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Abstract: Artemin isa neuronal survival and differentiation factor in the glia cell line-derived neurotrophic factor family. Its receptor
GFRa3 is expressed by a subpopulation of nociceptor type sensory neurons in the dorsal root and trigeminal ganglia (DRG and TG).
These neurons co-express the heat, capsaicin and proton-sensitive channel TRPV 1 and the cold and chemical-sensitive channel TRPAL.
To further investigate the effects of artemin on sensory neurons, we isolated transgenic mice (ARTN-OE mice) that overexpress artemin
in keratinocytes of the skin and tongue. Enhanced levels of artemin led to a 20% increase in the total number of DRG neurons and
increases in the level of mMRNA encoding TRPV 1 and TRPA1. Calcium imaging showed that isolated sensory neurons from ARTN-OE
mice were hypersensitive to the TRPV 1 agonist capsaicin and the TRPA1 agonist mustard oil. Behavioral testing of ARTN-OE mice
also showed an increased sensitivity to heat, cold, capsaicin and mustard oil stimuli applied either to the skin or in the drinking water.
Sensory neurons from wildtype mice also exhibited potentiated capsaicin responses following artemin addition to the media. In
addition, injection of artemin into hindpaw skin produced transient thermal hyperalgesia. These findings indicate that artemin can
modulate sensory function and that this regulation may occur through changes in channel gene expression. Because artemin mRNA
expression is up-regulated in inflamed tissue and following nerve injury, it may have a significant role in cellular changes that underlie
pain associated with pathological conditions. Manipulation of artemin expression may therefore offer a new pain treatment strategy.
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1 Introduction

Neurotrophic growth factors have essential rolesin the
devel opment, maintenance and function of primary sen-
sory afferents that detect multiple types of physical and
chemical stimuli. The role of two neurctrophic factors,
the neurotrophin nerve growth factor (NGF) and the glial
cell line-derived neurotrophic factor (GDNF), have been
well studied in sensory system development and in adult
systems. Much less is known however, about the role of
the neurotrophic factor artemin (ARTN) and its affect on
sensory neurons. ARTN is a GDNF family ligand (GFL)
that bindsto the GDNF family receptor o3 (GFRa3) GPI-
anchored protein. GFRo3-ART forms a receptor com-
plex with the receptor tyrosine kinase Ret through which
activation of several signaling pathways is mediated™.
GFRo3 is highly restricted to neurons of the peripheral
nervous system (sensory and sympathetic) and is predomi-
nantly expressed in sensory neurons that are TrkA-posi-
tive and therefore NGF-responsive?. GFRo3 sensory neu

rons also express the transient receptor potential (TRP)
ion channel proteins TRPV1 and TRPA 123, Noxious heat
(> 43 °C), protons and vanilloid compounds (e.g.,
capsaicin, resinferatoxin) activate TRPV™, while TRPA1
is sengitive to noxious cold (10-15 °C), cinnamonal dehyde
and mustard oil®>9. The expression of these channdls in
GFRo3-positive neurons suggests ARTN signaling via
GFRa3/Ret binding could modul ate neuron sensitivity.
ARTN may function primarily in this manner since initial
studiesin mice that lack either the gene encoding ARTN or
GFRo3 genes showed no apparent effect on devel opmen-
tal survival of peripheral sensory neurons™@. Whether the
lack of ARTN or GFRo3 causes impairments in sensory
function in the adult has not yet been examined.

In recent studies we investigated the effect of ARTN on
sensory system properties using transgenic mice that
overexpress ARTN in the skin®. Studies in which exog-
enous ARTN was applied to neurons in vitro and skinin
vivo were also dong®. Our findings indicate that ARTN
significantly regulates sensory function by modulating
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molecular and physiological properties of sensory neurons
that in turn causes changesin behaviora responses to ther-
mal and chemical stimulation. A summary of thiswork is
presented below.

