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Introduction

Development and homeostasis of sensory neurons requires interaction of a broad array of
growth factors that are produced by sensory neuron targets, immune cells and sensory neurons
themselves. Over the last decade, two families of growth factors have been shown to be
particularly important: the neurotrophin family, which includes NGF, NT-3, BDNF and NT-4,
and the glial cell-line derived neurotrophic family that includes GDNF, artemin, neurturin and
persephin. Nociceptors, sensory neurons that detect painful or potentially damaging stimuli,
have been shown to be dependent on target-derived NGF for survival during development L
2 studies from our laboratories and others have also found that although members of the GDNF
neurotrophic factor family have a modest impact on developmental survival, they can affect
the number and functional phenotype of postnatal nociceptors 3-5 Mice that overexpress
GDNF have more 1B4-positive afferents that exhibit lower mechanical thresholds 5. Mice that
overexpress artemin also have increased numbers of sensory neurons and show increased
responsiveness to noxious heat stimuli and decreased heat thresholds 4. In addition to these
developmental effects, new observations presented below demonstrate that short-term, acute
exposure to GDNF-family ligands (GFLs) can affect sensitivity of adult nociceptive neurons
in vitro and in vivo. These observations have led us to propose the general hypothesis that
neurotrophins are required for sensory neuron embryogenesis, but from late development
onward to postnatal and adult ages, neurotrophins and GFLs co-modulate and maintain sensory
neuron phenotype.

It is well established that sensory neuron survival during development is dependent on growth
factors, many of which are produced by or proximal to targets of sensory endings 6-10 |
1997, Molliver et al. 11 demonstrated that for at least one population of sensory afferents, two
growth factors, NGF and GDNF, cooperate to produce fully mature adult sensory neurons.
This population of small neurons bind the isolectin B4 (I1B4; also referred to as “non-peptidergic
neurons™) and project to lamina Il of the dorsal horn. Early in development these neurons
express trkA and are NGF responsive; postnatally, these sensory neurons downregulate trkA,
express the oncogene/receptor tyrosine kinase, ret, and depend on GDNF for trophic support.
Ret signaling is mediated by a receptor complex of ret and the GFRa 1—4 co-receptor family
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(a family of GPI-linked receptors); these co-receptors bind GDNF, neurturin, artemin or
persephin respectively (Figure 1). Studies in knockout mice lacking GDNF revealed a
neurotrophic role for GDNF during development; deletion of GDNF causes a 23% reduction
in the number of DRG neurons in neonatal mice 12 (adult data is not available because the
mice die at birth), and overexpression of GDNF in the skin increased the number of DRG
neurons 27% °. In contrast, artemin knockout mice are reported to have no change in the total
number of sensory neurons or in the expression of the artemin-specific receptor GFRa3 13
These data suggest a neuromodulatory rather than a neurotrophic role for artemin. Mice lacking
neurturin have significantly fewer GFRa2 (the co-receptor for neurturin)-expressing
neurons4. However, it should be noted that mice lacking GFRa2 have no significant loss of
either myelinated or unmyelinated neurons, although there is a decrease in the axonal diameter
of both populations 15 These data suggest that suggesting the decrease in GFRa2-expressing
cell number reflects a decrease in receptor expression and not cell loss. A recent study 16 found
that >70% of the non-peptidergic (i.e. IB4-positive) nerve endings were absent in the skin of
neurturin knockout mice, but CGRP-positive (i.e. peptidergic) fibers were unaffected.
Surprisingly, the neurturin knockout mice exhibited normal detection of noxious heat, but
nocifensive behaviors elicited with formalin were significantly decreased, suggesting reduced
pain perception. However, these mice showed significantly increased sensitivity to noxious
cold in a tail flick test. This phenotype is consisted paradoxical hyperalgesia in human CRPS
type 1 patients in which the magnitude of hyperalgesia was correlated with the extent of loss
of peripheral innervation 17,18 (but see 19). These studies are consistent with a model in which
neurturin is required for trophic support of cutaneous non-peptidergic C-fiber nociceptors, but
compensatory mechanisms following the loss of these fibers can result in both decreased
sensation and increased pain sensitivity.

