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ABSTRACT
Brian S. Schmutzler
RET-DEPENDENT AND RET-INDEPENDENT MECHANISMS OF GFL-INDUCED
ENHANCEMENT IN THE CAPSAICIN STIMULATED-RELEASE OF iCGRP FROM
SENSORY NEURONS

The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) are
peptides implicated in the inflammatory response. They are released in increased
amounts during inflammation and induce thermal hyperalgesia. Whether these
molecules directly affect the sensitivity of primary nociceptive sensory neurons is
unknown. This information could provide a link between increased inflammation-induced
release of GFLs and their ability to promote inflammatory hyperalgesia. These molecules
bind to one of four GFRa receptor subtypes, and this GFL-GFRa complex often
translocates to the receptor tyrosine kinase, Ret. The focus of this dissertation was to
determine whether GFLs modulate the stimulated-release of calcitonin gene-related
peptide (CGRP). Isolated sensory neurons and freshly dissociated spinal cord tissue
were used to examine the enhancement in stimulated-release of CGRP, a measure of
sensitization. Exposure of isolated sensory neurons to GDNF, neurturin, and artemin,
enhanced the capsaicin stimulated-release of immunoreactive CGRP (iCGRP).
Sensitization by GFLs occurred in freshly dissociated spinal cord tissue. Persephin,
another member of the GFL family, did not enhance stimulated-release of iICGRP. These
results demonstrate that specific GFLs are mediators of neuronal sensitivity. The
intracellular signaling pathways responsible for this sensitization were also evaluated.
Inhibition of the mitogen activated protein kinase (MAPK)/extracellular signal-related
kinase 1/2 (Erk 1/2) pathway selectively abolished the enhancement of CGRP release
by GDNF. NTN-induced sensitization was abolished by inhibition of the
phosphatidylinositol-3-kinase (PI-3K) pathway. Reduction in Ret abolished the GDNF-
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induced sensitization, but did not fully inhibit NTN or ART-induced sensitization.
Inhibition of other cell surface receptors (neural cell adhesion molecule (NCAM), and
Integrin B-1) had distinct effects on the sensitization capability of each of the GFLs. Ret
and NCAM inhibition in combination abolished ART-induced sensitization. It was
necessary to inhibit Ret, NCAM, and Integrin B-1 to prevent the NTN-induced
sensitization. These data demonstrate that the GFLs use distinct signaling mechanisms
to induce the sensitization of nociceptive sensory neurons. The work presented in this
thesis provides the first evidence for these novel and distinct Ret-independent pathways
for GFL-induced actions and provides insight into the mechanism of sensory neuronal

sensitization in general.

Cynthia M. Hingtgen, M.D., Ph. D.
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I. INTRODUCTION

The following thesis will provide evidence of the ability of the glial cell line-derived
neurotrophic factor (GDNF) family ligands (GFLs) to sensitize sensory neurons. The
GFLs are released in increased amounts during inflammation, and direct injection of the
GFLs into the periphery induces inflammatory hypernociception. However, the
connection between these two phenomena has not been elucidated. Enhancement in
stimulated-release induced by GFLs could provide evidence that may explain this
inflammatory hypernociception. The intracellular signaling pathways by which the GFLs
induce this sensitization are also determined. Interestingly, each of the GFLs use distinct
compliments of pathways to accomplish their sensitization. | have also identified novel
Ret-independent signaling pathways by which two of the GFLs, neurturin and artemin,
induce their sensitization of sensory neurons. The characterization of the effects of the
GFLs on sensory neuronal sensitization, and the novel pathways used by the GFLs
identified in this thesis, may provide insight into general mechanisms of enhanced pain
perception. This insight may lead to better and more effective treatments for chronic pain
syndromes and other disorders modulated by the GFLs, such as optic nerve
degeneration.

A. The history of the actions of the glial cell line-derived neurotrophic factor
(GDNF) family ligands (GFLs)

The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) were
identified originally in the rat B49 glioma cell line, though the function of the molecules
were not known and the molecules were not named (Schubert et al., 1974). When one of
these molecules was found to promote the survival and growth of embryonic midbrain
dopaminergic neurons, it was further characterized and named glial cell line-derived
neurotrophic factor, or GDNF (Lin et al., 1993). GDNF release from central nervous
system glia, specifically astrocytes and microglia, is critical for embryonic substantia
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nigra neurons to survive (Lin et al., 1993). Removal of this peptide results in death of
nearly all of the neurons in the substantia nigra (Lin et al., 1993). Neurturin (NTN) was
next identified as a relative of GDNF, purified, and cloned (Kotzbauer et al., 1996). NTN
had potent survival effects on CNS neurons as well (Kotzbauer et al.,1996) Persephin
(PSP) was the third GFL identified due to its homology to GDNF. Using degenerate
PCR, Milbrandt et al., 1998 identified, purified, and cloned PSP. PSP was also found to
support the survival of ventral midbrain dopaminergic neurons and motor neurons
(Milbrandt et al., 1998). Finally, artemin (ART) was identified and cloned in the same
manner and also found to have survival effects on midbrain dopaminergic neurons
(Baloh et al, 1998).

Trophic effects of the GFLs on spinal motor neurons and central noradrenergic
neurons have also been observed (Arenas et al., 1995;Henderson et al., 1994;Milbrandt
et al., 1998). GDNF is critical for motor neuron survival and growth (Zurn et al., 1994).
Additionally, injury to embryonic and adult motor neurons induces degeneration and
neuronal death. GDNF reduces the number of neurons that degenerate and die by
greater than 50% after induction of an injury (Li et al.,, 1995). NTN is trophic for
developing motor neurons only, not adult motor neurons (Garces et al., 2001). However,
unlike GDNF, NTN does not affect survival of central noradrenergic neurons, but induces
neurite outgrowth of these neurons in embryonic and adult mice (Holm et al., 2002) there
is no compelling evidence for actions of ART on either motor neurons or noradrenergic
neurons. Finally, PSP promotes survival and differentiation of developing motor neurons,
but does not seem to have effects on noradrenergic neurons (Milbrandt et al., 1998).
These observations have led to speculation that the GFLs could be used as a treatment
for amyotrophic lateral sclerosis (ALS), as well as a number of other diseases of the

central nervous system (Airaksinen and Saarma, 2002).



The GFLs have effects on the peripheral nervous system, specifically sensory
neurons. GDNF promotes neurite outgrowth in adult sensory neurons (Blesch and
Tuszynski, 2003). Implantation of fibroblasts genetically modified to secrete high levels
of GDNF led to sensory neuron regeneration, neurite outgrowth, and re-myelination of
the regenerating sensory neurons after spinal cord transection (Blesch and Tuszynski,
2003). Application of GDNF selectively activates axonal growth in these injured sensory
neurons and the phenotype of these injured sensory neurons may be changed to a more
immature, “growth capable” neuron (Mills et al., 2007). NTN maintains adult sensory
neurons (Baudet et al., 2000), in part by preventing growth cone collapse of neurites
mediated by semaphorin 3A (Wanigasekara and Keast, 2006). Semaphorin 3A protein is
involved in growth cone guidance during development and neuronal regeneration
(Kolodkin et al., 1993). ART not only supports sensory neuron growth, survival, and
axonal growth by providing a growth and guidance signal (Baloh et al., 1998;Paveliev et
al., 2004), but also alters the sensitivity of ion channels in sensory neurons in such a
way as to increase the sensitivity of these neurons to noxious stimuli (Elitt et al., 2006),
such as heat. There are reports of analgesic properties of GDNF as well, particularly
through its ability to prevent or reverse some of the increased sensitivity of sodium
channels in response to neuronal injury (Boucher et al., 2000). However, these studies
were conducted using a neuropathic pain model, which induces a different compliment
of changes in sensory neurons that inflammatory pain. For this reason, and because this
manuscript is focused on the inflammatory pain models, GDNF will be referred to as a
molecule that is pronociceptive and not analgesic through the rest of this manuscript.
The effects of PSP on sensory neurons are not as well studied and by no means
extensive. However, in the few studies conducted on sensory neurons, PSP has been

unable to affect the properties of these neurons (Paveliev et al., 2003).



The effects of the GFLs have also been identified in cells outside of the nervous
system. Uteric kidney bud branching, a critical step in kidney development and
differentiation, is dependent upon the actions of GDNF through its signaling receptor,
Ret (Schuchardt et al., 1994). In spermatogenesis, GDNF and neurturin (NTN), another
of the GFLs, play a crucial role. Both GDNF and NTN are necessary for proper DNA
synthesis in spermatogonia (Viglietto et al., 2000). Proper levels of GDNF secretion are
necessary for proper spermatagonia development. Reduced levels of GDNF result in an
inability of the testes to generate the necessary amount of spermatogenic stem cells
(Meng et al., 2000). A large number of undifferentiated spermatogenic stem cells and
few differentiated spermatogonia result from lower than normal levels of GDNF or NTN
(Meng et al., 2001a;Meng et al.,, 2001b). Neither ART nor PSP has any documented
effects outside of the nervous system.

There are a number of possible clinical applications of the GFLs. Aberrant GDNF
responses of neurons in the ventral tegmental area (VTA), the area of the brain
responsible for addictive behaviors, have been identified in mice with compulsive,
addictive behaviors towards cocaine and alcohol (He et al., 2005;Messer et al., 2000). A
reduction in GDNF levels or prevention of GDNF signaling in this brain region enhanced
addictive behaviors, whereas injection of GDNF or use of pharmaceuticals that increase
GDNF levels reduced or abolished these same addictive behaviors (He et al.,
2005;Messer et al., 2000). Recently, of particular interest clinically, is the fact that GDNF
is able to aid the maintenance and growth of dopaminergic cells in the substantia nigra,
the cell type whose death is responsible for Parkinson’s disease (Akerud et al.,
2001;Kordower et al., 2000). GDNF and NTN are in clinical trials for treatment of
Parkinson’s disease, with limited success (Evans and Barker, 2008). There are problems
with efficient delivery of GFLs to the substantia nigra, off-target toxicity, and degradation
of the GFLs in the brain (reviewed by (Abdel-Salam, 2008). The ability of ART and PSP
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to protect against or reverse substantia nigra neuronal death has not been evaluated.
The knowledge of the primary actions of the GFLs has broadened from solely central
nervous system neuronal development to include promotion of kidney and gonadal
development, as well as prominent effects on mature peripheral sensory neurons.

B. Structure of the GFLs

The GFLs are a set of small peptides distantly related to the TGFB super-family of
molecules (Eigenbrot and Gerber, 1997). They exist naturally as homodimers and
include GDNF, neurturin (NTN), artemin (ART), and persephin (PSP; Eigenbrot and
Gerber 1997; Wang et al., 2003). While the amino acid sequence homology of the GFLs
and TGFp is low, less than 20%, there is a high degree of structural similarity between
these molecules (Kotzbauer et al., 1996;Lin et al., 1993;Milbrandt et al., 1998;Saarma,
2000). In particular, both the GFLs and the other TGFB super-family members contain
seven cysteine residues in approximately the same spacing, leading to a protein folding
of the peptides into a “cysteine-knot” motif with an interlinking disulfide bond (Eigenbrot
and Gerber, 1997). This interlinking disulfide bond results in the GFL monomers existing
naturally as homodimers.

