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Artemin is a neurotrophic factor of the glial cell line–
derived neurotrophic factor (GDNF) family of ligands 
that acts through the GDNF family receptor α3 (GFRα3)/
ret receptor found predominantly on sensory and sym-
pathetic neurons. In order to explore the potential utility 
of artemin to improve functional outcome after spinal 
cord injury (SCI), we constructed a nonreplicating her-
pes simplex virus (HSV)-based vector to express artemin 
(QHArt). We found that QHArt efficiently transfects 
spinal cord neurons to produce artemin. Transgene-
mediated artemin supported the extension of neurites 
by primary dorsal root ganglion neurons in culture, and 
allowed those cells to overcome myelin inhibition of 
neurite extension through activation of protein kinase 
A (PKA) to phosphorylate cyclic adenosine monophos-
phate (cAMP) response element binding protein (CREB) 
and increase expression of arginase I. Intraspinal injec-
tion of QHArt immediately after thoracic spinal cord dor-
sal over hemisection produced a statistically significant 
improvement in motor recovery over the course of four 
weeks measured by locomotor rating score.
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17 March 2009. doi:10.1038/mt.2009.52

Introduction
Artemin is one of the glial cell line–derived neurotrophic factor 
(GDNF) family of growth promoting peptides. A member of the 
transforming growth factor β superfamily of cystine knot pro-
teins, artemin functions as a homodimer to signal through the 
ret receptor tyrosine kinase.1 Activation of ret by GDNF family 
ligands requires binding to the GDNF family receptor α (GFRα) 
coreceptor, a glycosyl phosphatidylinositol anchored membrane 
protein that recruits ret to the lipid raft and triggers association 
of ret with intracellular downstream mediators of GDNF family 
ligand signaling.2 The GFRα subtype GFRα3 serves as the specific 
coreceptor for artemin,3 although there is evidence that artemin 
may also cross-activate the GDNF-specific GFRα1 coreceptor.

Artemin signaling is critical for embryonic survival and migra-
tion of sympathetic neuron precursors,4 though later in develop-
ment these cells downregulate expression of GFRα3 to become 

dependent on target-derived nerve growth factor. During devel-
opment GFRα3 is expressed in peripheral nerve and some sen-
sory neurons5,6 and in vitro artemin modulates actin polymeration 
and formation of lamellopodia through regulation of a number 
of actin interacting proteins and phosphorylation of Src-kinase.7,8 
Systemic delivery of artemin enhances regeneration and improves 
sensory function following injury to the central or peripheral axon 
of dorsal root ganglia (DRG) neurons.7,9,10

The failure of axons to regenerate after spinal cord injury 
(SCI) remains a challenge. Inhibitory proteins in central ner-
vous system (CNS) myelin and the formation of the glial scar 
after SCI are in part responsible for the failure of central axonal 
growth to long distances. Exposure of neurons to growth fac-
tors prevents myelin inhibition of neurite growth by a cyclic 
adenosine monophosphate (cAMP) dependent mechanism11 
and injection of membrane-permeable analogs of cAMP into 
DRG promotes regeneration of primary sensory axons across 
the site of spinal injury,12 and inhibition of phosphodiesterase 
IV to prevent cAMP hydrolysis enhances growth of central 
serotonergic axons after SCI.13 Stimulation of neurite growth 
by db-cAMP is, in part, dependent on transcription activation 
through the cAMP response element binding protein (CREB)14 
that leads to an increase in arginase I and subsequent increase 
of polyamine synthesis.15

Because of the potent neurotrophic and neuroprotective effects 
of GDNF family ligands in several different models of injury to the 
adult nervous system, and the observation that GFRs are widely 
distributed in the spinal cord, we were interested in exploring 
whether artemin, acting through the cAMP-CREB-arginase I 
pathway, might improve recovery following injury to the spinal 
cord. In order to restrict the distribution of this potent bioactive 
peptide, we constructed a nonreplicating herpes simplex virus 
(HSV)-based vector to express artemin, and examined the effect 
of vector administration in dorsal hemisection model of traumatic 
thoracic SCI.

