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Abstract
Systemic artemin promotes regeneration of dorsal roots to the spinal cord following crush injury.
However, it is unclear whether systemic artemin can promote peripheral nerve regeneration and
functional recovery distal to the dorsal root ganglion (DRG). In the present investigation, male SD
rats received axotomy, ligation, or crush of the L5 spinal nerve or sham surgery. Starting the day
of injury, animals received intermittent s.c. artemin or vehicle across 2 weeks. Sensory thresholds
to tactile or thermal stimuli were monitored for 6 weeks following injury. Immunohistochemical
analyses of the DRG and nerve regeneration were performed at the 6 week timepoint. Artemin
transiently reversed tactile and thermal hypersensitivity following axotomy, ligation or crush
injury. Thermal and tactile hypersensitivity re-emerged within 1 week of treatment termination.
However, artemin treated rats with nerve crush, but not axotomy or ligation, subsequently showed
gradual return of sensory thresholds to pre-injury baseline levels by 6 weeks post-injury. Artemin
normalized labeling for NF200, IB4 and CGRP in nerve fibers distal to the crush injury,
suggesting persistent normalization of nerve-crush induced neurochemical changes. Sciatic and
intradermal administration of dextran or CTB distal to the crush injury site resulted in labeling of
neuronal profiles in the L5 DRG, suggesting functional restoration of non-myelinated and
myelinated fibers across the injury site into cutaneous tissue. Artemin also diminished ATF3 and
caspase-3 expression in the L5 DRG, suggesting persistent neuroprotective actions. A limited
period of artemin treatment elicits disease modification by promoting sensory reinnervation of
distal territories and restoring pre-injury sensory thresholds.
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Systemic artemin normalized sensory responses and neuronal immunofluorescent markers in rats with sciatic nerve crush. Labeling
indicated regeneration of peripheral fibers across the injury site.
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Introduction
Incomplete recovery from nerve damage often leads to loss of sensory function that may be
paradoxically accompanied by severe, intractable neuropathic pain [1; 24]. Exogenously
administered GDNF or of artemin has promoted neuronal regeneration in conditions of
neuropathic pain [7; 11; 27] and brachial avulsion [23]. However, clinical trials have
demonstrated that systemic GDNF administration produces substantial side effects such as
pain, weight loss, bowel urgency and paraesthesias [15; 19], that may stem from the
relatively broad distribution of GDNF receptors. Artemin, a neurotrophin in the family of
GDNF ligands currently under clinical investigation for treatment of sciatica
(clinicaltrials.gov), preferentially binds to the GDNF family receptor (GFR) GFRα3, which
is expressed primarily on nociceptive sensory neurons within the dorsal root ganglion
(DRG) [21]. Such restricted expression may be advantageous in allowing for systemic
administration within the clinical setting with diminished side effects.

Previous studies have shown that artemin both prevented and reversed nerve injury-induced
thermal and tactile hypersensitivity and blocked multiple nerve-injury induced
neurochemical changes during drug administration [9]. In addition, recent studies
demonstrated that artemin promotes regeneration of injured primary afferent fibers through
the dorsal root entry zone and into the spinal cord after dorsal root crush [11; 27]. These
changes were accompanied by long-term recovery of synaptic function along with
normalization of sensory responses to tactile and thermal stimuli as well as locomotor
activity, effects that persisted across 6 months following a 2 week period of intermittent
systemic artemin treatment [27]. In the present investigation, we compared the effects of
systemic artemin on nerve-injury induced hypersensitivity (i.e., “pain”) and neurochemical
changes, including possible regeneration of peripheral nerves to distal territories, across
multiple models of nerve-injury induced pain.

Methods
Animals

Male, Sprague-Dawley rats (Harlan, Indianapolis, IN), weighing 175–250g at the time of
surgery, were housed in a temperature-controlled room on a 12-h light/dark cycle. Food and
water were available ad libitum. All testing was performed in accordance with the policies
and recommendations of the International Association for the Study of Pain (IASP) and the
National Institutes of Health (NIH) guidelines for the handling and use of laboratory animals
and received approval from the Institutional Animal Care and Use Committee (IACUC) of
the University of Arizona.