Each of the GFLs is similar to the other GFLs in size and three-dimensional
structure. Specifically, the size of the monomer of each of the GFLs is between 10 and
16 kDa. GDNF has a molecular weight of ~16 kDa (Okragly and Haak-Frendscho, 1997);
NTN, ~11.5 kDa (Kotzbauer et al., 1996); ART, ~12 kDa (Baloh et al., 1998); and PSP,
~10 kDa (Milbrandt et al., 1998). The structure of the monomer of each of the GFLs is
also similar, due in part to the nearly identical (more than 80%) amino acid sequence
homology of the GFLs (Wang et al., 2006). The basic structure is referred to as a finger,
heel, finger conformation. Each of the fingers is composed of several 3-sheets with short
interruptions, and between the two finger motifs exists the heel motif, composed of an a-
helix in a perpendicular orientation to the finger motifs (Wang et al., 2006). This
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structural conformation allows each monomer to come in contact with another monomer.
The heel motif from one monomer complexes with the finger region of the other, and
vice versa, and a cysteine knot is created from disulfide binds between these two
regions (Wang et al., 2006). Overall, this structure results in homodimerization and
efficient binding of each of the GFLs to its GDNF family receptor alpha subtype, which
does not occur with the GFL monomers.

C. GFLs’ actions through GDNF family receptor a (GFRa) subtypes

Although the GFLs are in the TGF superfamily of molecules, their signaling is more
closely related to the signaling of cytokines. Each of the GFLs has its own GDNF family
receptor a (GFRa) subtype to which it preferentially binds, allowing for ligand-receptor
specificity. All of the different GFL-GFRa complexes can subsequently initiate signaling
through a common cell surface signaling molecule, Ret.

The GFRa molecules are receptors with a sequence of 300-500 amino acids, a
hydrophobic core on the carboxy end, a number of cysteine residues, and several
glycosylation sites (Airaksinen and Saarma, 2002;Treanor et al., 1996). This structure is
strikingly similar to other cytokine receptors, including interferon — a and 3, which also
indicates the GFLs may be more closely related to cytokines than the TGFf molecules
(Bazan, 1990). Additionally, because there is an Ala-Ser-Ser amino acid sequence
immediately preceding the C-terminus, the GFRa receptors are linked to the outer
plasma membrane through a glycosyl phosphatidylinositol (GPI)-attachment (Treanor et
al., 1996). The GPI-anchor localizes the GFRa receptors to lipid rafts (Poteryaev et al.,
1999). This localization allows activated GFRao-1 to interact directly with Src family
kinases (SFKs), verified using co-immunoprecipitation, and induce subsequent signaling
through the mitogen activated-protein kinase (MAPK) signaling pathway, the

phospholipase C-y (PLC-y) pathway, and the cyclic AMP (cAMP) pathway (Poteryaev et



al., 1999). Lack of GPl-attachment prevents GFRa-1 localization to lipid rafts and
disrupts the signaling of GDNF through this receptor (Treanor et al., 1996).

1. GFL-GFRa binding and translocation

The first of the GFRa subtypes discovered was GFRa-1, the preferred receptor for
GDNF (Treanor et al., 1996). This receptor was cloned from midbrain, dopaminergic
neurons, but is present in nearly all neuronal types (Treanor et al., 1996). The next
receptor discovered in this family was the GFRa-2 receptor, initially named TGF-3-
related neurotrophic factor receptor 2 (TrnR2), which has nearly 50% sequence
homology to GFRa-1 (Baloh et al., 1997). GFRa-2, as it was later renamed, binds both
GDNF and NTN, and similar signaling pathways are activated by both factors (Buj-Bello
et al., 1997;Sanicola et al., 1997). NTN induces Ret phosphorylation through GFRa-2 30
to 100 times more efficiently than GDNF through GFRa-2 (Klein et al., 1997;Sanicola et
al., 1997). Ret is the receptor tyrosine kinase through which the GFL- GFRa complexes
initiate their signaling. This receptor will be described in depth in Section I.D.

GFRa-3, the preferential receptor for artemin, was first identified as an orphan
receptor with no known ligand (Jing et al., 1997). Artemin was later purified, and GFRa-3
was identified as the primary and preferential receptor for this molecule (Baloh et al.,
1998). The secondary and tertiary structure of GFRa-3 is less similar to GFRa-1 and
GFRao-2 than the structure of these receptors are to each other (Airaksinen et al.,
1999;Nomoto et al., 1998;Worby et al., 1998). Despite its later discovery, there has been
more characterization of the structure and function of this GFRa subtype than any of the
others. The tips of both of the finger motifs of ART bind in the pocket of a triangle
structure in GFRa-3 created by three alpha helices in a tip to tail conformation (Wang et
al., 2006). While the sequence and proposed structure of each of the GFRa receptors is
known, only the crystal structures of GFRa-1 and GFRa-3 have been completed
(Airaksinen et al., 1999;Wang et al., 2006;Parkash et al., 2008). These two receptors are
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similar, but GFRa-1 has a smaller bend angle and, therefore, a smaller area of interface
with Ret (Parkash et al., 2008). The larger area of interface between GFRa-3 and Ret is
hypothesized to account for the often higher potency of ART compared to the other
GFLs (Parkash et al., 2008). GFRa-2 and GFRa-4 likely have similar crystal structures
and characteristics of binding to their preferential GFL. However, these studies are yet to
be completed.

The fourth, and last, GFRa receptor identified was GFRa-4, the preferential receptor
for persephin (Lindahl et al., 2001). Initially, this receptor was cloned in the chicken and
thought to be present only in this avian species (Thompson et al., 1998). However, a
gene encoding for this receptor was later identified in mice (Gunn et al., 1999).
Identification of the presence of this receptor on adult rodent neuronal tissues followed
(Lindahl et al., 2000). GFRa-4 was found to be present on developing neuronal cells, as
well (Mason, 2000), which led to the possibility that GFRa-4 could play a role
development and maintenance of neuronal tissues. It was later determined that
persephin, through binding to GFRa-4, is unable to induce axonal outgrowth in cultured
sensory neurons (Paveliev et al.,, 2004). This is presumably as a result of the lack of
either the intracellular portion of the GPIl-anchor or presence of a non-functional domain
2 (D2) on GFRa-4 (Lindahl, et al., 2000), determined by sequencing and structural
analysis. The GPI-link is responsible for keeping the GFRa receptors anchored in the
membrane and interacts with intracellular portions of Ret (see Sariola and Saarma, 2003
for a review). GFRa-4 may also exist primarily in a soluble form that is unable to induce
the typical signaling pathways and actions of the GFRa receptors (Lindahl et al., 2001).
This soluble form of GFRa-4 could be acting as a sink for Ret, in essence binding Ret
molecules and making them unavailable for activation by other GFLs. The D2 portion of

the GFRa receptors interacts directly with Ret to initiate Ret autophosphorylation



(Lindahl et al., 2000). Presence of a non-functional D2 or lack of a GPl-anchor results in
a GFRa-4 receptor that is unable to induce its actions through Ret.
2. GFL-GFRa initiation of signaling

The GFRa receptors are localized to lipid rafts by the GPIl-anchors (Poteryaev et al.,
1999) and recruit Ret into the lipid raft after binding with a GFL homodimer (Tansey et
al., 2000). The action of the GFRa receptors is initiated when a GFL homodimer
approaches two GFRa receptors, of the same isoform, and causes them to
homodimerize (Trupp et al., 1998b). This GFL-GFRa complex aids in the translocation of
the Ret receptor tyrosine kinase to lipid rafts, by an unknown mechanisms, and causes a
dimerization of Ret initiating a number of intracellular signaling pathways (Trupp et al.,
1998a). This recruitment leads to the activation of Ret and subsequent signaling
described below. There is extensive characterization of this process with GDNF.
Interestingly, mutated forms of GDNF that lack the ability to efficiently promote
translocation of GFRa to Ret are still able to initiate Ret autophosphorylation (Eketjall et
al., 1999). A weak Ret-GFRa-1 association is present in cells exposed to these mutated
forms of GDNF, indicating that Ret and the GFRa receptors can associate prior to GFL-
GFRa binding (Eketjall et al., 1999). Whether GFL-GFRa complex translocates to Ret or
the GFRa-Ret complex is preassembled, it is clear that the GFRa receptors are critical
components in GFL-induced signaling and function.
3. GFL-GFRa specificity

While the GFLs preferentially bind to a specific GFRa receptor; GDNF to GFRa-1,
NTN to GFRa-2, ART to GFRa-3, and PSP to GFRa-4; there is evidence of lower affinity
binding of the GFLs to GFRa receptors other than their preferred subtype (Airaksinen
and Saarma, 2002). GFRa-1 and GFRa-2 have similar binding affinities for both GDNF
and NTN (Cik et al., 2000). GFRa-1 binds GDNF with a K4 of 0.63 to 5.0 nM and NTN
with a Ky of 1.0 to 3.0 nM. GFRa-2 binds GDNF with a Ky of 1.0 to 3.0 nM and NTN with
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a Ky of 0.6 to 3.0 nM (Baloh et al., 1998; summarized in Table 1). Both GDNF and NTN
are able to activate the MAPK, PI-3K, and PLC-y pathways (Kaplan and Miller,
2000;Yang et al., 2001) and mediate their survival and neurite outgrowth actions on
neurons through binding to either GFRa-1 and GFRa-2 (Baloh et al., 1997;Buj-Bello et
al., 1997;Sanicola et al., 1997). However, NTN-induced Ret autophosphorylation and
activation of the MAPK through GFRa-2 is five to 20 times more potent than through
GFRao-1 (Baloh et al., 1998;Klein et al., 1997). There is also evidence of actions that
ART can initiate Ret dimerization and autophosphorylation through GFRa-1, but at
concentrations of ~10 nM (Bespalov and Saarma, 2007).

The GFRa-3 receptor maintains the most fidelity to its preferential ligand, ART
(Baloh et al., 1998). ART is the only GFL that binds to GFRa-3 at near physiologic
concentrations (K4 of GDNF for GFRa-3: > 100 pM, Ky of NTN for GFRa-3: > 100 pM,
Kq of ART for GFRa-3: 3.1 nM, and K4 of PSP for GFRa-3: not tested) and the primary
GFL that can induce biological actions through GFRa-3, including differentiation and
proliferation of cell lines and survival of neurons (Airaksinen et al., 1999;Baloh et al.,
1998;Sariola and Saarma, 2003).

GFRa-4 binds PSP with a much higher affinity than any of the other GFLs (Kq4 of
GDNF for GFRa-4: > 50 uM, K4 of NTN for GFRa-4: > 50 uM, K4 of ART for GFRa-4:
not tested, nM, and Ky of PSP for GFRa-4: 1.0 to 6.0 nM (Lindahl et al., 2000;Milbrandt
et al., 1998). NTN is able to enhance the survival of superior cervical sympathetic
ganglia (SCG) neurons through GFRa-4, but only at high concentrations (100 uM) and
when added in addition to PSP at a concentration of 5 ng/mL (Enokido et al., 1998).
Because PSP and GFRa-4 do not modulate the function of adult, mammalian sensory
neurons, there will be only minor discussion of this GFL in future sections. For this
reason, from this point forward when referring to the GFLs as a group, PSP will not be
included, unless otherwise indicated.
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Table 1

Affinity of GFLs for specific GFRa subtypes

Receptor GDNF NTN ART PSP
GFRa-1 0.63 - 5.0 nM 123 1.0 - 3.0 nM B67812 >10 nM 39 1:1,000 "4
GFRa-2 1.0-3.0nM 2457 0.6-3.0 nM 5910 > 100 nM 0% 1:800
GFRa-3 > 100 pM Be112 > 100 pM 69112 3.1 nM ¥ Not Tested
GFRa-4 > 50 yM 1'% 1419 > 50 uM %1 Not Tested 1.0 - 6.0 nM ">+

1. Airaksinen and Saarma, 2002; 2. Cik et al., 2000; 3. Baloh et al., 1998; 4. Kaplan and Miller,
2000; 5. Yang et al., 2001; 6. Baloh et al., 1997; 7. Buj-Bello et al., 1997; 15. Enokido et al.,
199811. Airaksinen et al., 1999; 12. Sariola and Saarma, 2003; 13. Lindahl et al., 2000; 14.
Milbrandt et al., 1998; 8. Sanicola et al., 1997; 9. Klein et. Al, 1997; 10. Bespalov and Saarma,
2007;
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The GFLs bind directly to the GFRa receptors. Figure 1 illustrates this binding and
signal initiation profile in diagrammatic form for the primary ligand/receptor interactions.
However, the intracellular signaling pathway initiation by the GFLs and the physiological
functions of the GFLs most often require additional steps and/or receptors.