Results
Construction of an artemin-expressing HSV vector
Full length rat artemin was amplified from a cDNA library 
prepared from total RNA extracted from rat lung, cloned into 
BamH1-EcoR1 cut HCMV-polyA/SASB3-16 and co-transfected 
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with the nonreplicating HSV recombinant UL41E1G6 on 7b 
cells. Three clones (designated A1, A2, and A3) selected by iden-
tification of clear plaques and purified by limiting dilution were 
confirmed by PCR followed by DNA sequencing of the insert. 
Of these recombinants, clone A2 expressed the highest levels 
of artemin on infection of 293 cells (Figure 1a), was designated 
QHArt (Figure 1b,c), propagated to high titer (2 × 1011 pfu/ml), 
and used in the experiments, as described later elsewhere. Control 
vector QHGFP is identical to QHArt except that the gene for green 
fluorescent protein (GFP) was placed in the expression cassette in 
place of the artemin gene.

QHArt expresses artemin in primary  
spinal cord neurons in vitro
Primary spinal cord neurons were cultured from E17 rat embryos, 
as described in Materials and Methods. These cultures consist of 
95% neurons, as determined by β-III tubulin and GFAP immu-
nostaining (data not shown). Infection of spinal cord neuronal 
cultures for 2 hours with QHArt at a multiplicity of infection of 
1, resulted in robust expression of artemin RNA determined by 
reverse transcriptase (RT)-PCR (Figure 1d) and protein deter-
mined by western blot (Figure 1e) of cell lysate, 24 hours after 
infection.

QHArt-produced artemin supports  
neurite extension in vitro
Culture medium containing QHArt-produced artemin was col-
lected 24 hours after infection of primary spinal cord neurons 
in  vitro by QHArt (multiplicity of infection of 1). Exposure 
of primary P10 DRG neurons to the conditioned medium 
(CM) resulted in robust extension and elongation of neuritic 
processes from these cells (Figure  2a). This observed effect is 
consistent with expression of GFRα3 by the neurons as deter-
mined by RT-PCR (Figure  2b) and western blot (Figure  2c). 
To confirm that the observed effect was mediated by artemin 
acting through GFRα3, we compared the effect of QHArt-CM 
with recombinant mouse artermin (mArt, 100 ng/ml). Both 
QHArt-CM and mArt produced similar effects on neurite 
extension (Figure  3a,b). To further confirm that the effect of 
the QHArt-CM was due to artemin in the medium, we deter-
mined that both of these effects were blocked by coadminis-
tration of a polyclonal antiartemin antibody with QHArt-CM 
(Figure 3a,b).

QHArt effects are mediated through PKA, pCREB, 
and arginase I
Because previous reports have demonstrated that GDNF activa-
tion of GFRα1 produces neurite extension through activation 
of protein kinase A (PKA),11 we examined whether artemin 
activation of GFRα3 might act through PKA. We found that 
the effect of QHArt-CM on neurite extension was blocked 
in a dose dependent fashion by addition of the PKA inhibitor 
KT5720 (Figure  4). Because some of the reported effects of 
PKA activation in the setting of myelin inhibition are mediated 
through CREB,14 we examined phosphorylation of CREB in cells 
exposed to QHArt-CM or mArt. Thirty minutes of exposure to 
QHArt-CM or mArt resulted in a dramatic increase in pCREB 
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Figure 1  Vector construction and characterization. (a) Expression of 
artemin protein in 293 cells infected with isolates A1, A2, A3. Control (C) 
and QHGFP (G) infected cells do not express artemin. Lower blot shows 
β-actin loading control. (b) Herpes simplex virus (HSV) vector schematic. 
Black rectangles indicate site of artemin (or GFP) insertion in the vec-
tor. (c) Schematic indicating specific deletions in the HSV genome and 
the components of the transgene cassettes inserted into both copies of 
ICP4. (d) Reverse transcriptase-PCR of artemin from lysate E17 spinal 
cord neurons infected with QHArt or QHGFP at multiplicity of infection 
(MOI) of 1. (e) Western blot of artemin in lysate of E17 spinal cord neu-
rons infected with QHArt or QHGFP at MOI of 1. C represents uninfected 
control. HCMV IEp, human cytomegalovirus immediate-early promoter.
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Figure 2  QHArt-CM promotes neurite extension in primary DRG 
neurons in culture. (a) DRG neurons exposed to QHGFP-CM or 
QHArt-CM for 20 hours, stained with the Tuj-1 antibody against β-III 
tubulin. (b) GFRα3 mRNA expression in untreated primary DRG neurons 
determined by reverse transcriptase-PCR. (c) GFRα3 protein expression 
in untreated primary DRG neurons determined by western blot. CM, 
conditioned medium; DRG, dorsal root ganglia; GFRα3, glial cell line–
derived neurotrophic factor family receptor α3.
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in DRG neurons detected by immunocytochemistry (Figure 5a) 
and western blot (Figure 5b,d). The effect of mArt on phospho-
rylation of CREB was partially blocked by KT5720. In agreement 
with other evidence suggesting that other GDNF family ligands 
act through pCREB to increase expression of arginase I,15 we 
found that after 2 hours of treatment with QHArt there was a 
substantial increase in arginase I mRNA in the DRG neurons, as 
determined by RT-PCR (Figure 5f).