NGF regulates sensitivity of adult sensory neurons via TRPV1

A prominent role for NGF in the regulation of plasticity in mature sensory neurons has been
well-described. For example, invivo injection of NGF produces thermal hypersensitivity within
30 minutes and mechanical sensitivity within hours in both rodents and humans 20,21 The
mechanism for NGF-induced heat sensitivity may involve the transient receptor potential
vanilloid type 1 (TRPV1) receptor. TRPV1 is a nonselective cation channel gated by noxious
heat, protons and vanilloid compounds such as capsaicin 22,23 and is required for
inflammation-induced heat hyperalgesia 24,25 Under normal conditions, repeated activation
results in progressive desensitization of TRPV1 (tachyphylaxis; Figure 3a). NGF potentiates
TRPV1 function, antagonizing or blocking tachyphylaxis and is upregulated in the periphery
following inflammation, Ieading to the hypothesis that NGF plays a major role in acute
inflammatory hyperalgesia 26-29,

Recent studies of transgenic mice overexpressing artemin in the skin suggest that GDNF family
members may also modulate thermal sensation (4; see accompanying paper in this volume
(Wang et al.)). Mice overexpressing artemin in the skin have increased thermal sensitivity and
decreased thermal thresholds in C-fiber nociceptors as compared to wild type mice.

Distribution of GDNF family ligand receptors (GFRs)

As discussed above, the actions of growth factors in the GDNF family are mediated by ret in
combination with one of the GFRs family members. The GFRs, required for specific binding
of each of the three growth factors, appear to be differently distributed in mouse and rat. In rat,
roughly equal percentages of neurons expressing each GFR were identified by in situ
hybridization in back-labeled sciatic afferents (32—42% for each receptor 30). In similar
experiments in mouse, significant differences in expression of each GFR are reported (lumbar
DRG neurons: GFRal 17%, GFRa2 = 22%, GFRa3 = 34%). However, these percentages may
differ from those reported in rat because cell counts were performed on whole lumbar ganglia

Sheng Li Xue Bao. Author manuscript; available in PMC 2009 May 4.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Malin and Davis

Page 3

31 Neurons may also express multiple GFRs, in rat 30% of cells are proposed to express both
GFRal and GFRa2 32; no data is available on GFRo3 overlap. However, no overlap was
detected between GFRal and GFRa2 31; these authors did detect overlap in expression of
GFRal and GFRa3 as well as GFRa2 and GFRa3. Immunocytochemical studies in adult
mouse conflict with these in situ results: GFRa3 was detected in peptidergic, trkA-positive
nociceptors distinct from either neurturin- (GFRa2-positive) or GDNF (GFRal-positive)-
responsive neurons 33, Based on these results, little overlap between GFRa3 and GFRal or
GFRa2 is expected at the functional level.

TRPV1-positive neurons express receptors for neurturin or artemin

Widespread expression of TrkA in TRPV1-expressing neurons 33, 34 supports a model in
which modulation of TRPV1 by NGF underlies the thermal hyperalgesia induced by NGF
injection. However, extensive co-localization TRPV1 and GFRa3 immunoreactivity in both
rat and mouse DRG neurons has also been described 33, We have confirmed the extent of
overlap between GFRa3 and TRPV1 (Figure 2) 3°. Although GFRa2 and TRPV1 are not
extensively co-localized, a subset of neurons (~22% of TRPV1-positive cells) were clearly
positive for both TRPV1 and GFRa2 (double-labeled cells in Figure 2; arrows). It should also
be noted that the majority (>65%) of TRPV1-positive cells co-expressed GFRa3 (Figure 2).
Thus, assuming that there is little overlap between artemin and neurturin responsive afferents,
the immunohistochemical data suggests that virtually all TRPV1-expressing neurons will
respond to one of these two members of the GDNF family. In addition, TRPV1 is modulated
by NGF in >50% of sensory neurons, indicating that trkA is co-expressed with GFRs in some
Sensory neurons.

GFLs are more efficacious at potentiating TRPV1 responses than NGF

The observation that the receptors for GDNF family members are expressed in TRPV1-positive
cells suggested that these growth factors might modulate capsaicin responses, as seen with
NGF. This has been investigated using calcium imaging of acutely dissociated (< 24 hr) mouse
sensory neurons grown in the absence of additional growth factors 36, cat* responses to
1uM capsaicin were recorded in isolated sensory neurons using fura-2 imaging before and after
a 10 minute exposure to NGF, artemin, neurturin or GDNF (each at 100ng/ml) 35, 1uM
capsaicin administered at 10 minute intervals elicited responses that showed significant
tachyphylaxis due to desensitization of the TRPV1 channel (Figure 3A; see also 27). NGF
given during this 10 minute interval maintained and often potentiated TRPV1 response
magnitude. (Potentiation was defined as a response to subsequent capsaicin applications greater
in magnitude (peak or area) than that elicited by the first capsaicin application.) All four growth
factors significantly potentiated capsaicin-evoked Ca** transients in some neurons (Figure 3).
NGF and artemin each potentiate a majority (>65%) of capsaicin responses, while neurturin-
and GDNF- responsive cells are seen less frequently (29% and 39%, respectively).