Spinal nerve injuries
Anesthesia was induced with 4% isoflurane in air and maintained with 2% isoflurane in air
delivered at a rate of 1 L/min. Separate groups of rats underwent 1) transection and removal
of a 2–3 mm portion of the L5 spinal nerve (axotomy), 2) tight ligation of the L5 spinal
nerve with 4-0 silk thread, 3) repetitive crush of the L5 spinal nerve for 60 seconds with #7
head-bent forceps or 4) sham surgery. On completion of the surgery, hemostasis was
confirmed, the muscles sutured using silk thread, and the skin closed with metal clips.
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Postoperatively, all rats were individually housed, and any rats with motor deficits were
euthanized.

Artemin administration
Rat artemin (113 amino acids) was refolded from Escherichia coli inclusion bodies and
purified to >98% homogeneity. Purified artemin migrated as a reducible dimer by SDS-
PAGE and eluted as a single peak (24 kDa) by size exclusion chromatography and reverse-
phase high-performance liquid chromatography. The purified product was confirmed to
contain the characteristic cysteine-knot disulfide pattern seen in GDNF, and to be fully
active in vitro by assaying receptor binding, cell-based c-RET kinase activation and sensory
neuronal survival as previously described [9; 27]. Artemin (1 mg/kg) was injected
subcutaneously on a Monday, Wednesday and Friday schedule across 14 days beginning
immediately after surgery (i.e., 6 total injections) as described previously [9; 27]. Vials
containing artemin or vehicle were prepared and coded and the experiments performed by a
different investigator blinded to the codes; the labels opened at the termination of the study.

Behavioral observations
Tactile sensory thresholds were determined by the withdrawal threshold of the left paw in
response to probing with a series of eight calibrated von Frey filaments (Stoelting,
Wooddale, IL) in logarithmically spaced increments ranging from 0.41 to 15 g (4–150 N) as
previously described [9; 27]. Thermal sensory thresholds were evaluated by the
determination of paw withdrawal latency from an infrared radiant heat source [9; 27]. All
behavioral assessments were performed in a blinded fashion. Eight rats per treatment group
were used by this procedure.

Neuronal tracing
For tracer injections into the sciatic nerve to evaluate nerve regeneration, rats were
anesthetized at 5 weeks post-spinal nerve injury with 4% isofluorane and the sciatic nerves
at mid-thigh region ipsilateral to spinal nerve injury were exposed under aseptic conditions.
A 5 µl solution of 0.5% CTB (Cholera Toxin B subunit, low salt; List Labs) or 10%
tetramethylrhodamine-dextran (3000 MW, Molecular Probes) were injected into the sciatic
nerve at 3–5 sites using a Hamilton syringe. After injections, the muscles and skin were
closed with 4-0 silk suture. For tracer injections into the dermis to evaluate possible nerve
reinnervation, a 50 µl solution of 0.5% CTB or of 10% tetramethylrhodamine-dextran (3000
MW, Molecular Probes) was injected intradermally into both plantar and dorsum of the
ipsilateral hindpaw at 5–6 sites using a Hamilton syringe. One week following tracer
injection into the sciatic nerve or dermis (six weeks post-spinal nerve injury), rats underwent
intracardiac perfusions and ipsilateral L5 spinal nerves and DRGs were harvested for
immunohistochemical evaluation.

Immunohistochemistry
Frozen sliced sections of DRG (10 µm) and spinal nerve (10 µm) were serially mounted.
Selected sections (at least 120 µm apart from each other if from the same DRG) were
incubated with primary reagents 24 h at 4 °C, and with the secondary antibody for 2 hrs at
room temperature. Primary antisera were: monoclonal mouse anti-neurofilament 200
(1:5,000; Sigma, MO), polyclonal goat anti-CTB IgG (1:5,000; List, CA), and polyclonal
rabbit anti-CGRP/NPY (1:10,000; Peninsula Laboratories), goat anti-Caspase-3 (1:5,000;
Abcam), polyclonal rabbit anti-ATF3 (1:10,000; Santa Cruz Biotec., CA). Secondary
antisera were Cy3-conjugated goat anti-rabbit IgG (1:1000; Jackson Laboratories, West
Grove, PA), Alexa Fluor 488 conjugated goat anti-mouse or donkey anti-goat IgG (1:1,000;
Molecular Probes). For IB4 binding, tissue sections were incubated with a FITC-conjugated
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IB4 (1:1000; Vector Laboratories, Burlingame, CA) in PBS for 2 hrs at room temperature.
Following PBS washes, sections were dried and sealed with fluorescent mounting medium
(Vector Laboratories). Fluorescence images were acquired with a Hamamatsu digital camera
attached to an Olympus fluorescence microscope and saved as TIFF files. Counting was
performed with MetaMorph image analysis software (Molecular Devices, Sunnyvale, CA).