Transgene-mediated artemin attenuates myelin 
inhibition of axonal growth in vitro
CNS myelin is a major inhibitors of axon elongation after 
injury in vivo, an effect that can be modeled by the inhibition 
of neurite extension in vitro. To examine the effect of QHArt-
mediated artemin on axonal elongation in the presence of CNS 
myelin, we cultured primary DRG neurons on wells plated with 
CNS myelin containing NogoA, MAG, and OMgp proteins. 
CNS myelin produced a dose-dependent inhibition of neurite 
extension (Figure  6a,b) that was attenuated by 20-hour expo-
sure to QHArt-CM (Figure  6a,b). In a manner similar to the 
effect of artemin on DRG neurons cultured in the absence 
of myelin, QHArt-CM treatment of DRG neurons exposed 

to myelin resulted in an increase in pCREB in those neurons 
(Figure 6c,d).

QHArt-mediated artemin expression improves 
functional recovery after SCI
In order to examine the potential of artemin to improve recov-
ery after SCI, we injected 2 µl containing 4 × 108 plaque form-
ing units (pfu) of QHArt directly into the spinal cord at each of 
the two sites, in the midline 2 mm above and below the lesion 
at a depth of 1 mm from the surface and at a rate of 1 µl/minute. 
Transgene-mediated expression of artemin could be detected by 
RT-PCR beginning as early as 1 day after injection and persisting 
through 14 days postinjection (Figure 7a). We also determined 
by RT-PCR that GFRα3 is expressed in the adult spinal cord 
(Figure  7b). Injection of QHArt into the injured spinal cord 2 
hours after dorsal hemisection resulted in a statistically significant 
improvement in locomotor function bilaterally in the hind limbs 
assessed by Basso, Beattie, Bresnahan (BBB) locomotor rating 
scale (Figure 8).

Discussion
There are four major observations from this study (Figure 9). 
First, artemin acting through GFRα3/ret activates PKA to 
phosphorylate pCREB and increases expression of arginase 
I. Second, artemin supports neurite extension by embryonic 
DRG neurons in tissue culture conditions. Third, activation of 
GFRα3/ret activates a PKA-dependent pathway to allow these 
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Figure 3 T he QHArt-CM effect is mediated by artemin. (a) Neurite 
extension promoted by QHArt-CM (left column) and 100 ng/ml recom-
binant mouse artemin (mArt) (right column) is blocked by antiartemin 
antibody (20 µg/ml) but not control IgG. Cells immunostained with Tuj-1 
antibody. (b) Quantitative analysis of the effect of QHArt-CM, mArt, and 
the antiartemin antibody on neurite extension Bar = 40 µm. Data are 
from four separate experiments. Neurite outgrowth expressed as a ratio 
to control is presented as mean ± SEM; **P < 0.01 compared to control. 
CM, conditioned medium; IgG, immunoglobulin G.
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Figure 4 T he QHArt-CM effect on neurite extension is blocked by 
the protein kinase A inhibitor KT5720. Increasing concentrations of 
KT5720 added at the time of plating reduced the length of neurites from 
dorsal root ganglia neurons exposed to QHArt-CM in a dose dependent 
manner. Cells immunostained with Tuj-1 antibody. Bar = 40 µm. Data 
represents results of three separate experiments. Neurite outgrowth 
expressed as a ratio to control is presented as mean ± SEM; **P < 0.01 
compared to QHArt-CM alone. CM, conditioned medium.
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neurons to overcome the inhibitory effect of CNS myelin on 
neurite extension. Finally, HSV-mediated expression of artemin 
in spinal cord, following SCI, improves functional outcome as 
measured by the BBB score.