The magnitude of capsaicin response potentiation also varies with growth factor 35, Using the
area under the curve as a measure of the extent of potentiation, the mean maximal potentiation
induced by NGF was a 2.03 + 0.23 -fold increase over the initial capsaicin response. The
magnitude of potentiation elicited by artemin (2.93 £ 0.41) was significantly greater than that
elicited by NGF. Neurturin and GDNF potentiated capsaicin responses with a similar efficacy
to NGF, increasing the capsaicin response magnitude by 1.89 + 0.52-fold and 1.65 + 0.7-fold,
respectively. These mean fold increases in TRPV1 response magnitude are population
averages; for each growth factor, changes in TRPV1 function were calculated in all cells,
including cells that did not respond to the given growth factor and exhibited tachyphylaxis.
Therefore, neurturin and GDNF appear to have less effect on average than artemin because
these growth factors affect significantly fewer capsaicin-responsive cells. However, when the
analysis is restricted to those cells in which capsaicin responses were potentiated by growth
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factor application, artemin, neurturin and GDNF were all found to potentiate capsaicin
responses significantly more than NGF (fold increases: NGF 2.49 + 0.27; artemin 4.21 + 0.55;
neurturin 4.19 + 1.3; GDNF 4.13 + 0.93).

Further evidence of GFL efficacy in potentiating TRPV1 is provided by dose-response curves
for the four growth factors (Figure 4) 35 At0.1 ng/ml, NGF does not potentiate capsaicin
responses in any cells, however artemin, neurturin and GDNF all potentiate many cells at this
concentration. Even at 10ng/ml, GDNF family members are more broadly effective than NGF,
potentiating most responsive cells (~80% in each case) whereas NGF affects only 46% of
responsive neurons. These data demonstrate that artemin, neurturin and GDNF are ~10—-100x
more potent than NGF in potentiating capsaicin responses in sensory neurons.

The majority of TRPV1-positive cells respond to both NGF and artemin

Because over 60% of all capsaicin-sensitive cells exhibit potentiation to either artemin or NGF,
it seemed likely that some neurons would respond to both growth factors 35, By pairing each
of the GDNF family members with NGF we found that most cells (63%) cells potentiated by
NGF were also potentiated by artemin. NGF/GDNF or NGF/neurturin overlap was rarely
detected (10% and 5%, respectively), whereas there was almost total overlap in GDNF- and
neurturin-responsive subsets of cells (80% of neurturin-responsive cells were also GDNF-
sensitive). These data define at least 2 subsets of TRPV1-positive sensory neurons: a major
population responsive to NGF and artemin, presumably co-expressing TrkA and GFRa3, and
minor population responsive to neurturin and GDNF, presumably expressing GFRa1 and/or
GFRa2.

Alterations in expression of NGF and GFL during inflammation

NGF is proposed to play a central role in inflammation-induced hyperalgesia because it is up-
regulated following injury and that this change lasts for the duration of hyperalgesia. As GFLs
are even more effective than NGF at potentiating the response of putative nociceptors to
capsaicin, the expression levels of artemin, neurturin and GDNF mRNA in footpad skin were
examined during complete Freunds adjuvant (CFA) -induced inflammation 35 CFA injection
causes thermal h)/peralgesia with a consistent time course that begins within 1 day and lasts
for 7-10 days 37,38 During this time period, mRNA for all four growth factors are
dynamically regulated. NGF mRNA increases slowly over the first 7 days to 2-fold over naive
levels (Figure 5). In contrast, artemin increases 10-fold in the first 24 hr and remained elevated
for 7 days. GDNF and neurturin expression decreases after CFA: GDNF between days 1 and
4, and neurturin at day 1 and during the second week of inflammation. However, the increase
in artemin is more robust within the first 24 hours of hyperalgesia development. In contrast,
the increase in NGF mRNA is not significant (at least in our hands) until day 4 post
inflammation.