2 Results

2.1 ARTN isadevelopmental survival factor for
GFRa3-positive sensory neurons

Transgenic mice that overexpress ARTN in the skin were
isolated by microinjection of atransgene construct in which
the human K 14 keratin promoter was used to drive ex-
pression of the ARTN coding region (Fig. 1A). K14 kera-
tinis a keratinized epithelium specific promoter that turns
on at approximately embryonic day 11 in mouse whisker
pad skini*¥ and then remains active into adulthood. In
overexpresser mice (ARTN-OEs), enhanced ARTN level
inthe skin (Fig. 1B, 1C) caused a 20% increase in total
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neuron number in sensory ganglia and visibly enlarged
trigeminal (TG) and dorsal root ganglia (DRG) (Fig. 1D).
No mgjor change in innervation to the spinal cord dorsal
horn was noted (Fig. 1E). In sensory ganglia of both
wildtype (WT) and ARTN-OE mice nearly al GFRo3-
positive neurons were found to express TRPV1 (95%)
and many of these were TRPA1-positive (Fig. 2). The per-
centage of GFRo3-positive neurons in ganglia of ARTN-
OE mice was unchanged compared with WT mice [WT =
(19.64+0.57)%; ARTN-OE = (18.07+1.47)%] and TRPV1
[WT = (27.53+1.19)%; ARTN-OE = (28.81+2.75)%)].
Even so, the total number of GFRo3- and TRPV 1-positive
neurons likely increased since an increase in total neuron
number occurred (see above). In addition, both GFRo3
and TRPV 1 neurons in ARTN-OE ganglia were hypertro-
phied and exhibited enhanced peripheral projectionsto the
skin that were GFRo3 and TRPV 1-positive (Fig. 3). These
findingsindicate that the GFRa3/TRPV 1 neuron popula-
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Fg. 1. Overexpression of artemin in the skin is driven by the K14 keratin promoter. A: Diagram of transgene congtruct used for isolation of
artemin overexpresser (ARTN-OE) mice. The K14 keratin promoter drives expression of the artemin sequence represented by black boxes.
Arrow indicates transcription start site, ATG and TGA are trandation start and stop sites, respectively. B: RT-PCR analysis of RNA isolated
from wildtype (WT, n=3) and transgenic (ARTN-OE, n=3) back skin showing increased expression of artemin mMRNA in ARTN-OE skin.
Lanes 1-6 show amplicons obtained using primers to the artemin gene sequence; lanes 7-12 show products using transgene specific PCR
primers, lanes 13 and 15 are negative controls for the PCR reaction and lanes 14 and 16 are positive controls for the artemin and transgene
sequences, respectively. C: Immunolabeling of whisker pad skin from WT (top panel) and ARTN-OE (bottom) mice using an antibody to
artemin. epi: epidermis. Scale bar in lower pand, 25 um. D: Trigeminal gangliafrom WT and ARTN-OE ganglia. E: Spina cord dorsal horn of
WT and ARTN-OE mice labeled with anti-CGRP (green) and isolectin B4 (IB4, red). No significant difference was observed in the digtribution
or density of CGRP peptidergic or I1B4 non-peptidergic afferents. Scale bar in E, 100 um.
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TRPV1

Fig. 2. Sensory neurons responsive to artemin are hypertrophied and express TRPV 1. GFRo.3 immunolabeling (green) of WT (A, C) and
ARTN-OE (D, F) DRG show GFRo3-positive neurons are larger in size. Nearly all GFRo3 neuronsin WT (B) and ARTN-OE (E) ganglia
express TRPV 1 (red; arrows) though severa TRPV 1-abeled neurons do not express GFRo.3 [arrowheads; see merged images of WT (C) and
ARTN-OE (F) ganglig). Trigeminal neurons showed asimilar hypertrophy in TRPV 1/GFRo.3 neuron size. Scale bar in C = 60 um and applies
to al panels.