D. Ret receptor tyrosine kinase and the GFLs

The Ret receptor tyrosine kinase was first identified as a transforming gene after
human lymphoma cDNA was transfected into NIH 3T3 cells and two unlinked segments
of this cDNA were linked via recombination (Takahashi et al., 1985). While the
nucleotide sequence of the 5" end of Ret is unique, the 3’ end of the gene shows 40-50%
homology to other known tyrosine kinase receptors (Takahashi and Cooper, 1987).
Further analysis of the amino acid sequence of Ret demonstrates its homology (25-30%)
to the tyrosine kinases Src, Abl, Met, and Kit, particularly at the carboxy-terminus
(Takahashi and Cooper, 1987). Not surprising is that the carboxy-terminus of the Ret
receptor is where the tyrosine kinase activity resides, and the amino-terminus is the
ligand binding end. Additionally, there is a highly hydrophobic portion of the molecule
that forms the transmembrane domain (Takahashi et al., 1988). Overall, the intracellular
signaling pathway induction and structural changes of Ret are similar to many of the
other receptor tyrosine kinases that directly bind their ligand (for example, TrkA and
NGF), except that it lacks a direct ligand binding site (Treanor et al., 1996).

Low levels of Ret were identified in adult rat tissue, with the brain, testis, and thymus
having the highest levels (Tahira et al., 1988). The lungs, heart, spleen, and small
intestine showed a low amount of Ret reactivity (Tahira et al., 1988). However, it is now
clear that Ret is present on many adult mammalian tissues, including CNS neurons,
PNS neurons, renal tissue, thyroid tissue, and enteric neurons (Quartu et al., 2007;Yang

et al., 2006a;Yang et al., 2006b;Yoong et al., 2005).
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GFRa-1 GFRa-2 GFRa-3 GFRa-4

Figure 1. Diagrammatic representation of the binding of GFLs to their preferential GFRa
receptor subtype and consequent interaction with Ret. Each of the GFLs, as a
homodimer, binds preferentially to a GFRa receptor subtype, which homodimerizes as
well. This GFL-GFRa complex translocates to the receptor tyrosine kinase, Ret, which
autophosphorylates and initiates downstream signaling events. Adapted from Sariola
and Saarma, 2003.
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There are two isoforms of Ret (Tsui-Pierchala et al., 2002b); a short form that has
nine amino acids after the first conserved 1062 amino acids, and a long form that has
fifty one (Myers et al., 1995;Tahira et al., 1990;Ishizaka et al., 1989). The Ret 9 short
form has 12 tyrosine phosphorylation sites, and the Ret 51 long form has 14 of these
sites (Alberti et al., 1998;Carter et al., 2001). These extra two phosphorylation sites may
be important in more robust and efficient activation of the PLC-y signaling pathway
(Tsui-Pierchala et al., 2002c). The differences in these two isoforms have been
extensively studied, especially in renal and digestive system development. However, no
consensus exists as to the possible roles of each of the different Ret isoforms in GFL-
induced function in many mammalian cell types, including neurons. There is evidence of
some differential functions of the two Ret isoforms in development and maintenance of
certain cell types. Ret 9 appears to be necessary for early kidney development and
enteric ganglia formation in the kidney, while Ret 51 is neither necessary nor sufficient
for these processes (de et al., 2001). However, Ret 51 may be involved in later kidney
development, including survival and tubulogenesis in the collecting duct system (Lee et
al., 2002). Few studies have been conducted to evaluate the role of each Ret isoform in
neuronal function. NGF-induced survival, somal growth, and NGF-dependent gene
expression in adult, sympathetic neurons can be mediated by the long, Ret 51 isoform of
Ret (Tsui-Pierchala et al., 2002a). Specifically, NGF induced Ret 51 phosphorylation in
the absence of GFLs in adult sympathetic neurons. If the Ret phosphorylation was
prevented by inhibition of NGF signaling through TrkA, the NGF-induced increased
production of tyrosine hydroxylase (TH), microtubule-associated protein-2 (MAP-2), and
neurofilament-medium (NF-M) was abolished. Additionally, the expression of these
neuronal proteins did not increase in response to NGF in sympathetic neurons lacking

Ret. While this Ret 51, is likely involved in the functions of GFLs on adult sympathetic
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neurons, Ret 9 cannot be excluded as an important receptor for adult mammalian
sensory neuronal function.

The gene coding for Ret was localized to chromosome 10q11.2 (Ishizaka et al.,
1989), which put this gene in close proximity to the gene locus for a set of thyroid
cancers, known as the multiple endocrine neoplasia type 2, MEN 2 (Yamamoto et al.,
1991;Hofstra et al.,, 1994). MEN 2 syndrome is characterized by medullary thyroid
carcinomas, pheochromocytomas, and other hyperplasias and neoplasias (Marini et al.,
2006). This observation, in addition to the presence of a mutated form of constitutively
active Ret in several cancer cells types, including neuroblastomas (Tahira et al.,
1990;Takahashi et al., 1991), leukemias (Takahashi et al., 1991), pheochromocytomas
(Yoshimoto et al.,, 1995), and thyroid carcinomas (Grieco et al., 1990;Santoro et al.,
1990), has led to interest in Ret as a cancer-causing or modifying receptor.

Ret was an orphan receptor until it was identified as a critical receptor for the actions
of GDNF in the substantia nigra (Trupp et al., 1996), kidney development (Durbec et al.,
1996), and peripheral nervous system development (Durbec et al., 1996). Ret and the
ligand binding receptor for GDNF, GFRa-1, associate, and the actions of GDNF
described above are unable to occur in the absence of either GFRa-1 or Ret (Treanor et
al., 1996). There is no direct binding of GDNF to Ret, nor can GDNF activate the
phosphorylation of Ret in the absence of GFRas (Treanor et al., 1996). Additionally,
GFRa-1 associates with Ret weakly in the absence of GDNF and strongly in the
presence of GDNF, indicating that both GFRa-1 and Ret are necessary and critical for
GDNF to function and that GDNF facilitates the association of GFRa-1 and Ret (Treanor
et al., 1996).

Each of the other GFLs, NTN, ART, and PSP, have a similar system for Ret
activation, initiated by binding of the GFL with its specific GFRa, translocation of the
GFL-GFRa complex to Ret, activation of Ret via autophosphorylation (Coulpier et al.,
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2002), and initiation of downstream signaling (Baloh et al., 1998;Buj-Bello et al.,
1997;Masure et al., 2000). The GFRa resides in a lipid raft, and when the GFL binds, the
GFL-GFRa complex recruits Ret to the lipid raft (Paratcha et al., 2001;Tansey et al.,
2000). Disruption of this recruitment, or of the lipid raft structure, results in decreased
GFL-induced neuronal differentiation and survival (Tansey et al., 2000), reduced neurite
outgrowth (Paratcha et al., 2001), abolition of Ret downstream signaling (Paratcha et al.,
2001), and axonal expansion and growth cone lengthening (Paratcha et al., 2001).

The intracellular signaling pathways by which Ret initiates its functions are diverse
and numerous. Downstream signaling initiated by Ret is accomplished by one of two
primary mechanisms. Within lipid rafts, Ret signals through the Src homology 2 domain
containing (SHC) protein, which then activates the common signaling molecule Grb2
(Paratcha et al., 2001). Outside of lipid rafts, Ret activation results in initiation of the FGF
receptor substrate 2 (FSR2) signaling pathway (Paratcha et al., 2001). Signaling
initiation by either route activates many of the classic intracellular signaling pathways of
receptor tyrosine kinases, including MAPK-Erk 1/2 (Trupp et al., 1999b;Worby et al.,
1996), PI-3K-Akt (Maeda et al., 2004;Segouffin-Cariou and Billaud, 2000;Trupp et al.,
1996), Jun NH2-terminal protein kinase (Chiariello et al., 1998), p38 MAPK (Watanabe
et al., 2002), and PLC-y (Borrello et al., 1996).

E. Ret-independent GFL-induced signaling

There is emerging evidence of GFL-induced, Ret-independent signaling pathways.
GDNF activates Src family kinases (SFKs), phosphorylates CREB, and upregulates fos
in raphe nucleus and motor neuron cell lines lacking Ret (Trupp et al., 1999c).
Additionally, GDNF is able to activate Src-family kinases and PLC-y in a Ret deficient
neuroblastoma cell line (Poteryaev et al., 1999). Embryonic dorsal root ganglia (DRG)
neurons from mice genetically modified to express no Ret have provided evidence that
GDNF can signal in a Ret-independent manner (Poteryaev et al., 1999). The Ret-

16



independent pathways include the MAPK-Erk 1/2 and pCREB pathways (Poteryaev et
al., 1999). This Ret-independent, GDNF-induced signaling is specifically through GFRa-
1 (Pezeshki et al.,, 2001). NTN is unable to accomplish these actions through either
GFRa-1 or GFRa-2 (Pezeshki et al., 2001). These studies indicate that Ret-independent
signaling is present in neurons and that while the signaling pathways activated by Ret-
dependent and Ret-independent mechanisms are the same, the pathways may be
activated in different manners or in different cellular compartments.