GFL directly induce thermal hypersensitivity in vivo

A number of cytokines and growth factors are known to be increased by inflammation. These
compounds can be directly injected into the mouse hindpaw thermal or mechanical
hypersensitivity monitored to probe the direct contribution of individual factors to
hyperalgesia. This has been done previously for NGF that has been shown to increase thermal
sensitivity 39, Injection of artemin, neurturin and GDNF (0.2mg/20ml) are also capable of
increasing thermal sensitivity in vivo (Figure 9) 35, The time course of thermal hypersensitivity
induced by different growth factors were distinct and all effects resolved in 24 hrs. At 30
minutes, 1 hr and 4 hr post-growth factor injection, NGF, neurturin and artemin all induced
significant (p < .01) thermal hyperalgesia compared to naive and contralateral thermal
thresholds. GDNF effects took longer to develop: GDNF-induced thermal hyperalgesia was
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not evident until 1 hr post-injection. Surprisingly, combined injection of NGF and artemin,
both of which are upregulated in inflamed skin (see Figure 6), resulted in significant (p <.005)
thermal hyperalgesia lasting 7 days.

Implications for future studies

That GFLs produce hyperalgesia was not predicted by at least 3 other studies. In the first,
artemin was actually shown to reverse hyperalgesia produced by spinal nerve ligation in rat
40, In these studies, injection of artemin in the region of the nerve injury (over the hip) was
effective when given before or after spinal nerve ligation. Gardell et al. (2003) reported no
change in thermal or mechanical sensitivity after their artemin injection. However, they did
not test thermal hyperalgesia at the site of artemin injection, as in the experiments discussed
above. Perhaps the acute affects of artemin we observed represent local action of artemin on
nociceptors in the glabrous skin that was directly tested in the Hargreaves apparatus. Also,
Gardell and colleagues used artemin concentrations that were 300 times greater than that used
in this study 40; this difference raises the possibility that high artemin concentrations have
other effects which mask the hyperalgesic action. Finally, these investigators only tested their
animals 24 hrs after artemin injection, at a time that our studies showed the hyperalgesia
produced by artemin had been resolved. However, it should also be noted that a similar rat
study found that artemin injection (either i.p.(5um/kg) or i.t.(10pg/day)) in rats did not block
hyperalgesia produced by spinal nerve ligation (no mention was made as to whether
hyperalgesia developed in these animals) 4 A separate study by McMahon and colleagues
compared intrathecal injections of GDNF to NGF. Both growth factors could increase the
expression of CGRP, but only NGF produced hyperalgesia 42, Again, the difference between
this study and those described by Malin and coworkers may be due to the site of growth factor
injection. Our conclusion from these conflicting results is that site of injection of these growth
factors is critical in terms of their behavioral effects. We are confident that peripheral
administration of these GFLs can produce hyperalgesia as almost identical results have been
obtained by independent laboratories (R. Torres, Regeneron Inc. personal communications).

It might seem that results by Malin et al., 35 diminish the importance of NGF as the crucial
growth factor regulating inflammatory hyperalgesia. However, our interpretation is that that
these studies do not minimize the importance of NGF as much as they refocus our attention on
a unique population of nociceptors that not only respond to NGF, but also respond to artemin
and express TRPV1. These nociceptors respond to two growth factors that are upregulated
during inflammation and express a multifunctional receptor (TRPV1) that appears to be
required for inflammatory thermal hyperalgesia; similar requirements for mechanical
hypersensitivity are not clear. These neurons innervate virtually every tissue in the body, but
are especially abundant among visceral and muscle afferents (Malin, unpublished). Thus, one
potentially fruitful area for the development of new pain therapeutics would be the
identification of compounds that specifically target these neurons (e.g. via GFRa3) or via
combination therapy that decreases circulating levels of NGF and artemin (e.g. via anti-NGF/
artemin antibodies).
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Figure 1. Neurotrophins (NGF, NT-3, BNDF, NT-4) and GFLs (artemin, neurturin, GDNF) bind
to specific membrane receptors

Both families of neurotrophic factors employ a two-receptor complex to produce specific
growth factor effects. For the neurotrophin family, p75 can bind all four ligands, but maximal
activity is obtained only the ligand binds both p75 and its specific trk receptor. Similarly, GFLs
bind both a specific GPI-linked GFRa receptor and ret. But unlike the neurotrophin receptor
complex, the GFRs are not thought to initiate any signaling independent of ret (whereas p75
can signal via the ceramide pathway).