GFRα3 is widely expressed in the peripheral nervous system3,16 
but does not appear to be critical for survival of sensory neurons 
during development as DRG appear to be normal in transgenic 
mice that fail to express either artemin or GFRα3.17 We found that 

in embryonic DRG neurons under normal culture conditions, 
application of recombinant artemin protein or CM containing 
artemin expressed from cells infected with the artemin-expressing 
vector resulted in the substantial extension of neurites. This result 
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Figure 5 T ransgene-mediated artemin provokes phosphorylation of 
cyclic adenosine monophosphate response element binding protein 
(CREB) and increases expression of arginase I. (a) Immunostaining for 
pCREB (green) 30 minutes after treatment with QHGFP- or QHArt-CM. 
Tuj-1 immunostaining shown in red. (b) Western blot of dorsal root gan-
glia (DRG) cell lysate 30 minutes after exposure to QHGFP or QHArt-CM. 
(c) Quantitative analysis of western blot shown in b. (d) Cultured DRG 
neurons were treated with 200 nmol/l KT5720 for 10 minutes, followed by 
exposure to mouse artemin (mArt) (100 ng/ml) for 30 minutes. The effect 
of mArt on phosphorylation of CREB was partially blocked by KT5720. 
(e) Quantitation of western blot shown in d. (f) DRG neurons exposed 
to QHArt-CM but not QHGFP-CM for 2 hours show increased arginase 
I mRNA (reverse transcriptase-PCR). (g) Quantitation of western blot 
shown in f. The graphs present the results of three independent experi-
ments as mean ± SEM; *P < 0.05, **P < 0.01; C = control; G = QHGFP-CM; 
A = QHArt-CM. Bar = 20 µm. CM, conditioned medium.
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Figure 6 T ransgene-mediated artemin attenuates myelin induced inhi-
bition of axon growth in vitro. (a) Tuj1 immunostaining of DRG neurons 
plated on 0, 1, or 3 µg central nervous system myelin per well of eight-well 
chamber slide in the presence of QHGFP-CM or QHArt-CM. Bar = 40 µm. 
(b) Myelin produces a dose dependent inhibition of neurite extension that 
is substantially reversed by QHArt-CM. (c) Immunostaining for pCREB 
(green) of DRG neurons exposed to 1 µg/well myelin. Tuj-1 immunostaining 
shown in red; Bar = 20 µm. (d) DRG neurons were plated on 24 well plates 
containing 8.0 µg myelin per well, to which QHGFP-CM or QHArt-CM was 
added for 30 minutes. Treatment with QHArt-CM attenuated the reduction 
in CREB phosphorylation caused by exposure to myelin. (e) Quantitation 
of western blot representing the results of three independent experiments 
as mean ± SEM; *P < 0.05, **P < 0.01; C = control; G = QHGFP-CM; A = 
QHArt-CM. CM, conditioned medium; CREB, cyclic adenosine monophos-
phate response element binding protein; DRG, dorsal root ganglia.
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suggests that the formation and maintenance of neurite processes 
during development may be influenced by artemin.

A critical issue in SCI is the inhibition of axonal extension and 
regeneration by inhibitory molecules expressed on CNS myelin by 
oligodendrocytes.18 The full range of intracellular signaling path-
ways activated by myelin inhibitors including NogoA, MAG, and 
OMgp to inhibit axonal elongation are beyond the scope of this 
summary, but several lines of evidence have indicated that this 
inhibition can be overcome by treatments designed to increase 
intracellular cAMP levels to activate PKA.19 PKA effect has been 
shown to be dependent on transcription and to act through CREB 
to increase expression of genes under the control of the cAMP-
response element, including arginase I.14,19 We found in these 
studies that artemin (either delivered as a recombinant protein 
or as the transgene-mediated product from CM activates PKA 
and increases phosphorylation of CREB to lead to an increase 
in expression of arginase I, and that activation of this pathway 
allows sensory axons to overcome the inhibitory effect of myelin 
on process extension in vitro. Arginase I is a key enzyme in the 
synthesis of a small group of simple aliphatic amines, and these 
polyamines have been implicated in multiple neuronal processes 
during development as well as in the protective neuronal response 
to insult. Polyamines regulate microtubule organization as well 
as chromatin structure and transcriptional activity, and through 
these basic cellular mechanisms may promote neurite growth.20