GDNF-induced, Ret-independent signaling can be accomplished through GFRa-1
directly initiating signaling cascades or via an interaction of GFRa-1 with other cell
surface receptors. The activation of SFKs by GFRa-1 has been demonstrated in
neuroblastoma cell lines (Poteryaev et al., 1999). Neural Cell Adhesion Molecules
(NCAMs) were the first candidate cell surface receptors identified as possible GFRa-1
binding partners and signaling activators. NCAM signals through the Fyn/FAK pathway,
a SFK pathway, in the RN33B raphe nucleus cell line (Paratcha et al., 2003). GFRa-1
binds directly to NCAM (Cao et al.,, 2008a), and the GFRa-1-NCAM signaling
mechanism has functional consequences on axonal outgrowth of hippocampal and
cortical neurons (Paratcha et al., 2003), as well as neurite outgrowth of dopaminergic,
midbrain neurons (Cao et al., 2008a). There is also evidence that GFRa-1 can bind with
Integrin B-1 in substantia nigra dopaminergic neurons and initiate the Shc and FAK
signaling pathways in an Integrin B1-dependent manner (Cao et al., 2008b). However,
there is no functional evidence of GDNF-induced, Integrin B1-dependent actions, nor
have any studies evaluated the role of Integrin B-1 on sensory neuronal sensitization.
There is precedence, however, for other extracellular matrix adhesion proteins, such as
fibronectin, induce sensory neuronal sensitization (Jeske et al., 2009). Finally, nucleotide
and amino acid sequence homology analysis has identified growth arrest specific (GAS-
1) receptor, a tumor suppressor protein, as another possible co-receptor for the GFRa-1-
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GDNF complex (Schueler-Furman et al., 2006). Whether GAS1 is a functional co-
receptor for the GFRa-1-GDNF complex has yet to be determined.
F. The GFLs in inflammation

One way inflammation is incited is when an object creates a wound in a tissue, such
as the skin. The results of this wound include the classic inflammatory signs and
symptoms: rubor (redness), calor (heat), tumor (swelling), dolor (pain), and functio laesa
(loss of function). These signs and symptoms are due to vasodilatation and
extravasation of inflammatory cells from the blood vessels into the area of the injury
(Darwin, 1875). The inflammatory cells responsible for the initiation of inflammation
include mast cells (BENDITT et al., 1955), neutrophils (PAGE and GOOD, 1958), and
other peripheral blood leukocytes (Hartman and SCHRECK, 1958). When these cells
are activated by substances released after the injury is incited, they release a number of
molecules known as inflammatory mediators (Spector, 1958). Among the classic
inflammatory mediators are histamine, bradykinin, and prostaglandins (ROCHAESILVA,
1964). Recently, growth factors, specifically nerve growth factor (NGF), have been
identified as potent inflammatory mediators (Bienenstock et al., 1987).

There is also evidence of a role for GFLs in the inflammatory process. Application of
several substances that induce inflammation, including IL-1B, TNFa, and
lipopolysaccharide (LPS), to glial cells from the enteric nervous system increases the
level of GDNF four to five fold, from 50 pg/mL to as high as 300 pg/mL (von Boyen et al.,
2006). Glial cells supporting neurons of the enteric system in the myenteric plexus are
known to be responsive to inflammatory mediators. Additionally, inflammatory mediators
cause several types of inflammatory cells to release the GFLs. Macrophages in culture,
when activated by LPS, release increased amounts of GDNF compared to those not
treated with this inflammatory substance (Hashimoto et al., 2005). Most compelling, the
levels of artemin are increased when inflammatory inducers are injected in vivo. The
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levels of artemin mMRNA were increased up to 1000 times after injection of Complete
Freund’s Adjuvant (CFA), and artemin levels increase in the dental pulp after
inflammation induction (Baloh et al., 1998;Malin et al., 2006). Inflammation associated
with breast cancer increases the level of GDNF (Esseghir et al., 2007). Since the levels
of the GFLs are dramatically increased during inflammation, they may be responsible, in
part, for changes in the properties of the sensory neurons associated with inflammatory
processes.
G. Sensitization by GFLs

The exposure of neurons to different types and durations of stimuli results in
changes in their properties. One neuronal property often changed under these
circumstances is the sensitivity of the neurons. This change in neuronal sensitivity was
first demonstrated in the whole animal by Sherrington (1906) using the scratch reflex
paradigm in dogs. In this paradigm, electrical or mechanical stimulation is applied to the
shoulder of the dog, and the natural reflex arc is for the dog to scratch its shoulder with
the hind limb. The intensity, amplitude, and rhythm of the hip muscle flexion are then
measured. Repeated, high-frequency electrical or mechanical stimulation to the skin of
the shoulder resulted in a progressive reduction in the flexion amplitude of the hip
muscle (Sherrington, 1906). Additionally, the muscle contractions are unpredictable and
weak, compared to the initial stimulation (Sherrington, 1906). Sherrington was also able
to elucidate the location of this decrease in the reflex, since full and strong contractions
occurred when electrical stimuli were applied to the muscle. He concluded that the
neuron itself, with its endings likely present in the shoulder skin, was responsible for the
decreased response, later called habituation or desensitization. Not surprisingly, the
opposite of this habituation also occurred with low-level, sub or near threshold
stimulation (Sherrington, 1906). Specifically, this type of stimulation to the shoulder skin
of the dog resulted in a lowering of the threshold for hip flexion and scratching.
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Sherrington initially called this phenomenon “bahnung,” and it was later termed
sensitization.

Since Sherrington’s initial identification of sensitization, other definitions of
sensitization have been added. These include an increase in the activity of the neuron to
a given stimulus, measured in several different ways, or a decrease in the threshold for
activation to given environmental (i.e. mechanical) or chemical (i.e. changes in pH)
alterations. Some of the assays used to measure changes in neuronal sensitivity have
included complex biological assays, such as long-term potentiation (Hawkins et al.,
1993) and complex behavioral assays, such as thermal latency (Hargreaves et al., 1988)
in rodents, and other simple behavioral assays in less complex organisms (Bliss and
Lomo, 1973). Electrophysiological changes, or changes in the electrical properties of the
neuron, have been useful in determining the chemical, mechanical, and other stimuli
capable of or necessary for producing neuronal sensitization.

The primary mode of communication between neurons is through chemical
neurotransmitter release. When a neuron is activated or stimulated, chemical
neurotransmitters are released from pre-synaptic neurons and cause responses in
nearby post-synaptic neurons and non-neuronal cells (Katz et al., 1962b). Depending
upon the specific neurotransmitter and the neurotransmitter receptor, the release of
neurotransmitters and the subsequent response to these substances can be either
activation or inhibition. This activation or inhibition can be of another (post-synaptic)
neuron, non-neuronal cells, or the releasing neuron itself (autocrine actions). The
frequency and duration of the neuronal stimulation is dependent upon the amount of
quantal neurotransmitter release. Since neurotransmitter release is the primary mode of
neuronal communication, an enhancement in the release of neurotransmitters in
response to a given stimulus can be used as an effective and important measure of
neuronal sensitization.
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The focus of our laboratory is to determine how certain functions, specifically the
sensitivity, of primary afferent, small-diameter, peptidergic sensory neurons are altered
by molecules released during inflammation. We are also interested in the cellular
mechanisms of this sensory neuronal sensitization. The specific subset of primary
afferent neurons of which are particularly interested are the small-diameter, and typically
nociceptive sensory neurons. These neurons respond to noxious stimuli and are
activated by inflammation and injury (Bartho et al., 1990;Coderre and Melzack,
1987;Kocher et al., 1987;Weihe et al., 1988). The studies in this thesis will be conducted
using agents that are present in increased amounts during inflammation, the GFLs, and
stimuli that activate these small-diameter, nociceptive sensory neurons.

1. Behavioral sensitization

The fact that the levels of the GFLs are increased during inflammation has led to the
study of the ability of the GFLs to cause inflammatory hyperalgesia. Specifically,
injection of each of the GFLs, GDNF, NTN, and ART, into the paw of rodents
dramatically reduces the thermal withdraw latency evaluated with a Hargreaves test
(Malin et al., 2006). This thermal hyperalgesia occurs within 30 minutes to one hour and
is long-lasting. Mechanical hyperalgesia is another result of GDNF injection into the paw
of rodents. Using the Ugo Basile analgesymeter, in which a mechanical force applied to
the paw is linearly increased at 16 g/s, it was found that GDNF lowered the threshold for
paw withdraw (Bogen et al., 2008). This hyperalgesia is accomplished when 10 ng/mL
GDNF is injected and it is prevented by inhibition of PLC-y, Src family kinases, PI-3K,
MAPK-Erk, and CDK5. The limitations of this study are two-fold. First, injection of these
inhibitors into the paw of a rodent affects all of the neuronal and non-neuronal cells in
the area, which means these modified behavioral responses may not be as a result of
modulation of nociceptive sensory neurons. Secondly, the inhibitors used in these
experiments are non-specific and inhibit many other signaling pathways at the
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concentrations used, making interpretation of this data difficult. Despite these obvious
limitations in an in vivo system, these studies suggest that the MAPK-Erk, PI-3K, CDK,
Src family kinase, and PLC-y pathways are involved in GDNF induced changes in
sensory neurons. Additionally, mice genetically modified to over express artemin in the
skin displayed hyperalgesia to both noxious heat and cold, when compared to wild-type
litter mates (Elitt et al., 2006). Complete Freund’s Adjuvant (CFA) induces inflammation
and results in inflammatory hyperalgesia upon injection. When a blocking antibody to
GDNF is injected into the paw of rats in addition to CFA, the CFA-induced mechanical
hyperalgesia is attenuated (Fang et al., 2003). These studies give insight into the
possible physiological and biochemical mechanisms of GFL-induced sensitization.
2. Sensitization of sensory neurons by GFLs

There is direct evidence of effects of GFLs on sensory neurons, both alterations in
channel properties and changes in the overall threshold of activation of these neurons.
Injection of GDNF into the dorsum of the paw resulted in enhanced small-diameter,
nociceptive neuronal responses to mechanical stimuli measured with an in vivo
electrophysiological preparation (Bogen et al., 2008). Interestingly, application of each of
the GFLs, GDNF, NTN, and ART, enhanced the calcium influx through TRPV1 in
sensory neurons in culture in response to capsaicin, a specific exogenous ligand for this
channel (Malin et al., 2006). These observations demonstrate that the GFLs are able to
directly modulate properties of small-diameter sensory neurons in such as way as to
make them more excitable. It is yet to be established whether this change in excitability
results in an increased release of neurotransmitters involved in neurogenic inflammation

and pain signal propagation from these neurons.
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a. Electrophysiological and ion channel sensitization by GFLs

There are a number of studies that demonstrate that the GFLs are able to modulate
the electrophysiological properties of nociceptive sensory neurons. C-fibers from animals
over expressing GDNF in the skin have dramatically reduced thermal and mechanical
thresholds (Albers et al., 2006). When GDNF is injected in to the receptive field of C-
fibers in the skin, those C-fibers have reduced thermal thresholds and unaffected
mechanical thresholds, determined by using the single-fiber electrophysiological
technique (Bogen et al., 2008). Each of these previous studies was conducted using in
vivo or ex vivo preparations. GDNF and neurturin also directly affect the
electrophysiological properties of TRPV1 in isolated sensory neurons in culture by
increasing the capsaicin-induced calcium influx through the channel (Malin et al., 2006).
Artemin shows similar characteristics in its ability to alter the electrophysiological
properties of nociceptive sensory neurons. Mice over expressing artemin in the skin
have enhanced firing rates of C-fiber in response to noxious heat (Elitt et al., 2006).
However, and in contrast to GDNF, C-fibers from artemin over-expressing mice did not
respond more robustly to mechanical stimuli than wild type mice (Elitt et al., 2006).
Interestingly, artemin enhanced calcium influx in intact C-fibers in response to capsaicin,
a stimuli specific for TRPV1, but not other stimuli, including ATP (Elitt et al., 2006).
Similar to GDNF and neurturin, artemin enhances calcium influx through TRPV1
channels in isolated sensory neurons in culture, but the potency of artemin is higher
(producing a response at 1 ng/mL) than that of GDNF or neurturin (producing a
response at 10 ng/mL; Malin et al., 2006). The GFLs, therefore, sensitize specific

electrophysiological properties of nociceptive sensory neurons.
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b. GFLs may enhance release of neuropeptides

There are four basic criteria that must be met in order that a molecule can be
classified as a neurotransmitter (reviewed by (Paton, 1958)). These criteria include: the
molecule is present and produced or activated in the pre-synaptic neuron, activation of
the pre-synaptic neuron causes the release of this molecule from that neuron, exposure
of the post-synaptic neuron to the molecule has the same effect as stimulating the pre-
synaptic neuron, and substances that inhibit release of the molecule from the pre-
synaptic neuron must also prevent the biological effect of activation of the post-synaptic
neurons. While this set of criteria were established using studies with acetylcholine, it is
now clear that any molecule that meets all of these criteria, regardless of its chemical
makeup or structure, can be classified as a neurotransmitter.