Sheng Li Xue Bao. Author manuscript; available in PMC 2009 May 4.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Malin and Davis

TRPV1 is expressed in
both GFRa2 and GFRa3
positive afferents.

Page 9

% Y
TRPV1/ GFR/
GFR TRPV1

GFRa2

22 18

GFRa3

67 94

Figure 2. GFRa2 and GFRa3 co-localize with TRPV1

Images show immunohistochemical staining for GFRa2 or GFRa3 (red) with TRPV1 (green)
in sections of mouse L4 DRG. A. TRPV1 labeled small and medium-sized neurons with a
range of staining intensity, as widely described in the literature. Staining for GFRa2 was intense
inaxons and neuronal cell bodies of small and medium size. Only a minority of TRPV1-positive
neurons were also GFRa2-positive. Arrows in merged panel indicate double-labeled neurons.
B. GFRa3 stained cell bodies and axons of a subset of small neurons. In contrast to GFRa2
staining, most GFRa3-positive neurons also expressed TRPV1 (see arrows in merged panels).
Scale bar = 50mm. Quantification of staining is provided in table at left of the figure.
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Figure 2. Acute potentiation of TRPV1 by growth factors

Ca™* influx following 1 mM capsaicin treatment before and after 7 minute perfusion of nerve
growth factor (NGF), Glial-derived neurotrophic factor (GDNF), artemin (ART), or neurturin
(NTN) (all at 100ng/ml) was examined in isolated DRG sensory neurons. Each coverslip
received a single growth factor perfusion. Growth factor treatment increased capsaicin
responses (both peak and area measurements) in many cells; percent of capsaicin responders
potentiated is given above each record. Red bar indicates capsaicin application.
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Figure 4. GDNF-family members are more potent than NGF in TRPV1 potentiation
Capsaicin-evoked Ca** influx was recorded before and 10 minutes after perfusion of growth
factors on isolated DRG neurons. Each growth factor concentration (0.1, 1, 10, 100ng/ml) was
tested on individual coverslips, cells were allowed to recover for 30 minutes and maximal doses
of each growth factor were given to identify all potential responders in the field and to determine
maximal potentiation magnitude for each responsive cell. Representative traces are shown in
A. Note that the magnitude of potentiation increases with increasing growth factor
concentration (A and C), as does the number of cells potentiated (B). Although all four factors
potentiated capsaicin-evoked responses, all GDNF family members were substantially more
potent than NGF.
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Figure 5. Growth factors are up-regulated in the skin during inflammation

Time course and magnitude of changes in growth factor mMRNA levels in hindpaw skin during
inflammation evoked by injection of CFA and measured by 32P-RT-PCR (A). Shaded box
indicates the period of thermal hyperalgesia recorded in a previous experiment 38 Artemin is
most dramatically upregulated (10-fold) at day 1 following CFA injection; this immediately
precedes the time period of greatest thermal hyperalgesia in CFA-induced inflammation (1-4
days). NGF was also upregulated, but at later time points (4, 7, 15 days) and to a lesser degree
(2-fold) than artemin. B. Expression levels of growth factor receptors and TRPV1 were
measured using real-time PCR in L3,4,5 DRG during inflammation evoked by CFA injection.
GFRoa2, the neurturin receptor, is upregulated during the first week of inflammation; GFRa3,
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the artemin receptor, is upregulated at day 7, during the period of intense thermal hyperalgesia.

Expression of TrkA, the NGF receptor, and GFRal are not changed until day 14. *p < .05 vs.
naive
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Figure 6. Growth factors acutely potentiate heat responses in vivo

Latency to thermal nociceptive response was measured in mice using the Hargreaves apparatus
before and after injection of 0.2mg/20ml growth factor (or saline control) into the glabrous
skin of the hindpaw. All growth factors tested (NGF, artemin, neurturin, GDNF) caused
significant thermal hyperalgesia during the first 4 hours; these effects of single growth factor
injection resolved by 24 hours post-injection. Co-injection of NGF and artemin (0.2mgNGF/
0.2mg artemin/20mIPBS) resulted in persistent thermal hyperalgesia lasting 6 days. These data
suggest that GDNF family members, as well as NGF, directly potentiate nociceptive thermal
signaling in vivo. Additionally, the effects of growth factors on thermal signaling are additive
in vivo. *p < .05 vs. saline control injection
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