Fg. 3. Skin-derived artemin increases cutaneous GFRa.3-positive afferents and intensity of TRPV 1 labeling. Low power view compares
innervation of whisker pad skin of WT (A-C) and ARTN-OE (D-F) animals. An increase in GFRo.3-positive afferents (green, arrows) occurs
in dermis of ARTN-OE skin. Immunolabeling with anti-TRPV 1 antibody (red, B, E) shows higher expression in ARTN-OE afferents (E). Few
TRPV 1 fiberswere seen in WT skin (B). TRPV 1 labeling of GFRa3 afferents of ARTN-OE skin was particularly evident in merged images
(F) where overlap appears yellow. Overlap was rardy seen in WT skin (C). Asterisks (panels D, E and F) indicate appearance of GFRa3 and
TRPV 1 afferents in epidermis of ARTN-OE skin. Arrowheads in D-F indicate a GFRo3-positive fiber that isnot TRPV 1-positive and may
represent sympathetic innervation. Scale bar in F = 100 um and appliesto all panels. Epi, epidermis; sh, sebaceous gland; hf, hair follicle.

tionisresponsve to the level of target-derived ARTN. This
in vivo survival action of ARTN is also consistent with
previous observations showing increased survival of
sensory, sympathetic and enteric neurons cultured in the
presence of ARTN™. Thus, ARTN can function as a sur-
vival factor for sensory neurons during embryonic
devel opment.

2.2 Modulation of gene expression in sensory
ganglia by overexpression of ARTN in the skin

Reverse transcriptase-PCR assays showed that ARTN
overexpression had a significant effect on neuronal gene
expression (Table 1). Therelative level of GFRa3 mRNA
wasincreased by 34% in lumbar DRG and 81% inthe TG
of ARTN-OE transgenics. Thisincreasein GFRo.3 mRNA
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Table 1. Changesin the expression of receptor and TRP channél genesin lumbar DRG (L3, L4 and L5) of ARTN-OE mice com-

pared with WT mice

Gene assayed GFRa3 Ret TrkA

TRPV1

TRPV2 TRPV3 TRPV4 TRPA1

Percentchange  +34%* +6% +37% *

+61% **

+6% -28% +8% +210% **

RT-PCR assays using RNA from DRG of individual animals were done using 4-6 animals per group. ** P < 0.0005, * P < 0.005.

islikely dueto devationin mRNA expression on a per cell
level since the percent of GFRo3-positive neurons (~19%)
was unchanged. Transcripts encoding the receptor tyrasine
kinases Ret and TrkA, which are coexpressed in ~80% of
GFRa3-positive neurons, were differentially regulated in
ARTN-OE ganglia. Rlative to WT, the Ret mRNA level
was unchanged whereas TrkA transcript levels were in-
creased by 37% in lumbar DRG and 56% in TG. Com-
pared to WT mice, TRPV 1 expression was 61% and 190%
higher in the lumbar DRG and TG of the ART-OE mice,
respectively. No change in mRNA encoding the TRPV2,
TRPV3 or TRPV4 channels was measured. In contrast,
TRPA1 mRNA increased by 210% in DRG and 403% in
TG of ARTN-OE mice compared to WT.

The relative expression of genes encoding members of
the acid sensingion channd (ASIC) family were also found
to be changed. ASICs are proton-gated sodium channels
that are proposed to underlie acid-evoked pain and at least
some aspects of mechanical sensation™. A decrease was
measured for all ASIC subtypes in lumbar DRG from fe-
male ARTN-OE mice (ASIC1, —44%; ASIC2, —73%j;
ASIC2b, —44%; ASIC3, —61%). Interestingly, male ARTN-
OE mice showed a decrease only in ASIC2a where a de-
cline of 48% was measured in lumbar DRG.