Among the neurotransmitters known to be present in and responsible for the actions
of sensory neurons are glutamate, substance P (SP), and calcitonin gene-related
peptide (CGRP), as well a numerous others (Hokfelt et al., 1975;Schoenen et al.,
1989;Wiesenfeld-Hallin et al., 1984). However, the peptide transmitters, including
CGRP, are important transmitters used by the small-diameter sensory neurons (Garry et
al., 1989;Kangrga and Randic, 1991;Wiesenfeld-Hallin et al., 1984). Neuropeptide
release is critically important for sensory neuronal signal propagation and function, as
described previously. It could follow, then, that increases in the release neuropeptides
like CGRP, would alter the signal propagation centrally and peripherally. Additionally,
quantifying the changes in the release of this neuropeptide is a reliable measurement of
changes in sensory neuronal function, in particular the subset of small diameter sensory
neurons containing CGRP. The peptide also fulfills the four criteria detailed previously
for neurotransmitters in these neurons. For these reasons, | have chosen to focus the

experiments in this thesis on the neuropeptides, specifically CGRP.
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CGRP is present and colocalized in small-diameter sensory neurons and spinal cord
neurons (Skofitsch and Jacobowitz, 1985;Wiesenfeld-Hallin et al., 1984). It is involved in
different components of the neurogenic inflammation response. CGRP mediates
vasodilatation (Escott et al., 1995;Messlinger et al., 1995;Brain et al., 1985). Not only is
this neuropeptide present in small-diameter sensory neurons, but its release profile is
nearly identical to that of Substance P (SP; another neuropeptide) in response to
noxious stimuli (Franco-Cereceda et al., 1987;Hingtgen and Vasko, 1994a;Hingtgen et
al., 2006;Schicho et al., 2005). Because of the better stability of CGRP and the reliability
of the release levels of CGRP in release assays, | will focus on CGRP for release
assays in this thesis.

CGRP production results from alternative splicing of the calcitonin gene in neurons,
creating a 37-amino acid small peptide (Amara et al., 1982;Nelkin et al., 1984;Rosenfeld
et al., 1983). Two isoforms of CGRP exist, CGRPa and CGRPB (Holman et al., 1986).
While these two isoforms may have differential functions in several tissues, there is no
evidence that this is true in sensory neurons (Beglinger et al., 1988;Beglinger et al.,
1991). In terms of its role as a neurotransmitter, CGRP fits all four criteria. CGRP is
present in sensory neurons, specifically small diameter sensory neurons (Fang,
1987;Gibson et al., 1984). Stimulation of sensory neurons via mechanical, electrical, or
chemical means results in increased release of CGRP from small-diameter sensory
neurons. (Franco-Cereceda et al., 1987;Wahlestedt et al., 1986). Injection of CGRP into
the thecal space mimics the nociceptive behavioral effects of small-diameter sensory
neuronal stimulation (Gamse and Saria, 1986), and injection of CGRP in the periphery
induces neurogenic inflammation in a similar fashion as stimulation of small-diameter
sensory neurons (Brokaw and White, 1992). Finally, inhibition of the actions of CGRP in

the central and peripheral terminals prevents the nociceptive behaviors and neurogenic
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inflammation induced by small-diameter sensory neuronal activation, which will be
described in more detail below.

One of the most dramatic effects of CGRP is its ability to induce and enhance
neurogenic inflammation by dilating blood vessels (Brain et al., 1985;Girgis et al., 1985).
In fact, the combination of the direct vasodilatory effects of CGRP on blood vessels and
the indirect vasodilatory effects of CGRP through increasing histamine release from
mast cells, modulation of the effects of SP on blood vessels, and the autocrine function
of CGRP causing the release of additional vasodilators from sensory neurons makes
CGRP one of the most potent and important vasodilators (Cruwys et al., 1992;Piotrowski
and Foreman, 1986). Injection of the Fab fragment of a goat anti-human CGRP antibody
prevents the neurogenic inflammation induced by both CGRP and capsaicin, as
measured by a prevention of the increased blood flow induced by these molecules
(Buckley et al., 1992).

CGRP also produces hyperalgesia, increased behavioral responses to a given
noxious stimulus, another form of sensitization. CGRP injection into the thecal space
enhances rodent responses to noxious mechanical stimulation, which may be through
direct interaction of CGRP with second order neurons or may be through enhancement
of SP production or reduction of SP degradation (Oku et al., 1987). Strikingly, injection of
a CGRP blocking antibody into the thecal space completely abolished mechanical
allodynia (Ambalavanar et al.,, 2006). Additionally, CGRP antisera reduces arthritic
hyperalgesia and recombinant herpes virus encoding antisense CGRP attenuates
capsaicin-mediated thermal hyperalgesia (Kuraishi et al., 1988;Tzabazis et al., 2007).
These studies provide evidence for the importance of CGRP in both neurogenic

inflammation and inflammatory hyperalgesia.
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The receptors for CGRP have been characterized recently. The CGRP receptors are
heterodimers composed of a Family B, seven trans-membrane (TM) G-protein coupled
receptor (GPCR), known as calcitonin receptor like receptor (CLR) and an accessory
single TM receptor, RAMP (Receptor Activity Modifying Proteins; McLatchie et al.,
1998). There are two distinct CGRP receptors that are differentiated by their affinity for
CGRP. CGRP-R1 is the high affinity receptor, and CGRP-R2 is the low affinity receptor
(Juaneda et al., 2000). Additionally, endothelial cells on blood vessels express the
CGRP receptors and respond to CGRP by relaxing, which leads to vasodilatation (Hirata
et al., 1988). While the expression profiles of these receptors are different, there is a lack
of evidence for any functional differences of the receptors in sensory neurons.

The functional characteristics of CGRP, its role in neurogenic inflammation and
inflammatory hyperalgesia, and the availability of a highly sensitive radioimmunoassay
(RIA) for this neuropeptide, allowing direct quantification of the release of CGRP from
sensory neurons in culture and spinal cord slices, have contributed to my decision to use
changes in CGRP release as the measurement for sensitization in this thesis.

The rationale behind examination of the small diameter sensory neurons, and the
release of CGRP specifically, is two-fold. First, while it is clear that the GFLs are
released in increasing amounts during inflammation (Baloh et al., 1998;Malin et al.,
2006;von Boyen et al., 2006), and that these molecules induce hyperalgesia in vivo
(Bogen et al., 2008;Malin et al., 2006), it is yet to be determined whether these two
phenomena can be connected through GFL-induced sensitization of sensory neurons.
Evaluating the ability of the GFLs to enhance the release of the neuropeptide CGRP
would further enhance the likelihood that the GFLs released during inflammation are
causing hyperalgesia via modulation of nociceptive sensory neurons. Secondly, because
CGRP induces neurogenic inflammation in the periphery (Buckley et al., 1992), GFL-
induced enhancement in CGRP release could cause increased release of the GFLs and
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other inflammatory mediators that could further sensitize the sensory neurons within this
inflammatory milieu. One could hypothesize that this autocrine, feed-forward system
could also contribute to the inflammatory hyperalgesia induced by the GFLs.
1. Sensitization of neurotransmitter release

While many neuropeptide expressing neurons are responsive to GFLs (Bennett et
al., 2006;Price et al., 2005), and the GFLs increase the content of CGRP and TRPV1 in
sensory neurons (Price et al., 2005;Priestley et al., 2002;Ramer et al., 2003), it is
unclear whether the GFLs directly modulate the release of CGRP from nociceptors in the
DRG. Several concentrations of GDNF were able to enhance the potassium and
capsaicin-stimulated release of CGRP in a trigeminal ganglia preparation, but at least a
portion of this effect was due to the long-term exposure to GDNF increasing the content
of CGRP in the ganglia (Price et al., 2005). Similarly, a 3 day exposure artemin exposure
was able to induce the recovery of substance P release from injured sensory neurons
(Bennett et al., 2006). However, there has been no exploration into whether short-term
exposure of sensory neurons to the GFLs enhances the stimulated release of
neuropeptides and this information would be important in defining a role for GFLs in the
initiation of inflammatory hyperalgesia.
a. Agents that stimulate sensory neurons

In order to evaluate the ability of the GFLs to enhance the release of CGRP from
sensory neurons, appropriate stimuli that evoke the release of this peptide must be
chosen. General depolarization of sensory neurons, and resulting transmitter release,
can be accomplished with the use of electrical stimuli or a high concentration of
extracellular potassium (Hodgkin, 1950;Katz et al., 1962a). Among common
physiological stimuli that activate sensory neurons, specifically small diameter sensory
neurons, are noxious heat, a number of chemicals, and extreme mechanical pressure
(Cooper and Diamond, 1977;Davis et al., 1993;Woolf et al., 1985). A number of
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neurotransmitters, including acetylcholine, and other endogenous molecules, including
bradykinin, can also induce the activation of small diameter sensory neurons (Fjallbrant
and Iggo, 1961;Fock and Mense, 1976). Finally, capsaicin, the neurotoxin found in high
levels in chili peppers of the Capsicum genus, is a selective, exogenous activator of a
subset of small diameter sensory neurons (Bowie et al., 1994;Holzer, 1991;Toh et al.,
1955). While capsaicin is not an endogenous, physiologic stimulus, it is a selective
activator of small-diameter sensory neurons which it a powerful tool to dissect the
reaction of nociceptive sensory neurons in a heterogeneous population of dorsal root
ganglia (DRG) neurons. Sensory neuronal stimuli will be described below, with particular
emphasis on high extracellular potassium and capsaicin, as these are the primary stimuli
used in experiments in this manuscript.

1. Capsaicin

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is a small, pungent molecule found in
peppers of the genus Capsicum and has been study extensively for its actions on
sensory neurons (TOH et al.,, 1955). The effects of capsaicin include a “spicy” taste
when present in food and several actions on primary afferent sensory neurons. The
specific effects of capsaicin on small diameter sensory neurons is concentration
dependent, with a low concentration causing activation and a large concentration
causing inhibition and even neuronal death (Chard et al., 1995;Hiura and Ishizuka,
1989).

Low concentrations of capsaicin selectively excite polymodal sensory neurons, those
sensitive to many stimuli including thermal, chemical, and mechanical (Kenins,
1982;Szolcsanyi et al., 1988;Welk et al., 1983) . This polymodal, capsaicin-sensitive set
of sensory neurons is primarily composed of small-diameter sensory neurons, both slow-
conducting, unmyelinated C-fibers (Heyman and Rang, 1985) and lightly myelinated Ad-
fibers (Such and Jancso, 1986). Larger diameter fibers, not generally accepted as
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mediating neurogenic inflammation and pain except in the case of allodynia (Yamamoto
et al., 2008), are not sensitive to capsaicin. In addition to stimulating the subset of
sensory neurons responsible in large part for neurogenic inflammation and pain
propagation, the majority of capsaicin sensitive sensory neurons contain neuropeptides,
including CGRP (Hingtgen and Vasko, 1994a;Hingtgen et al., 2006;Holzer,
1988;Skofitsch and Jacobowitz, 1985).