Finally, we found that direct intraspinal injection of the 
artemin-expressing HSV vector 2 hours after dorsal hemisection 
injury to the thoracic spinal cord improves functional outcome 
up to 4 weeks after injury. Our results are in agreement with the 
enhanced regeneration and restoration of function observed 
with systemic administration of artemin after dorsal root injury10 
and following peripheral nerve injury.7,9 Recovery from SCI is 
complex and may involve axonal regeneration or sprouting.21,22 
In this study, we did not examine the mechanisms underlying 

the improvement in behavioral outcome, though the degree of 
improvement over a relatively short time course would suggest 
that it is not due to long distance regeneration of severed fibers. 
Nonetheless, there are no available therapies that provide reliable 
clinical improvement after SCI. Neurotrophic factors are strong 
candidate molecules for the development of novel therapeutic 
strategies, but the widespread distribution of receptors for these 
short-lived highly bioactive pleiotropic peptides within and out-
side of the nervous system makes it likely that in order to success-
ful exploit the beneficial effects of these peptides for treatment, 
there will need to be a strategy to achieve local production and 
release. In this regard, the use of a nonreplicating, nonintegrating 
vector such as HSV may prove attractive.

Materials And Methods
Vector construction. Two viral vector constructs were employed in this 
study. QHArt contains rat artemin gene under the control of the human 
cytomegalovirus immediate-early promoter (HCMV IEp). Control vector 
QHGFP is identical to QHArt, but contains the GFP gene product in place of 
artemin. Full-length artemin was amplified from a cDNA library prepared 
from total RNA extracted from rat lung and cloned into BamHI-EcoRI 

Figure 7  Intraspinal injection of QHArt produces artemin in vivo. 
(a) 2 µl of QHArt or QHGFP containing 4 × 108 pfu was injected 
into thoracic spinal cord. Artemin RNA was detected at 1, 7, and 14 
days after injection (QHArt). Control (C); injected with QHGFP (G). 
(b) GFRα3 RNA is expressed in uninjected thoracic spinal cord (reverse 
transcriptase-PCR). N = 4 rats per group. GFRα3, glial cell line–derived 
neurotrophic factor family receptor α3.
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cut HCMV-polyA/SASB3-16. The HCMV-Art-polyA/SASB3-16 plasmid 
was co-transfected with the nonreplicating HSV recombinant UL41E1G6 
(provided by Joseph Glorioso, University of Pittsburgh) into 7b cells. Three 
runs of extraction were performed to select clear plaques and the identity 
of the insert confirmed by PCR followed by DNA sequencing.

Tissue culture and vector infection. DRG were removed from P10 rats 
and dissociated into single cells by incubation with 0.06% collagenase 
and 0.03% trypsin (Sigma, St Louis, MO) for 1 hour at 37 °C. According 
to manufacturer’s recommendation (Invitrogen, Grand Island, NY), dis-
sociated neurons were plated on poly-d-lysine (100 µg/ml) and laminin 
(8 µg/ml) coated plates in defined Neurobasal medium containing B27, 
Glutamax I, Albumax I, and penicillin/streptomycin. Spinal cord was 
removed from E17 rats and dissociated into single cells by incubation with 
0.25% trypsin-EDTA (Invitrogen) for 15 minutes at 37 °C. Dissociated spi-
nal cord neurons were plated on poly-d-lysine coated six well plates with 
2 ml of defined Neurobasal medium (Invitrogen) and treated with FDU/
uridine twice during the first week in culture. E17 spinal cord neurons 
were cultured for 10 days and then infected with either QHArt or QHGFP 
for 2 hours after which the medium was replaced with fresh medium. The 
cell lysate obtained 24 hours after infection was used for determination of 
artemin expression by RT-PCR and western blot. The medium from vector 
infected spinal cord neurons obtained 24 hours after infection was used as 
CM for the subsequent experiments.