Nickel-enhanced DAB was used for caspase-3 labeling. Sections were washed in PBS for 30
min after primary incubation, then incubated in 1% NGS-PBS with 1:500 biotinylated horse
anti-goat IgG secondary antiserum (Vector Labs Inc., Burlingame, CA) 2hr, then avidin-
biotin horseradish peroxidase complex (ABC Kit, Vector) for 90 min. The reaction product
was developed in diaminobenzidine (SigmaFast, DAB tablets with metal enhancer, Sigma
Chem. Co., St. Louis, MO) solution for 10 min, then washed repeatedly in PBS, ethanol
dehydrated, cleared in xylene, and coverslipped with permount.

Image analysis
For counts of the percentage of the labeled neurons in DRG sections, three sections (apart at
least 120 µm) from each DRG were randomly selected. In each section, a minimum of 150
cells were counted and the percentage of cells expressing each label were determined by
counting the number of immunoreactive profiles and the total number of neuronal profiles as
determined by DAPI nuclear staining. The mean percent and SEM were thus determined
based on these samples. To determine the size of CTB and tetramethylrhodamine-dextran
labled sensory neurons, three sections (apart at least 120 µm) from each DRG were
randomly selected. In each section, a minimum of 50 labeled cells with clear nuclei were
assessed and then the mean diameter was averaged by the longest and the shortest diameters
[25]. A total of three animals per treatment group were studied by an experimenter under
blinded conditions.

Data analysis
For behavioral studies, comparisons within treatments over time were performed by
ANOVA followed by Fisher’s least significant difference test. Significant decreases in
withdrawal thresholds to mechanical stimuli or latencies to thermal stimuli from the baseline
values indicated tactile and thermal hypersensitivity, respectively. Comparisons between
treatments were performed by 2-factor ANOVA. For imaging studies, counts of profiles for
each biomarker obtained from DRG were averaged for each treatment group. Differences
from the sham-operated, vehicle-treated group were detected by ANOVA followed by
Fisher’s least significant difference test. In all analyses, significance was determined at p ≥
0.05.

Results
Systemic artemin reverses nerve injury-induced hypersensitivity and promotes the
recovery of mechanical responsiveness after nerve crush

L5 spinal nerve crush, axotomy or ligation induced tactile (Fig. 1A,C,E) and thermal (Fig.
1B,D,F) hypersensitivity within 2 days after the injury. While tactile hypersensitivity
persisted for the duration of the study, thermal hypersensitivity gradually progressed
towards returned to pre-injury values by the end of the testing period, consistent with our
previous findings [26]. Sensory thresholds increased towards pre-injury (baseline) levels
within the first week of artemin treatment in each injury model; however, this effect was
temporary since injury-induced tactile and thermal hypersensitivity were reestablished
within 1 week of discontinuation of the artemin treatment. Continued testing revealed a
time-dependent normalization of tactile sensory thresholds in rats treated with artemin with
tactile sensory thresholds returning to pre-injury values by 6 weeks post-injury following
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nerve crush (Fig. 1A). This effect was not observed in artemin treated rats with nerve
axotomy or ligation (Fig. 1C,E). In contrast, thermal hypersensitivity during this time period
was not altered by the earlier artemin treatment after crush, axotomy or ligation injury (Fig.
1B,D,F). Sham-operated rats did not demonstrate any significant changes in tactile or
thermal sensory thresholds (Fig. 1G, H).

Systemic artemin normalizes nerve-crush induced fiber labeling distal to injury site
Six weeks following nerve crush injury, vehicle treated rats had diminished IB4, CGRP and
NF200 labeling of the L5 spinal nerve distal to injury compared to the sham-operated control
group (Fig. 2, rows 1 and 2). Tissues from artemin treated rats showed increased NF200,
CGRP, and IB4 immunolabeling in nerve sections distal to crush injury (Fig. 2, Row 3).
However, an absence (Fig. 2, rows 4) or very low level (Fig. 2, rows 5) of immunolabeling
for NF200, CGRP or IB4 was observed in the L5 spinal nerve distal to the injury site
following axotomy or ligation, respectively, even with artemin-treatment (Fig. 2, rows 4 and
5).