Capsaicin stimulates small-diameter sensory neurons through binding to and
activation of a ligand-gated, non-selective cationic channel. The receptor for capsaicin
was originally identified using radiolabeled capsaicin-related molecules (Szallasi and
Blumberg, 1990). This receptor was later cloned and given the name transient receptor
potential vanilloid 1 (TRPV1), due to its ability to transiently allow the passage of cations,
such as sodium and calcium (Caterina et al., 1997;0h et al., 1996). This influx of cations
causes depolarization and neurotransmitter release (Bevan and Szolcsanyi, 1990;Wood
et al., 1988). TRPV1 is found predominantly on a subset of small-diameter, nociceptive
sensory neurons (Caterina et al., 1997;Helliwell et al., 1998). This receptor also
responds to endogenous and commonly encountered noxious stimuli, including acidic
shifts in pH and noxious heat above 43° C, making activation of this receptor by
capsaicin a surrogate for natural nociceptive stimuli encountered by sensory neurons.
Moreover, TRPV1 colocalizes nearly completely with CGRP in the dorsal root ganglia
(Aoki et al., 2005;Price and Flores, 2007;Yu et al., 2008), which is further evidence of its
role in neurogenic inflammation and pain propagation. Interestingly, the inhibition of
neuronal activity induced by high concentrations of or prolonged exposure to capsaicin
are a result of desensitization of TRPV1, likely through calcium-induced mechanisms
(Mondadi et al., 2004). The mechanisms of TRPV1 modulation and the resulting

changes in sensitivity will be discussed below.
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Capsaicin is able to elicit responses from a subset of small-diameter sensory
neurons, those which are responsible for neurogenic inflammation and pain propagation,
specifically through the TRPV1 cationic channel. This attribute makes capsaicin a useful
and powerful tool for the study of the sensitivity of these neurons. While repeated
stimulation of sensory neurons by capsaicin leads to desensitization (termed
tachyphylaxis) REF, this substance has a well established ability to elicit the release of
CGRP at low concentrations in many different tissues and model systems. These
attributes make capsaicin a primary tool for use in my peptide release experiments.

2. Potassium

Potassium ion concentrations are maintained at a low level in the extracellular
compartment and a high concentration inside the neurons. This concentration gradient is
responsible for the homeostasis of the membrane potential. When the concentration is
increased outside of the neuron, this homeostasis is no longer present, fewer potassium
ions are able to exit the neuron through potassium channels, and a positive charge is
created at the neuronal membrane. This change in potential is called depolarization, and
depolarization results in many voltage gated ion channels changing their properties so
as to further depolarize the membrane. In this way, potassium can be used as a general
depolarizing stimulus in CGRP release experiments. The use of a high extracellular
concentration of potassium to activate sensory neurons and induce release of CGRP is
extensive (Hingtgen and Vasko, 1994a;Hingtgen et al., 1995;Hingtgen et al.,
2006;Mason et al.,, 1984;Saria et al, 1986). High extracellular potassium, at
concentrations approximately 10 times physiological extracellular concentrations, will be

used as a general depolarizing stimulus in my release experiments.
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b. Agents that sensitize sensory neurons
1. NGF

Recently, the growth factor family of molecules has been identified as being released
during inflammation and sensitizing sensory neurons (for a comprehensive review see
(Mendell et al., 1999)). Nerve growth factor (NGF) was the first of these growth factors
for which increased levels during inflammation (Weskamp and Otten, 1987) and
sensitization of sensory neurons was demonstrated. NGF sensitizes nociceptive
behavioral responses elicited by small-diameter sensory neurons, electrophysiological
characteristics of these neurons, and the release of neuropeptides from these neurons.

The initial sensitizing effects of NGF on small diameter sensory neurons were
evaluated using behavioral methods. Long-term administration of NGF from birth to
adulthood (5 weeks old) led to increased sensitivity of these animals to two classic
nociceptive stimuli, noxious heat and noxious mechanical pressure (Lewin et al., 1993).
Later, injection of NGF directly into the paw also caused enhanced behavioral responses
to noxious heat and mechanical stimuli, using the hot plate test and Von Frey hairs
(Della et al., 1994). This phenomenon has been further characterized and appears to be
as a result of the interaction of NGF with TRPV1. Specifically, NGF increases the
insertion of TRPV1 into the membrane of small diameter sensory neurons (Zhang et al.,
2005) and phosphorylates this channel by interacting with either or both of its receptors,
TRKA and p75, which in turn activates a number of intracellular signaling pathway (Doya
et al., 2005;Zhang and Nicol, 2004;Zhu and Oxford, 2007;Zhuang et al., 2004). The
NGF-induced modulation of TRPV1 by these pathways is directly responsible for the
hyperalgesia observed.

NGF also modulates the electrophysiological characteristics of small diameter
sensory neurons, resulting in enhanced sensitivity of these neurons. NGF applied to the
receptive skin fields of an attached skin-saphenous nerve preparation increased the
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thermal sensitivity of small diameter C and Ad fibers (Rueff and Mendell, 1996). In fact, a
number of these neurons that were initially non-responsive to the noxious heat became
responsive after NGF administration. NGF is also able to reverse the capsaicin-induced
desensitization of sensory neurons and to increase the responsiveness of small
diameter sensory neurons to a second application of capsaicin (Shu and Mendell, 1999).
This effect of NGF is likely due to TRPV1 insertion in the cell membrane in a protein
kinase C (PKC)-dependent fashion (Bonnington and McNaughton, 2003) and
phosphorylation and subsequent increased activation of TRPV1 in a PKA-dependent
fashion (Shu and Mendell, 2001).

Finally, enhancement in the release of neuropeptides, another means by which to
measure sensory neuronal sensitization, is accomplished by NGF. Exposure of sensory
neurons to NGF for 10-20 minutes enhances the stimulated release of both SP and
CGRP in response to several stimuli, including potassium (Malcangio et al.,
1997b;Malcangio et al., 1997a), capsaicin (Hingtgen et al., 2006), anandemide and
arachidonyl-2-chloroethylamide (Price et al., 2005). This effect of NGF is present in the
spinal cord (Malcangio et al., 1997b;Malcangio et al., 1997a), trigeminal ganglia (Price et
al.,, 2005), and DRG (Hingtgen et al., 2006). For this reason, NGF will be used as a
positive control of sensitization.

2. GFLs

The purpose of this introduction has been three fold. First, evidence was provided
that many forms of sensory neuronal sensitization, including behavioral,
electrophysiological, and neuropeptide release, are accomplished by inflammatory
mediators. Second, it was clearly demonstrated that known behavioral and
electrophysiological sensitizers of sensory neurons, especially NGF and PGE,, also

sensitize these neurons to stimulated release. Finally, the literature demonstrates that
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the GFLs may have similarities to these other inflammatory mediators that sensitize
sensory neurons.

Thus far, this introduction has established that a number of substances released
during inflammation, including the GFLs, change the sensitivity of sensory neurons.
Evidence has been presented above that each of the GFLs is released in increased
amounts during inflammation, cause hyperalgesia, increase the excitability and other
physiological properties of sensory neurons, and increase the levels of neuropeptides
and ion channels important in sensory neuronal sensitization. Each of these
characteristics of GFLs add to the likelihood they are important modulators of sensory
neuronal sensitivity and nociception. However, the question still remains: do these GFLs
mediate this inflammatory hyperalgesia by altering electrophysiological properties of the
neurons eventually leading to neuropeptide release, neurogenic inflammation, and
nociception.

Finally, a function of this introduction was to justify the use of isolated DRG neurons
in culture as a model system for the studies outlined below. Many of the studies
examining GFL-induced sensitization have used mice (Albers et al., 2006;Bennett et al.,
2006;Elitt et al., 2006;Malin et al., 2006), and in order to evaluate the release of CGRP
and other phenotypes of sensory neurons, it is advantageous to use isolated sensory
neurons (Malin et al., 2006). This particular preparation will allow me to determine the
effects of GFLs on the sensory neurons themselves, without the complications that often
exist as a result of the presence of other neuronal cell types (i.e. interneurons) and
molecules in behavioral assays, which limits the complicating factors in this preparation.
Since small diameter, nociceptive sensory neurons are the type of cell that releases the
majority of CGRP (Traub et al., 1990), the measure of changes in the release of CGRP
is a valid functional endpoint for the evaluation of GFL-induced sensitization of
nociceptors. Most importantly, this model systems allows me to manipulate the
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intracellular signaling pathways within the sensory neurons, pharmacologically and
genetically, to determine the pathways responsible for GFL-induced sensitization.
H. Potential intracellular signaling pathways of GFL-induced sensitization

There are a number of candidate pathways by which GFLs may be able to sensitize
sensory neurons. The GFLs activate several signaling pathways, in both a Ret-
dependent and independent manner, including the MAPK, PI-3K, PLC-y, Src, and Fyn
pathways (see (Sariola and Saarma, 2003) for a review). Interestingly, these same
pathways are implicated in behavioral and electrophysiological sensitization of sensory
neurons by other known sensitizers of nociceptive sensory neurons.
1. Ras

Activation of Ret by the GFLs results in recruitment and interactions of intracellular
proteins that lead to activation of guanine nucleotide exchange factors (GEFs;(Fukuda et
al., 2002). GEFs convert Ras-GDP to Ras-GTP, its active form (Shih et al., 1980b). Ras-
GTP recruits the kinase Raf to the membrane, which results in a cascade of
phosphorylation of several proteins. There is a genetically modified mouse available, a
mouse with half the amount of functional neurofibromin protein (Nf1 +/-), which is a
potent guanine triphosphatase (GTPase) for Ras (Xu et al., 1990). This protein
accelerates the de-activation of Ras by hydrolyzing Ras-GTP, the active form of Ras, to
Ras-GDP, the inactive form (Shih et al., 1980a). One eventual downstream effector of
Ras activation is Erk, one of the mitogen activating protein kinase (MAPK) proteins (Bron
et al., 2003). Ras-GTP signaling is also one mechanism by which the PI-3K pathway is
initiated. Nfl +/- mice have increased Ras activity (Kim et al., 1995), and therefore

increased MAPK/Erk 1/2 and PI-3K pathway activation.
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2. MAPK pathway

Although the classic MAPK-Erk pathway was originally identified as a growth
promoting pathway, it is generally accepted that this pathway is often critical in sensory
neuronal sensitization (see reviews in (Cheng and Ji, 2008;0bata and Noguchi, 2004).
The well characterized sensory neuronal sensitizer, NGF, activates Erk and exerts some
of its sensitizing effects through the MAPK-Erk pathway (Averill et al., 2001). Erk
activation is necessary for NGF-induced thermal hyperalgesia and NGF-induced
potentiation of capsaicin currents (Zhuang et al., 2004). Blocking activation of Erk with
pharmacological inhibitors attenuates, at least in part, these NGF mediated sensitizing
effects (Zhuang et al., 2004). Similarly, after inflammation created by CFA, PGE,-
induced sensitization is Erk dependent (Dina et al., 2003). While the exact mechanisms
of Erk-activated sensory neuronal sensitization are unclear, there are two intriguing
possibilities. First, activated Erk may aid in increased insertion of TRPV1 into the cell
membrane (Zhang et al., 2005). TRPV1 insertion would lead to enhanced nociceptive
responses to noxious heat and pH. MAPK/Erk 1/2 pathway inhibitors prevent the NGF-
induced enhancement in capsaicin currents (Zhu and Oxford, 2007). Since Erk is a
kinase, activated Erk may mediate this enhancement by directly phosphorylating TRPV1
and increasing the ion fluxes through this channel (Zhu and Oxford, 2007). The PKC
pathway also plays a role in NGF-induced sensitization (Dina et al., 2003;Shu and
Mendell, 2001) leading to controversy about whether Erk is the primary intracellular
signaling pathway by which NGF sensitizes sensory neurons or whether Erk activation is
secondary to induction of other intracellular signaling pathways, such as the PKC
pathway.