Neurite outgrowth assay. P10 DRG were plated on poly-D-lysine (100 µg/
ml) and laminin (8 µg/ml) coated eight-well chamber slides at 2 × 104 cells 
per well. CM, mouse artemin recombinant protein (R&D, Minneapolis, 
MN), goat polyclonal antiartemin antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA), goat polyclonal IgG (Cappel, Downington, PA), or the 
PKA inhibitor KT5720 (Calbiochem, Gibbstown, NJ) were added at plat-
ing. After culture for an additional 20 hours cells were fixed and immunos-
tained with antibodies against neuron-specific β-III tubulin (Tuj1; Covance, 
Berkeley, CA). In the myelin study, eight-well chamber slides were precoated 
with myelin at concentrations of 0, 1, or 3 µg/well. The slides were examined 
at room temperature using a Nikon E1000 microscope with air objectives 
and images acquired using a digital camera (Cool Snap ES; Photometrics, 
Tucson, AZ) and Metamorph software. Digital images were manipulated 
and arranged using Photoshop 7.0 (Adobe). The length of β-III tubulin 
immunostained processes was determined using Meta imaging software 
(Molecular Devices, Sunnyvale, CA). More than 200 randomly selected 
individual neurons were analyzed per condition in each experiment, and 
the experiment was repeated 3–6 times.

Myelin isolation. CNS myelin was prepared by sucrose gradient centrifu-
gation according to the protocol described by Norton and Poduslo.23 The 
protein concentration of the purified myelin preparation was determined 
using the Pierce BCA assay (BioRad, Hercules, CA). We confirmed, by gel 
electrophoresis, that the purified myelin contains three of myelin inhibi-
tory molecules, NogoA, MAG, and OMgp (data not shown).

Western blot. Cultured DRG cells, spinal cord, and 293 cells were lysed in 
lysis buffer containing 50 mmol/l Tris, 10 mmol/l NaCl, 1% NP40, 0.02% 
sodium azide, and protease inhibitor cocktail (Sigma Aldrich) at pH 7.4. 
For the detection of pCREB, cultured DRG neurons were lysed in lysis buf-
fer containing 62.5 mmol/l Tris-HCl and 2% SDS, including phosphatase 
and protease inhibitor cocktail. Cell lysates were sonicated and centrifuged 
at 15,000g for 10 minutes at 4 °C. Protein concentration in cell lysates was 
determined using the BCA assay (Pierce Biotechnology, Rockford, IL) and 
spectrophotometry (AD340; Beckman Coulter, Fullerton, CA). Aliquots 
containing 20 µg of protein were dissolved in Laemmli buffer and boiled 
at 95 °C for 5 minutes, and the proteins separated by 12% Tris-Glycine 
SDS-PAGE (Bio-Rad), transferred to PVDF membranes, blocked, and 
then incubated with primary antibodies at 4 °C overnight. Primary anti-
bodies included an antibody against artemin (anti-Art, 1:400; Santa Cruz 

Biotechnology), anti-pCREB (1:1,000; Cell Signaling, Danvers, MA), 
and anti-CREB (1:1,000; Cell Signaling). Peroxidase-coupled secondary 
antibodies (Calbiochem) were used for amplification and protein bands 
visualized using X-OMAT AR film (Kodak, Rochester, NY), after chemi-
luminescence (DuPont NEN, Boston, MA). The membranes were stripped 
and reprobed with mouse anti-β-actin (1:2,000; Sigma) as a loading con-
trol. The intensity of each band was determined by quantitative chemi-
luminescence using a PC-based image analysis system (ChemiDoc XRS 
System; Bio-Rad Laboratories).

Immunochemistry. P10 DRG were plated on poly-D-lysine (100 µg/ml) 
and laminin (8 µg/ml) coated eight-well chamber slides at 2 × 104 cells per 
well in the presence or absence of 1 µg of myelin. CM were added at the 
same time of plating. Thirty minutes after culture, the cells were fixed in 
4% paraformaldehyde, washed in PBS, and blocked with 5% normal goat 
serum with 0.2% Triton X-100 in PBS. The following antibodies were used:  
anti-pCREB (1:1,000; Cell Signaling) and anti-Tuj1 (1:1,000; Covance). 
The secondary antibodies utilized were fluorescent antirabbit IgG Alexa 
Fluor 594 or antimouse IgG Alexa Fluor 488 (1:2,000; Molecular Probes). 
The fluorescent images were captured using a Nikon Eclipse E1000 
microscope.