Systemic artemin normalizes markers of nerve crush-induced axon injury and apoptosis
Nerve crush injury of the L5 spinal nerve resulted in apparent de novo expression of NPY in
the L5 DRG, along with fewer neuronal profiles expressing CGRP or IB4 (Fig. 3A).
Artemin treatment reduced the number of neuronal profiles expressing NPY and increased
the number of neuronal profiles expressing CGRP and IB4 in rats with nerve crush (Fig. 3A,
graph). Artemin did not alter expression of NPY, CGRP or IB4 in L5 DRG of sham-treated
rats (Fig. 3A).

Nerve crush injury of the L5 spinal nerve resulted in increased expression of both ATF3, a
marker of axon-injured sensory neurons, and caspase-3, a marker for apoptosis and
programmed cell death, in L5 DRG neuronal profiles (Fig. 3B). Artemin treatment decreased
the number of neuronal profiles expressing ATF3 and caspase-3 (Fig. 3B, graph). ATF3 or
caspase-3 was absent in L5 DRG obtained from sham-operated rats irrespective of treatment
(Fig. 3B).

Systemic artemin promotes axonal regeneration of sensory fibers across nerve crush site
In animals with L5 crush and receiving rhodamine-dextran or CTB injection to the sciatic
nerve, artemin treatment returned L5 DRG expression of both rhodamine-dextran (Fig 4A)
and CTB (Fig 4B) to levels seen in sham-operated rats. Artemin failed to alter the
diminished labeling of rhodamine-dextran or CTB within the L5 DRG of axotomy or
ligation treated rats (Fig 4A,B). Counts of neuronal profiles labeled with rhodamine-dextran
(Fig 4A, graph) or CTB (Fig 4B, graph) confirmed that artemin selectively restored labeling
of the retrograde markers in the rats with L5 crush injury. Artemin did not alter rhodamine-
dextran or CTB labeling in sham-operated rats. Approximately 92% and 90% of the CTB-
labeled DRG neurons obtained from sham-operated rats receiving saline or artemin
treatment, respectively, were greater than 30 µm in diameter, suggesting that nearly all of
these neurons were medium to large myelinated afferents. Nerve crush injury reduced the
proportion of CTB-labeled neurons greater than 30 µm in diameter to 51% in saline treated
rats, suggesting an increase in small-diameter fibers taking up CTB relative to the medium
to large-diameter myelinated afferents. Approximately 76% of the CTB-labeled DRG
neurons were greater than 30 µm in diameter in the artemin-treated group, suggesting a
normalization of these populations by artemin. In contrast, the proportions of DRG neurons
labeled with rhodamine-dextran applied distal to the crush injury did not change. Neurons
with diameters less than 30 µm accounted for 79% and 76% of the rhodamine-dextran
labeled L5 DRG cells obtained from vehicle- or artemin-treated sham-operated rats. After
nerve crush injury with saline or artemin treatment, the proportions of rhodamine-labeled
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neurons less than 30 µm in diameter were 82% and 77%, respectively. Possible regeneration
of sensory fibers into target cutaneous tissues was determined by intradermal administration
of rhodamine-dextran or CTB into the hindpaw ipsilateral to the nerve injury. Artemin
attenuated nerve crush-induced decreases in rhodamine-dextran and CTB labeling in L5
DRG neuronal profiles (Fig. 5A). Quantification of labeled neuronal profiles confirmed
artemin attenuated crush-induced reduction in rhodamine-dextran and CTB expression
following crush (Fig. 5B).

Discussion
These findings demonstrate that intermittent artemin administration over 2 weeks 1)
transiently reverses nerve injury induced thermal and tactile hypersensitivity during
treatment following nerve crush, axotomy or ligation; 2) promotes normalization of
neurochemical markers of neuropathic pain following nerve crush; 3) blocks markers of
axonal damage and apoptosis in cell bodies of the ipsilateral DRG following nerve crush,
and 4) promotes peripheral nerve regeneration by 4 weeks post-artemin treatment following
nerve crush. These effects are accompanied by a time-dependent functional recovery as
illustrated by reversal of tactile hypersensitivity 6 weeks following crush injury but not
axotomy or ligation injury. This time-point corresponds to the normalization of
neurochemical markers and evidence of peripheral nerve regeneration.

