of the saphenous nerve results in a significant
increase in the expression of P2X3 mRNA by 1 week following the
lesion (Jankowski et al., 2009a). P2X3 is contained in the popu-
lation of IB4-positive cells (Zwick et al., 2002) that we have de-
termined to be nonpeptidergic CPM fibers (Lawson et al., 2008;
Jankowski et al., 2009a). Neither injection of nontargeting
siRNAs nor injection of GFRa3-targeting siRNAs altered the
axotomy-induced expression of P2X3, suggesting that any
changes in mRNA due to the siRNAs were likely specific to
GFRa3. GFRa3 knockdown also had no effect on the heat sensi-
tization of this fiber type (CPMs) normally observed following
regeneration (Jankowski et al., 2009a). In addition, GFRa3-
targeting siRNAs had no effect on other genes of this receptor
family, such as GFRal or GFRa2, nor did they have an effect on
ret expression. Together these results strongly suggest that effects
of the targeted siRNA injection are specific.

It should be noted that like other neurotrophic factors (e.g.,
NGF, BDNF, NT4) (Johnson et al., 1988; Funakoshi et al., 1993),
artemin expression is increased, presumably in Schwann cells, in
the distal nerve segment following nerve transection (Baloh et al.,
1998). It has also been suggested that enhanced artemin levels
can regulate axon regeneration (Wang et al., 2008). Thus, it is
possible that following injection of GFRa3-targeting siRNAs,
Schwann cells in the vicinity of the injection could also be trans-
fected and potential knockdown in these cells could affect the
ability of GFRa3-positive axotomized fibers to regenerate at nor-
mal rates. However this enhanced regeneration is thought to be
indirect and generalized to all axon types, as the effects are seen in
other fibers that do not express GFRa3 (e.g., motor axons)
(Widenfalk et al., 2009). Together with our findings that the
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siRNA injections do not appear to affect the regeneration rate of
the axotomized fibers, this suggests that the inhibition of CH
fiber recruitment is not due to specific regeneration effects on this
population of fibers, although we cannot completely rule this out.

GFRa3 knockdown in vivo inhibits increased TRPV1
expression and the recruitment of CH neurons after
regeneration

In agreement with our previous study, we found that following
regeneration, there is a significant increase in the numbers of
functional CH fibers (Jankowski et al., 2009a). Control siRNA
injections had no effect on this increase, while injection of
GFRa3-targeting siRNAs completely blocked this increase at 4—6
weeks. Importantly, this injection had no effect on the population
of largely nonpeptidergic, TRPV1-negative, GFRa3-negative,
CPM fibers as they exhibited the same decrease in heat threshold
across the three experimental groups. In addition, this lack of CH
fiber recruitment was correlated with inhibition of the increase in
TRPV1 expression normally observed following nerve regenera-
tion, which is consistent with our hypothesis that this change in
function requires an increase in TRPV1.

To examine the long-term effects of these injections, we also
examined the same experimental groups at longer intervals
(10-12 weeks) following axotomy. We found at this time point
that there was a recovery in the recruitment of CH fibers. This is
not surprising given the relatively transient effects of siRNAs, and
this also suggests that the cells are not permanently altered by
presence of siRNAs. Although there was no increase in GFRo3 at
this longer time point, it is quite possible that the enhanced levels
of artemin present in the skin over this period of time could
potentially enhance GFRa3-mediated signaling in this popula-
tion of fibers.

Conversely, we did not see a recovery in TRPV1 expression to
levels observed in the control groups at this time point. This
would suggest that an absolute level of TRPV1 may not be essen-
tial for recovery in CH recruitment. This also suggests the possi-
bility that other changes downstream of GFRa3/Ret signaling
may be important for this process. However, there was a signifi-
cant rebound in TRPV1 in the GFRa3-targeting siRNA-injected
group over the later time points (28-70 d). Thus the dynamic
change in expression could be sufficient for the recovery of CH
fiber recruitment, but this will need to be directly tested in the
future.

Effects of siRNA knockdown on other changes in sensory
neuron phenotypes after regeneration

Nerve transection results in abundant plasticity in the expression
of many neurochemical markers in sensory neurons. For exam-
ple, CGRP expression and IB4 binding decreases, while GFRa3
and TRPV1 expression increases (Mulder et al., 1997; Bennett et
al., 2000, 1998; Shadiack et al., 2001; Jankowski et al., 2009a). In
some cases, these changes are reflected in a decrease or increase in
the numbers of positively stained cells in the DRG as the numbers
of cells binding IB4 and those staining positively for CGRP are
reduced for a few weeks following injury. Conversely the increase
in GFRa3 expression results in a significant increase in the num-
bers of positive cells, suggesting de novo expression. Whereas the
numbers of IB4-binding (Jankowski et al., 2009a) and CGRP-
positive cells are enhanced or recover following successful regen-
eration (McMahon and Gibson, 1987; McMahon et al., 1989), we
have found that GFRa3 numbers remain elevated. However,
siRNA knockdown of GFRa3 blocks this apparent increase and
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potential de novo expression, possibly contributing to the ob-
served changes in function.

Analysis of the immunolabeling of characterized fibers also
suggests specific effects of the GFRa3-targeting siRNAs. For ex-
ample, we have previously shown that following nerve regenera-
tion that some (16%) TRPV1-positive CH fibers apparently gain
mechanical sensitivity (Jankowski et al., 2009a). This apparent
phenotypic switch produces CPM fibers that are TRPV1 positive,
something that is never seen in naive mice (Woodbury et al.,
2004; Lawson et al., 2008). This finding is confirmed in the
present study such that following axotomy alone and axotomy
plus control siRNA injections, we found 3 of 10 regenerated
CPMs stained positively for TRPV1. However, in mice that re-
ceived the GFRa3-targeting siRNA injections, none of the 7 re-
generated CPMs stained positively for TRPV1. This suggests the
possibility that the enhanced artemin/GFRa3 levels also play an
essential role in acquisition of mechanical sensitivity in the CH
population of cutaneous fibers.

Clinical relevance

We have recently reported that there are apparent similarities
between the CH fibers found in mouse (Lawson et al., 2008) and
nonhuman primates (Baumann et al., 1991) and the mechani-
cally insensitive (MIA) C-fibers found in humans (Schmidt et al.,
1995). In addition, changes observed in murine CH fibers fol-
lowing nerve injury are similar to those observed with human
MIA fibers in patients suffering with chronic pain conditions
(Jankowski et al., 2009a).

The data presented here suggests that some silent nociceptors
are activated after injury and become responsive to heat, that
some CH neurons gain mechanical sensitivity, and that this may
be regulated by enhanced target-derived artemin and DRG
GFRa3 levels. It is known that in patients with erythromelalgia,
afferents with the biophysical properties of mechanically in-
sensitive fibers (MIA) appeared to gain mechanical sensitivity
(Orstavik et al., 2003). Together these findings suggest a potential
pronociceptive role for altered neurotrophic factor signaling on
primary afferent sensitization in neuropathic pain states. Such a
pronociceptive role for target-derived artemin is consistent with
the findings of Malin et al. (2006), where cutaneous injection of
artemin resulted in heat hyperalgesia.

However other studies have suggested an antinociceptive role
of artemin. Gardell et al. (2003) had found that systemic delivery
of artemin reduces the injury-induced decrease in paw with-
drawal threshold to both mechanical and thermal stimulation
(but also see Bolon et al., 2004). This suggests that target-derived
and systemic artemin may play different roles in nociceptive pro-
cessing, and additional future studies involving delivery of arte-
min in humans would facilitate our ability to determine the
benefits of artemin in relieving chronic pain.
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