Experimental animals and surgical procedures. Female Sprague–Dawley 
rats weighing 200–250 g were used in all experiments. Housing conditions 
and experimental procedures were approved by the University of Michigan 
Committee on Use and Care of Animals. Under isoflurane anesthesia, a 
T6-T7 laminectomy was performed, and the spinal cord was exposed. 
The dorsal half of the spinal cord was cut with a pair of microscissors to 
sever the dorsal parts of the corticospinal tracts, and the depth of lesion 
(~1.8 mm) was assured by passing the sharp part of a number 11 blade 
across the dorsal half of the cord. 2 µl of QHArt or QHGFP containing 4 × 
108 plaque-forming units were injected at two sites (2 mm rostral and cau-
dal of the lesion) into the spinal cord midline at a depth of 1 mm, at a rate 
of 1 µl/minute, using a Hamilton syringe. The needle was left in place for 
1 minute after the injection and then slowly withdrawn. Muscle and fascia 
were sutured, closed, and the skin closed with autoclips. After surgery, all 
animals were maintained under preoperative conditions and were eating 
and drinking within 3 hours after surgery. Locomotor function was exam-
ined and recorded using the BBB Locomotor Rating Scale.24

Tissue for RT-PCR. For the determination of expression of artemin in 
spinal cord in vivo, a T6-T7 laminectomy was performed under isoflu-
rane anesthesia and 2 µl of QHArt or QHGFP containing 4 × 108 plaque-
forming units was injected into the spinal cord midline at a depth of 1 mm 
and at a rate of 1 µl/minute. The Hamilton syringe was left in place for 1 
minute after the injection and slowly withdrawn. After surgery, all ani-
mals were maintained under preoperative conditions and were eating and 
drinking within 3 hours after surgery. At 1, 7, or 14 days after injection the 
animals were sacrificed and spinal cord tissue 1 cm above and below the 
injection site was collected fresh and processed, as described later in this 
study. For GFRα3 mRNA detection, tissue from T6-7 spinal cord of nor-
mal rats was collected fresh, placed in TRIzol, and processed as described 
later in this study.

RT-PCR. Total RNA was isolated from P10 DRG, E17 spinal cord neu-
rons, and spinal cord tissue using TRIzol (Invitrogen) isolation reagent, 
according to the manufacturer’s instructions. cDNA prepared from mRNA 
was amplified using the following primer sets: β-actin-forward (5′-CAG 
TTC GCC ATG GAT GAC GAT ATC-3′) and β-actin-reverse (5′-CAC 
GCT CGG TCA GGA TCT TCA TG-3′) for β-actin, artemin-forward 
(5′-AAC CAG CCT TGT GGC CAA CCC TAG-3′) and artemin-reverse 
(5′-GGT GTA GTT GGA CAA GTC GTA GG-3′) for artemin, GFRα3-
forward (5′-TAG TGA TCC TGC TAC TGG TGC-3′) and GFRα3-reverse 
(5′-CCA GAG GGT CTG CAG CAG AAT C-3′) for GFRα3, and argi-
nase I-forward (5′-GCT CCA AGC CAA AGC CCA TAG-3′) and arginase 
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I-reverse (5′-GTA GTC AGT CTC TGG CTT ATG-3′) for arginase I. All 
reactions involved initial denaturation at 94 °C for 5 minutes, followed by 
26 cycles for β-actin and arginase I, 32 cycles for Art and GFRα3 (at 94 °C 
for 30 seconds, 68 °C for 2 minutes and 1 cycle at 68 °C for 8 minutes using 
a GeneAmp PCR 2700 (Applied Biosystems).

Data analysis. The statistical significance of the difference between treat-
ment groups was determined by ANOVA. Parametric statistics, using the 
general linear model for repeated measures, were used to identify signifi-
cant effects of treatment condition on the behavioral measure of BBB score 
using SPSS 12.0 for Windows (SPSS). Data are expressed as mean ± SEM, 
with P < 0.05 considered significant.
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