Artemin-induced transient reversal of nerve-injury induced thermal and tactile
hypersensitivity in the groups with axotomy or nerve ligation suggests that the mechanisms
that promote these responses are unrelated to nerve regeneration to distal territories. This
conclusion is supported by the persistent re-establishment of tactile and thermal
hypersensitivity following termination of artemin treatment after either nerve ligation or
axotomy and the absence of immunohistochemical evidence of peripheral nerve
regeneration at 6 weeks following axotomy.It should be noted that immunofluorescent
imaging also revealed that a few peripheral fibers appear to escape axotomy during the
ligation injury and thus apparently can be rescued by artemin treatment, as indicated by label
for NF200, CGRP or IB4 distal to the ligation in tissue from these animals. However, such
labeling is sparse after ligation whereas it is abundant after crush injury. These findings are
consistent with previous reports demonstrating that artemin prevents or reverses neuropathic
pain behaviors induced by nerve injury during artemin treatment [9; 27]. Artemin treatment
has been demonstrated to normalize both peripheral and central neurochemical changes
associated with nerve injury at time-points corresponding to alleviation of evoked
hypersensitivity [9]. In our previous studies [9], artemin normalized spinal nerve ligation-
induced neurochemical changes in sensory fibers proximal to the DRG. Notably, these
effects of artemin were observed on multiple fiber types, including small, unmyelinated C-
fibers, with normalization both in CGRP containing peptidergic as well IB-4 binding and
P2X3 expressing non-peptidergic fibers [9]. Normalization of neurochemical changes was
also observed in myelinated fibers demonstrating increased NPY expression [9], which is
selectively up-regulated in medium to large diameter sensory neurons and implicated in
tactile hypersensitivity [22]. These results contrast with the observations of Bennett and
colleagues [5], who found that artemin did not change NPY upregulation in large-diameter
DRG neurons. However, in that study, human, instead of rat, artemin was given by spinal
infusion for 2 weeks and nerve injury was induced by L5 ligation and axotomy [5]. In the
present study, the rat homolog was given on a repeated systemic injection schedule. These
methodological differences may explain the differences in outcomeOne possible mechanism
that may underlie these transient functional effects of artemin could be related to remodeling
of the nerve injured membrane, perhaps through effects on channels mediating excitability
including the NaV1.8 sodium channel [9] that has been implicated in driving nerve-injury
induced pain [10; 16]. Within the spinal dorsal horn, artemin was previously shown to
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normalize nerve injury-induced enhanced capsaicin-evoked release of CGRP [9], indicating
blockade of amplified signaling within the spinal cord as well as to normalize nerve-injury
induced up-regulation of spinal dynorphin [9] implicated in maintaining neuropathic pain
[17; 18]. We suggest that the normalization of such endpoints associated with the
neuropathic pain state likely distinguishes artemin from systemically administered drugs that
do not reverse injury induced pathophysiological changes [9; 24].

Although artemin-induced alleviation of hypersensitivity and normalization of
pathophysiological changes appear to occur only during treatment in the ligation and
axotomy treatment groups, a gradual and persistent effect of the 2-week treatment was
observed in animals that had received nerve crush. Thus, a limited period of artemin
administration likely promotes a time-related peripheral nerve regeneration and re-
innervation to cutaneous tissue within the ipsilateral hindpaw that corresponds to time-points
with recovery of nerve-injury induced hypersensitivity. These findings extend previous
reports demonstrating that artemin treatment following dorsal root crush promotes
regeneration of sensory nerve fibers through the dorsal root entry zone into the spinal cord
[27]. Moreover, systemic artemin restores synaptic function of sensory fibers within the
spinal cord that corresponds to recovery of sensory and motor function [27]. Subsequent
studies demonstrated that administration of artemin following dorsal root crush promotes
topographically specific regeneration, with sensory neurons projecting to appropriate lamina
within the spinal cord [11]. While the present study did not include definitive measures to
determine whether artemin induced a true nerve regeneration effect in contrast to a nerve-
sparing effect preventing degeneration, the previous investigations taken together support a
likely regenerative effect of artemin [9; 11; 27], and argue in favor of this interpretation.