2.3 ARTN protein sensitizes sensory neuronsto
chemical and thermal stimuli

Calciumimaging studies of dissociated and cultured sen-
sory neurons fromWT and ARTN-OE mice indicate that
ARTN sensitizes the response of sensory neurons to cap-
saicin and mustard ail. This sengtization is consistent with
the upregulation of TRPV1 and TRPA1 mRNA in sensory
gangliaby ARTN overexpression. Both the percentage of
capsai cin-responsive neurons and the magnitude of
capsaicin-evoked ca cium transients were significantly in-
creased in DRG neurons of ARTN-OE mice compared to
that in WT DRG neurons. Ratiometric imaging using fura-
2 dye showed capsaicin icited calcium responsesin sig-
nificantly more ARTN-OE DRG neurons [(6616)%; n=5
mice, 50 cells] than WT DRG neurons [(46+2)%; n=5
mice, 26 cdls, P < 0.020)]. The magnitude of the capsaicin-
evoked calcium transient was also increased in ARTN-OE
neurons [(1.24+0.1) AF] relative to that in WT DRG neu-

rons [(0.84+0.08) AF) (P < 0.002). In TG the magnitude
of capsaicin-induced calcium transients was al o increased
in the ARTN-OE mice although the number of responsive
neurons to capsaicin was unchanged®. ARTN-OE mice
a0 had more mustard oil-responsive TG neurons that ex-
hibited a larger magnitude of calcium transients evoked by
mustard oil reativeto WT TG neurons. This sensitization
by ARTN appeard to be restricted to TRPV1 and TRPA1-
dependent responses since overexpression of ARTN did
not affect cal cium responses induced by ATR, aligand that
activates P2X3 and P2Y receptors in sensory neurons. A
more detailed and specific study of lingual afferents that
innervate the tongue showed a similar result, i.e., lingual
afferents in the ARTN-OE mice were hypersensitive to
capsaicin and mustard oil™3,

In addition to the calcium imaging data, thermal hyper-
sensitivity of C-fiber afferents in ARTN-OE mice, mani-
fested by a decrease in heat threshold and an increase in
sensitivity, was also detected in ARTN-OE mice using a
skin-nerve-DRG-spinal cord ex vivo preparation®, In
contrast to thermal responses, the average mechanical
threshold of the C-fiber population was unchanged in
ARTN-OE mice. Thesefindings suggest that ARTN modu-
lates chemical and thermal responses mediated by TRPV1
and TRPA1.

2.4 ARTN-OE mice exhibit behavioral sensitiv-
ity to hot and cold thermal stimuli
Theincreased expression of TRPV1 and TRPAL in sensory
ganglia and the sensitized chemical and thermal responses
of sensory neurons from ARTN-OE mice was predicted to
result in altered behavioral responses of these mice. Testing
was therefore done using behavioral measures to determine
if ARTN-OE mice exhibited altered responses to noxious
thermal and chemical stimuli. ARTN-OE mice displayed
shorter paw withdrawal latencies [(6.33+0.27) | to radi-
ant heat applied to the plantar surface of the hind paw
(Hargreave stest) compared to that of WT mice [(8.05+0.46)
s, P=0.004], indicating that ARTN-OE mice were hyper-
sensitive to noxious hesat.

Similar to TRPV1, transcript levels of TRPA1 were also
eevated inARTN-OE gangliaand TRPA1 expression over-
lapped with GFRa.3 expression. Because TRPAL1 may
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contribute to sensing of cold, we tested whether ARTN-
OE mice were more responsive to cold stimuli. Response
to cold was tested by tail immersion in a bath set at
either 0 °C or at —15 °C using two sets of 10 WT and 10
ARTN-OE mice (40 micetotal). ARTN-OE mice exhibited
lower thresholds at the 0 °C bath temperature [WT=(10.64
+1.67) s; ARTN-OE=(5.15+1.42) s, n=10, P=0.010] and
at the —15 °C bath temperature [WT=(15.09+2.78) s,
ARTN-OE=(5.22+1.03) s, n=10, P=0.002]. In other
assays, a place preference test was used, where mice were
given the choice between a surface at room temperature
and another surface at 5 °C. ARTN-OE mice spent much
less time on the cold side compared to WT mice, further
showing that ARTN-OE mice are hypersensitive to nox-
ious cold. These behavioral assays show that ARTN
overexpression in the skin can therefore modulate cutane-
ous sensitivity to both heat and cold.