While GFLs activate the MAPK-Erk pathway in sensory neurons (see (Sariola and
Saarma, 2003) for a review), whether GDNF-induced sensitization is Erk dependent is
unknown. Erk is necessary for GDNF-dependent increases in TRPV1 surface
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expression in nociceptive sensory neurons (Bron et al., 2003). GDNF-mediated voltage
gated calcium channel insertion in the cell membrane, leading to increased neuronal
excitability, is Erk dependent as well (Woodall et al., 2008). Most strikingly, inhibition of
Erk activation with the pharmacological inhibitor U0126 abrogated GDNF-induced
mechanical hyperalgesia (Bogen et al., 2008). However, none of these studies have
evaluated the role of GDNF-induced actions directly on sensory neuronal sensitization
and neurotransmitter release through the MAPK-Erk pathway. The evidence for the role
of the involvement of the MAPK-Erk pathway in sensitization by growth factors makes
this pathway a candidate for GFL-induced enhancement of the release of CGRP.
3. PI-3K pathway

The PI-3K pathway, which mediates many of its sensitizing effects through several
intracellular signaling pathways, including the PIP, and DAG-activated pathways
(reviewed by (Manning and Cantley, 2007)), is activated by inflammatory mediators,
including NGF (Zhu and Oxford, 2007). Activation of PI-3K is important for initiation of
some nociceptive behavioral responses. The exploratory test is one such nociceptive
behavioral test. Rodents experiencing nociception, when placed in a new environment,
do not explore their new surroundings as completely as mice not experiencing
nociception. Recovery of normal exploratory behavior can be completed by inhibition of
the PI-3K pathway by the PI-3K inhibitor, Wortmannin, a potent but non-selective
inhibitor of PI-3K pathway activation (Sun et al., 2007). Additionally, NGF sensitizes
capsaicin currents, and this sensitization is abolished by the PI-3K pathway inhibitor,
LY294002 (Zhu and Oxford, 2007). This sensitization of capsaicin currents by NGF is
mediated by phosphorylation of the channel by the downstream effectors of the PI-3K
pathway, since mutation of sites known to be phosphorylated by these effectors to
residues that cannot be phosphorylated prevents this sensitization (Zhu and Oxford,
2007).
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Proper spermatogonia development and neuronal survival and outgrowth, mediated
by GFLs is PI-3K dependent (Lee et al., 2007). However, there is little information on the
role of this pathway in GFL-induced sensory neuronal sensitization in the literature. In
fact, only one study evaluating this phenomenon is available. GDNF-induced mechanical
hyperalgesia is also PI-3K pathway dependent (Bogen et al., 2008), which does not
provide direct evidence of the mechanism of GDNF-induced sensory neuronal
sensitization, since there are complications of these behavioral assays (as described
previously). The PI-3K pathway inhibitors, Wortmannin and LY294002, prevented the
decrease in the mechanical threshold of paw withdrawal upon plantar injection of GDNF
(Bogen et al., 2008). This pathway is yet another candidate pathway for examination for
the mechanism of GFL-induced enhancement in the release of CGRP.

4. PLC-y

Inflammatory mediators initiate the PLC pathways through G-protein coupled
receptors and receptor tyrosine kinase receptors to induce sensory neuronal
sensitization. Activation of the PLC-y pathway is critical for NGF and bradykinin-induced
thermal hyperalgesia. Both pharmacological inhibition of the PLC-y pathway and
treatment with a blocking antibody preventing activation of PLCs attenuates this
hyperalgesia (Chuang et al., 2001b). One mechanism for PLC-y in thermal hyperalgesia
and modulation of sensory neuronal sensitivity is by releasing TRPV1 from PIP,
inhibition, although this mechanism is controversial and may be indirect (Lukacs et al.,
2007). In fact, it appears that phosphatidylinositols may have a dual regulation of
TRPV1, resulting in both activation and inhibition of channel activation (Lukacs et al.,
2007). However, the mechanisms is complex and not well defined. The use of
carrageenan (CARR), an inflammatory mixture injected into the paw, to induce
mechanical hyperalgesia was also used to evaluate the role of the PLC pathway in
inflammatory hyperalgesia. A pharmacological inhibitor of the PLC-y pathway, U73122,
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and an antisense PLC oligonucleotide prevented the CARR-induced hyperalgesia
(Joseph et al., 2007). Additionally, a PLC activator, lysophosphatidylcholine (LPC), was
able to mimic the CARR and PGE, mediated hyperalgesia. Modulation of transient
receptor potential A1 (TRPA1), another ion channel present in nociceptive sensory
neurons and responsible for some of the signals leading to sensitization and
hyperalgesia, by bradykinin is PLC-dependent as well (Wang et al., 2008a). The PLC
modulation of TRPA1 seen in heterologous expression systems is recapitulated in
behavioral assays, with bradykinin mediated chemically-induced hyperalgesia being
prevented with PLC inhibitors.

The role of the PLC pathway in bradykinin (BK) and PGE, mediated sensory
neuronal sensitization and hyperalgesia is well accepted. It is unclear whether NGF-
induced sensitization occurs through this or different signaling mechanisms than BK and
PGE,. Application of a PLC inhibitor, polylysine, and PIP, applied to excised inside-put
patches from heterologous expression systems enhanced TRPV1 responses (Stein et
al., 2006). Enhancement of capsaicin induced currents through TRPV1 were also
unaltered by co-transfection of an activity deficient PLC-y in a heterologous expression
system (Zhu and Oxford, 2007). In another study, neomycin, a potent but non-selective
inhibitor of the PLC-y pathway, did not change the enhanced calcium ion influx induced
by NGF in neonatal neurons (Bonnington and McNaughton, 2003). This same study also
showed that U73122 actually enhanced the NGF-induced calcium influx. A controversy
still remains as to the role of the PLC-y pathway in NGF-induced sensory neuronal
sensitization.

The PLC-y pathway, through diacylglycerols (DAGSs), initiates protein kinase C (PKC)
activation, which is important in some forms of sensitization (Sikand and Premkumar,
2007). PKC is another mediator of sensory neuronal sensitization. Activated PKC levels
increase during many types of inflammation, including ultraviolet radiation (Matsui and
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DeLeo, 1990). An exogenous stimulator of PKC, phorbol esters, causes sensitization of
nociceptors to thermal stimulation, which is prevented by an inhibitor of PKC,
staurosporine (Leng et al., 1996). PKC is involved in neuronal sensitization to a number
of other stimuli, including capsaicin, PGE,, and bradykinin (Cesare et al., 1999;Gold et
al., 1998;Sluka et al., 1997). This sensitization is accomplished in several ways. PKC
enhanced the overall inward ionic current (Cesare et al., 1999), tetrodotoxin-resistant
inward sodium currents (Gold et al., 1998), and TRPV1-dependent inward sodium and
calcium currents in response to heat (Sluka et al., 1997). The role of PKC activation in
NGF-induced sensory neuronal sensitization is less clear. In one study, BIM (inhibitor of
PKC a, B4, B2, ¥, 0, and €) and staurosporine (a potent but non-selective inhibitor of PKC
a, B1, B2, Y, and A), two inhibitors of PKC, reduced the NGF-induced sensitization
(Bonnington and McNaughton, 2003), while in two other studies the same inhibitors and
others inhibitors of PKC did not change the NGF-mediated enhancement in TRPV1
currents (Chuang et al., 2001a;Shu and Mendell, 2001). Neuropeptide release is also
augmented by PKC. Both capsaicin and potassium-stimulated release of SP and CGRP
are enhanced by the PKC activator, PDBu (Barber and Vasko, 1996). Although
controversy exists, PKC is probably an important mediator of some forms of sensory
neuronal sensitivity in response to some specific sensitizers.

The GFLs also activate the PLC-y pathway in sensory neurons and neuron-like cell
lines (Lee et al., 2006;Mikaels-Edman et al., 2003). In both of these cases, GDNF and
neurturin, through the PLC-y pathway, were able to induce neurite outgrowth. Strikingly,
the PLC-y pathway inhibitor, U73122, abrogated GDNF-induced mechanical
hyperalgesia in vivo (Bogen et al., 2008). Whether GFL-induced hyperalgesia or
sensitization is induced through PKC activation is still unclear. Therefore, the PLC-y
pathway, and possibly subsequent PKC activation, may be one pathway by which GFLs
enhance the stimulated release of CGRP.
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5. Src family kinases

Src family kinases, which in neurons include Src, Fyn, Lck, Hck, and Yes (Jeong et
al., 2008b;Omri et al., 1996;Pyper and Bolen, 1989;Ramseger et al., 2009;Wang and Yu,
2005), are non-receptor tyrosine kinase molecules for which emerging evidence
suggests a role in sensory neuronal sensitization. lonotropic and metabotropic glutamate
receptors can be modulated by Src family kinases, resulting in central sensitization in the
dorsal horn of the spinal cord (Kawasaki et al., 2004). Inhibition of calcium influx through
NMDA channels by pharmacological Src inhibition prevents spinal dorsal horn
sensitization and the subsequent inflammatory mechanical hyperalgesia (Guo et al.,
2004). Src also plays a role in the sensitization of primary afferent neurons in the DRG.
Inhibition of Src family kinases by the inhibitor PP2 prevents the enhanced NMDA
responses of primary afferent neurons from rats with experimental colitis (Li et al., 2006).
The osmomechanical stimuli transducer on sensory neurons, TRPV4, is also modulated
by Src family kinases (Wegierski et al., 2008). Pharmacological inhibition of the Src
family kinase (SFK) pathway by PP1 attenuates nociceptive behaviors induced by
injection of a hypertonic solution in the paw, a model of inflammatory pain (Alessandri-
Haber et al., 2005). Specifically, the increases in paw flicks in rats and paw licking and
shaking in mice after injection of a hypertonic solution is prevented by concurrent
application of PP1 (Alessandri-Haber et al., 2005;essandri-Haber et al., 2008).
Additionally, SFKs are necessary for initiation of mechanical hyperalgesia after a
neuropathic injury. SFK constitutive activation by the YEEI peptide mimics the
mechanical hyperalgesia as a result of neuropathic pain, and this hyperalgesia in both
cases is mediated by the TRPV4 receptor (Alessandi-Haber 2008). SFKs also bind to
TRPV1 at a specific residue, Y200, and mediated the NGF-induced insertion into the cell
membrane and enhanced sensitivity of this channel in neurons (Zhang et al., 2005).
These effects were prevented with a general SFK inhibitor, PP2, and by infection with
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dominant negative Src. Some of the other Src family kinases, such as Lck and Fyn, also
modulate the ion channels in sensory neurons (Wang and Yu, 2005). Application of a
solution containing a 4 mM potassium activated the Na*K* pump, and the SFK inhibitor
PP1, as well as specific blocking antibodies to Lck and Fyn, prevented this channel’s
activation (Wang and Yu, 2005).