The mechanisms underlying artemin-induced regeneration of injured axons are unknown.
Artemin binds preferentially to the GFRα3 receptor forming a complex with the RET
tyrosine kinase, and thus activate intracellular signaling cascades to promote nerve growth
[2; 3; 21; 24]. Artemin supports survival of cultured sensory and sympathetic neurons [24],
and promotes regeneration of peripheral sensory or motor nerves following injury [8; 9; 11;
27; 29]. Consistent with this, artemin blocked expression of caspase-3, a marker of
apoptosis, as well as ATF3, a marker of axonal damage following nerve crush in the present
investigation. Since the expression of the GFRα3 co-receptor is largely restricted to the
peripheral nervous system and expressed primarily on unmyelinated, small-diameter
nociceptive fibers [2; 3; 21], it may seem unlikely that artemin may be expected to promote
regeneration or recovery of large-fiber primary afferents. However, several studies
employing either immunohistochemistry or in situ hybridization techniques for message for
GFRα3 indicate that 1% to 14% of large-fiber myelinated peripheral DRG neurons express
this receptor [4; 11; 13; 21; 27]. In addition, peripheral nerve injury is associated with a
marked upregulation of GFRα3, of up to 59%, and that this increase occurs across all classes
of peripheral nerves, including the large-diameter neurons [4; 9; 12; 28]. In a recent study,
we showed regeneration of large-diameter myelinated fibers through the DREZ and to the
nucleus cuneatus, a target of the peripheral Aβ fibers [28]. This regeneration was
accompanied by recovery of behavioral and electrophysiologic measures of sensorimotor
function, thus clearly showing an effect of artemin on large-fiber function [28]. An
additional possibility is that Schwann cells, which also express the GFRα3 as well as the
GFRα1 receptor [20] and support peripheral nerve regeneration in part by the secretion of
artemin and GDNF in the region of the growth cone [8] might also play a role in artemin-
mediated nerve regeneration by stimulation of release of these neurotrophic factors. Finally,
whereas the GFRα3 receptor is the preferred receptor for artemin, artemin can nonetheless
activate the GFRα1 receptor as well, although to a lesser extent [2; 3]. For example, artemin
supports the growth of GFRα1 receptor-expressing neurons, and activates the GFRα1-RET
receptor complex as well as the GFRα3-Ret receptor complex in transfected cells [2; 3].