2.5 ARTN-OE mice display hypersensitivity to
chemical stimulation

Mustard ail is aligand for TRPA1 and it was therefore of
interest to test whether ARTN-OE mice were more sensi-
tive to its application. Previous studies have shown that
the K 14-keratin gene promoter drives transgene expres-
sion in the keratinized tongue epithelium of the mouse®,
We therefore tested whether oral sensitivity to mustard ol
was altered in ARTN-OE mice using a two-choice drink-
ing test in which one bottle contains water with mustard
oil and another bottle contains normal water. As predicted
fromthe increase in TRPA1 gene expression, ARTN-OE
mice drank much less of the mustard oil containing water,
ind cating ord hypersensitivity of ARTN-OE miceto mustard
ail. Smilar tomustard ail, ARTN-OE miceal so showed hyper-
sengitivity to capsaicin, an agonist for TRPV1. ARTN-OE
mice drank much less capsaicin containing water than WT
mice. In addition, injection of capsaicin into the hind paw
induced more nocifensive responses and a longer duration
of nocifensive behavior in ARTN-OE mice compared to
WT mice. Thesefindings suggest that ARTN-OE mice are
hypersensitive to capsaicin application cutaneously and
orally, consistent with increased expression of TRPV1in
the sensory afferents.

2.6 ARTN may havearolein mediating inflam-
matory pain

Imaging studies to measure changes in intracellular cal-
cium in cultured sensory neurons have shown that exog-
enous application of ARTN has effects similar to NGF and
causes sensitization of primary afferents to capsaicin (see
review by Malin and Davis, in thisissue, 571-578). The

ARTN-evoked sendtization suggeststhat ARTN acts asa
modulator of pain pathways and as such, may have arole
in pathological conditions accompanied by inflammatory
and neuropathic paintransmission. Investigations of ARTN
expression during inflammation and nerve injury support
this possibility. In an animal model of inflammation in
which complete Freunds adjuvant (CFA) was injected into
the glabrous skin of the hind paw, thermal hyperalgesia
was elicited. This hyperalgesia could last for up to 7-10
days. Sensitivity to heat was accompanied by an increase
in ARTN mRNA expression and development of thermal
hyperalgesia. Interestingly, the change in ARTN expres-
sion during inflammation appeared to be much greater than
NGF expression. These findings suggest that ARTN and
GFRa3-postivite neurons have a key role in modulating
inflammatory paini®.

In contrast to inflammetory pain, apossiblerolefor ARTN
in neuropathic painisless clear. Inanima models of nerve
injury ARTN or its receptor GFRo3 expression was
upregulated in the peripheral nervous tissue following in-
jury®7, Expression of ARTN was also studied in human
chronic pancreatitis and found to be significantly
overexpressed. The level of increased ARTN correlated
with pain severity, inflammation, neural density and hy-
pertrophy™d. Overexpression of ARTN may therefore con-
tribute to neuropathic painfollowing nerveinjury. However,
systemic administration of exogenous ARTN produces
dose- andtime-related reversal of nerveinjury-induced pain
behavior inrats®. This reversa of injury-related sensitiv-
ity was not seen however in another spinal nerve ligation
study where ARTN was applied following nerve injury!®,
Whether this discrepancy reflects differences in model
systems or amount of ARTN applied is unclear.

3 Summary and conclusions

Transgene-driven overexpression of ARTN in skin
keratinocytes enhanced developmental survival and func-
tional properties of sensory neurons that are GFRo.3,
TRPV1, and TRPA1-positive. Increased ARTN expression
in epithelium of skin and tongue of transgenic mice en-
hanced the level of TRPV1 and TRPAL mRNA in sensory
ganglia and resulted in hyperinnervation. Behavioral sensi-
tivity to noxious heat, cold and pungent compounds, i.e.,
capsaicin and mustard ail, also developed in ARTN-OE
transgenic mice. In WT mice, an up-regulation of ARTN
mMRNA was measured in inflamed tissue. These observa-
tions suggest ARTN is a modulator of neuron sensitivity
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and as such, apotential target for pain therapies. Additional
studies are required to understand mechanistically how
ARTN expression affects neuron response properties and
its putative role in pain associated with pathological
conditions.
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