Wang et al. Page 7

Pain. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Since nerve injury substantially upregulates GFRα1 receptors in DRG neurons, including
large-diameter neurons, then artemin might promote regeneration of large diameter nerves
through the increased availability of the GFRα1, as well as by acting on the small
population of large diameter neurons expressing GFRα3. Our results demonstrate that
intermittent administration of artemin across 2 weeks blocks nerve-injury induced tactile and
thermal hypersensitivity and promotes peripheral nerve regeneration following nerve crush.
These effects of artemin on sensory neurons, paired with the restricted expression of GFRα3
to nociceptive neurons, indicate that artemin might be an effective treatment for nerve-injury
induced pain, without having broader effects that may lead to side effects observed
following GDNF administration [15; 19; 24]. The protective effects of artemin in
conjunction with reversal of nerve-injury induced neurochemical changes indicate that
artemin goes beyond symptom-based treatment observed with currently available drugs for
neuropathic pain. Moreover, it is emphasized that most peripheral nerve injures in humans
are partial in nature more closely resembling the crush, rather than axotomy injury used here
[14]. For this reason, in situations where regeneration is possible, our data indicate that
artemin will promote regeneration of peripheral nerves resulting in persistent recovery of
function and alleviation of pain.
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Figure 1.
Systemic artemin promotes recovery of tactile and thermal hypersensitivity following
peripheral nerve crush, axotomy or ligation. The rats received subcutaneous injections of
1mg/kg artemin on a schedule of MWF (arrows) or vehicle for two weeks. Artemin treated
rats showed partial reversal of L5 nerve-crush induced tactile (A) and thermal
hypersensitivity (B) by the end of the first week of treatment. Tactile hypersensitivity
returned by the first week following termination of artemin treatment, followed by a gradual
recovery of sensory thresholds to pre-injury values across the remaining test period (A).
Thermal hypersensitivity returned by the first week following termination of artemin
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treatment, followed by a gradual return of sensory thresholds towards pre-injury values in
both vehicle and artemin treated rats (B). Artemin treated rats showed partial reversal of L5
axotomy-induced tactile (C) and thermal (D) hypersensitivity by the end of the first week of
treatment. Tactile and thermal hypersensitivity returned following termination of artemin
treatment and persisted for the remainder of the testing period. Artemin treated rats showed
partial reversal of L5 ligation-induced tactile (E) and thermal (F) hypersensitivity by the end
of the first week of treatment. Tactile and thermal hypersensitivity returned following
termination of artemin treatment and persisted for the remainder of the testing period. sham-
operated rats did not demonstrate any significant changes in tactile (G) or thermal (H)
sensory thresholds either with artemin or vehicle treatment. Error bars indicate mean ±
SEM. n = 8 per group. Asterisks indicate significance (P < 0.05) between artemin and
vehicle treated groups.
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Figure 2.
Systemic artemin across 2 weeks immediately following injury restores neurochemical
alterations in sensory fibers 6 weeks post- L5 spinal nerve crush. Artemin treatment after
nerve crush increased NF200, CGRP and IB4 labeled fibers observed in L5 spinal nerve
distal to crush region. Axotomy or nerve ligation of the L5 spinal nerve greatly diminished
NF200, CGRP and IB4 labeling in the spinal nerve distal to nerve injury. Labeling after L5
ligation was sparse after artemin treatment, indicated by arrows, and labeling after axotomy
was not affected by artemin treatment. Scale bar indicates 20 µm for all images.
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Figure 3.
Artemin blocks neurochemical signs in the DRG of nerve crush-induced neuropathy 6
weeks following injury. A. Nerve crush resulted in increased NPY labeling and decreased
CGRP as well as IB4 labeling within the ipsilateral L5 DRG. Artemin attenuated the nerve-
crush induced increase in NPY and the decreased CGRP and IB4 labeling. B. The graph
shows quantification of NPY, CGRP and IB4 labeled neuronal profiles in the ipsilateral L5
DRG. The counts confirm that artemin ameliorated the nerve-crush induced increase in NPY
and the decreased CGRP and IB4 labeling. Asterisks indicate significant differences (P <
0.05) compared to vehicle treatment after nerve crush. C. Nerve crush induced ATF3
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labeled neuronal profiles were markedly reduced with artemin treatment. A similar decrease
in nerve-crush induced caspase-3 labeled neuronal profiles was observed in artemin treated
rats. Scale bar indicates 50 µm for all images. D. The graph shows quantification of ATF3
and caspase-3 labeled neuronal nuclei from counted sections confirming that artemin
decreased the percentage of ATF3 and caspase-3 labeled neurons following nerve crush.
Asterisks indicates significant differences (P < 0.05) compared to vehicle treatment after
nerve crush.
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Figure 4.
Artemin promotes regeneration of non-myelinated and myelinated axons through nerve
crush injury into sciatic nerve 6 weeks post L5 spinal nerve crush. A. Artemin or vehicle
treatment did not markedly change the number of cell bodies within the L5 DRG showing
retrograde labeling of dextran from sciatic nerve in sham-operated rats, corresponding to
non-myelinated fibers. Artemin treatment increased dextran labeling in L5 DRG of rats
treated with nerve crush, but not in rats that had undergone axotomy or nerve ligation. Scale
bar indicates 50 µm for all images. B. The graph shows quantification of dextran-labeled
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neurons from counted sections in percentages. Asterisks indicates significant differences (P
< 0.05) compared to vehicle treatment with the same surgery. C. Artemin or vehicle
treatment did not markedly change the number of cell bodies within the L5 DRG showing
retrograde labeling of CTB from sciatic nerve in sham-operated rats, corresponding to
myelinated fibers. Artemin treatment increased CTB labeling in L5 DRG of rats treated with
nerve crush, but not in rats that had undergone axotomy or nerve ligation. Scale bar indicates
50 µm for all images. D. The graph shows quantification of CTB-labeled neurons from
counted sections in percentages. Asterisks indicate significant differences (P < 0.05)
compared to vehicle treatment with the same surgery.

Wang et al. Page 17

Pain. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wang et al. Page 18

Pain. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Artemin promotes reinnervation by non-myelinated and myelinated fibers of peripheral
cutaneous tissues. A. Rhodamine-dextran or CTB labeling in L5 DRG 1 week following
intradermal administration into the ipsilateral hindpaw, 6 weeks following sham or nerve
crush. Artemin treatment did not alter rhodamine-dextran or CTB labeling in sham-operated
rats. Artemin treatment increased rhodamine-dextran as well as CTB labeling in L5 DRG of
nerve crush treated rats compared to vehicle treated rats. Scale bar indicates 50 µm for all
images. B. Quantification of rhodamine-dextran and CTB labeled neurons from L5 DRG
sections confirm an increase in the percentage of cells labeled for rhodamine-dextran or
CTB with artemin treatment. Asterisks indicate significant differences (P < 0.05) compared
to vehicle treatment after nerve crush.
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