The Src family kinase signaling pathways are activated by GFLs. Specifically, Src
family kinases are necessary for GDNF dependent neuronal outgrowth and survival in
both neuronal cells and neuron-like cell lines (Encinas et al., 2001;Paveliev et al.,
2004;Poteryaev et al., 1999;Trupp et al., 1998a;Trupp et al., 1999a). Injection of the SFK
inhibitors PP2 and SU6656 into the paw of a rodent abrogated the mechanical
hyperalgesia induced by GDNF (Bogen et al., 2008). Many of the GDNF-induced, Src-
dependent actions appear to be Ret-independent in nature, since blocking the Ret
receptor and using Ret-deficient cell lines does not alter the effects of the GDNF (Bogen
et al., 2008;Paratcha et al., 2003;Paveliev et al., 2004;Poteryaev et al., 1999;Trupp et
al., 1999a). There are three possible mechanisms for this GDNF-induced, Ret-
independent function. These include: GDNF-induced SFK activation through GFRa-1,
GDNF-induced SFK activation indirectly through the Integrin B-1 receptor, or GDNF-
induced SFK activation indirectly through the NCAM receptor (Cao et al., 2008a;Cao et
al., 2008b;Paratcha et al., 2003;Poteryaev et al., 1999). These NCAM-induced effects
are mediated through one specific SFK pathway, the Fyn pathway (Cao et al.,
2008a;Cao et al., 2008b). Application of artemin to isolated DRG promotes neurite
outgrowth, which is prevented by pharmacological inhibition of SFK pathways with
SU6656 (Jeong et al.,, 2008). Actin polymerization, another measure of the ability of
DRG to efficiently grow neurites, was dependent upon Src and Hck (Jeong et al.,

2008b). It is, therefore, necessary and intriguing to evaluate the possible role of Src
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family kinases in both Ret-dependent and Ret-independent GFL-induced enhancement
in the release of CGRP.
l. Potential mechanisms of GFL-induced enhancement in release of CGRP

There are several potential mechanisms for enhancement in the release of CGRP
induced by GFLs, which will be described in the following sections in detail. First, GFLs
may increase the content of CGRP, thereby providing a larger releasable pool upon
stimulation. Second, The GFLs may change the phosphorylation state of a number of
proteins, including intracellular proteins, ion channels, TRPV1, or proteins important in
vesicle fusion and neurotransmitter release. The GFLs may also enhance the insertion
of important proteins into the cell membrane, such as TRPV1. Finally, even acute (10
minute) exposure of sensory neurons to the GFLs could increase the expression of ion
channels important in sensitization, including sodium channels and TRPV1.

There is precedent for growth factor application increasing the content of
neuropeptides like CGRP. Long-term exposure to NGF can change the content of CGRP
in sensory neurons when administered in vivo or to neurons in culture (Bowles et al.,
2004;Donnerer et al.,, 1996;Schuligoi and Amann, 1998). Additionally, long-term
exposure to GDNF (5 day exposure) increases the content of CGRP in trigeminal
primary afferent neurons (Price et al., 2005). It is possible, then, that the GFLs are
increasing the amount of CGRP present in DRG sensory neurons, and this could
account for any GFL-induced enhancement in the stimulated release of CGRP.
However, this mechanism is unlikely, since the sensory neurons in the preparation used
to evaluate stimulated release are only exposed to the GFLs for 20 minutes. | will verify
that the short term exposure to GFLs do not change the total amount of CGRP in the
sensory neuron cultures.

Inflammatory mediators that enhance the release of CGRP often alter the
phosphorylation state of intracellular proteins, ion channels, or synaptic vesicle proteins.
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For example, NGF is able, through its intracellular signaling pathways, to phosphorylate
two important synaptic vesicle proteins, synaptotagmin-4 and synapsin | (Mori et al.,
2008;Raiteri et al., 2003). Phosphorylation of these proteins leads to enhanced release
of glutamate and neuropeptide Y. Pathways activated by NGF also phosphorylate and
enhance the activity of a number of sodium and other ion channels in a number of cell
types (Good et al., 2008;Leung et al., 1994). One important ion channel whose activity is
enhanced by phosphorylation through NGF-activated signaling pathways is TRPV1. The
PI-3K and MAPK pathways, activated by NGF, are critical in TRPV1 phosphorylation
and activation (Zhu and Oxford, 2007). Since GFLs activate many of the same pathways
responsible for NGF-induced phosphorylation (see previous sections) and activation of
synaptic proteins and ion channels, the GFLs may similarly enhance the release of
CGRP by these mechanisms.

One unique and interesting effect of NGF on sensory neurons is the ability of this
growth factor to induce increased membrane expression of TRPV1 very rapidly (Zhang
et al.,, 2005). This effect of NGF is mediated by the PI-3k and Src family kinase
pathways. Since GFLs activate both of these pathways, rapid membrane insertion of
TRPV1 is yet another possible mechanism for GFL-induced enhancement in the
stimulated release of CGRP.

J. Hypothesis and specific aims

Evidence presented above demonstrates that the GFLs, GDNF, NTN, and ART, are
released in increased amounts during inflammation and are important in inflammatory
processes, including inflammatory hyperalgesia. The behavioral consequences of the
GFLs may be a result of sensory neuronal sensitization. GFLs can increase many
diverse and interconnected intracellular signaling pathways, including MAPK, PI-3K,
PLC-y, PKC, and Src family kinases. These pathways, either through direct modulation
of ion channels and synaptic proteins or through increased insertion of cell membrane
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proteins, can increase the release of neurotransmitters, including the neuropeptides, in
many neuronal cell types in the CNS and PNS. This GFL-induced sensitization, in my
experiments, can be expressed as enhancement in CGRP release from sensory
neurons. Because GFLs may accomplish their sensitization through compliments of
signaling pathways and mechanisms different than other known sensory neuronal
sensitizers, or may exert their effects on a distinct population of nociceptive sensory
neurons, these growth factors are particularly intriguing. The hypothesis of this thesis is
that select GFLs enhance the release of CGRP from isolated sensory neurons, and that
this release is mediated by distinct intracellular pathways for each of the GFLs. There is
emerging evidence that the GFLs can mediate their actions indirectly through
mechanisms not requiring the classic Ret initiated pathways. Therefore, GFLs could
mediate some of their sensitization effects through Ret-independent mechanisms. To
examine these hypotheses, the following specific aims will be addressed:

1. Determine which of the GFLs augment stimulus-evoked release of the neuropeptide
transmitter CGRP and the extent to which this augmentation occurs.

2. Determine the intracellular signaling pathways responsible for the enhancement in
release of CGRP by each of the GFLs and whether these pathways are similar or
distinct.

3. Determine the contribution of Ret-dependent signaling to the augmentation of
stimulus-evoked release of CGRP by GFLs from sensory neurons.

4. Determine the contribution of Ret-independent signaling to the augmentation of

stimulus-evoked release of CGRP by GFLs from sensory neurons.
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Il. Methods
A. Materials

Cell culture supplies were purchased from Sigma (St. Louis, MO, USA). Capsaicin
was purchased from Sigma Chemical Company (St. Louis, MO, USA) and was first
dissolved in 1-methyl,2-pyrrolidinone (Aldrich Chemical Co., Milwaukee, WI, USA) to a
concentration of 10 mM. It was then serially diluted to a concentration of 50-500 nM in
the appropriate release buffer as noted below. Horse serum, F-12 medium, L-glutamine,
and penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA, USA).
Collagenase, poly-D-lysine, laminin, 5-fluoro-2-deoxyuridine, uridine and standard
laboratory chemicals were from Sigma (St. Louis, MO, USA). Antibody to calcitonin
gene-related peptide (CGRP) was generously provided by Michael J. ladarola (NIH).
Nerve growth factor, NGF, was purchased from Harlan Bioproducts for Science, Inc.
(Indianapolis, IN, USA) in the 7S, gel filtered form and lyophilized for long-term storage.
Calcitonin gene-related peptide (CGRP), a peptide containing only residues 27-37, was
obtained from Bachem (Torrance, CA, USA) and generously iodinated by Dr. Michael
Vasko. The CGRP peptide had a residue 27 replaced with a tyrosine for iodination.
CGRP standard peptide, residues 27-37, was purchased from Tocris Bioscience
(Ellisville, MO, USA). Recombinant human glial cell line-derived neurotrophic factor
(GDNF), neurturin, artemin, and persephin were purchased from Peprotech (Rocky Hills,
NJ, USA). Pharmacological inhibitors were purchased from Calbiochem (Darmstadt,
Germany), unless otherwise indicated. The siRNA constructs were either purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) or developed by Eric L.
Thompson in Dr. Michael L. Vasko’'s laboratory and created by Dharmacon, Inc
(Lafayette, CO, USA) as indicated. All other chemicals were purchased from Sigma

Chemical Company (St. Louis, MO, USA), unless otherwise indicated.
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B. Animals

The mice used for all experiments, C57BL/6 mice, were purchased from Harlan
Laboratories (Indianapolis, IN) and/or bred and housed in the Indiana University
Laboratory Animal Research Center (LARC). Mice were housed in group cages in a
light-controlled room at a constant temperature of 22° C. All mice were adults, between
three and six months in age. Food and water were available at the convenience of the
animals. Mice heterozygous for the Nf1 mutation on a C57BL/6J background, developed
by Dr. Tyler Jacks (Jacks et al., 1994), were bred and housed in the Indiana University
Laboratory Animal Research Center (LARC), as well. All procedures described and
conducted were done so under approval from of the Animal Care and Use Committee of
Indiana University School of Medicine.
C. Isolation and culture of adult mouse sensory neurons

Dorsal root ganglia (DRG) from adult mice were used to establish sensory neuronal
cultures. The DRG were removed from adult mice in a manner similar to that previously
published (Hingtgen, et al., 2006). Specifically, adult mice were euthanized with CO,,
and the spinal column removed. The spinal column was cut to expose the spinal cord,
which was removed. Then, DRG were extracted using microdissection and placed in
Puck’s solution. DRG were digested in 0.1% collagenase in two separate 30 minute
incubations at 37° C. Additionally, cells were digested in F12 media containing DNAse
(1-3 pg/3 mL) for one minute at room temperature. The preparation was dissociated by
mechanical agitation. Cells were plated in wells of 24-well Falcon culture dishes coated
with poly-D-lysine (0.1 mg/mL) and laminin (0.25 mg/mL) at a density of 30,000-50,000
cells/well. Cultures were maintained at 37° C in a 5% CO, atmosphere in F12 media
supplemented with 2 mM glutamine, 50 pg/mL penicillin and streptomycin, 10% heat-
inactivated horse serum and mitotic inhibitors (50 pM 5-fluoro-2-deoxyuridine and 150
MM uridine). NGF, at a concentration of 30 ng/mL, was added to this media. Growth
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medium was changed every 2-3 days, and the added NGF removed 48 hrs prior to all
experiments unless otherwise indicated.
D. Counting of sensory neurons prior to plating

In order to ensure similar amounts of cells are being plated for each experiment, the
amount of cells/mL were determined. Prior to plating the DRG, 30 ul of DRG suspended
in F12 Media was mixed with 30 ul of Trypan Blue solution (Sigma). Then, 25 pl of this
mixture was placed on a counting chamber, and the number of neurons in each of five
square portions of the chamber was counted. Based on volume calculations, the total
number of cells in the entire DRG preparation was determined. In all cases, the density
of cells/well when plated was 30,000-50,000. Counting of cells was conducted
approximately every 3-6 months, unless the content of CGRP (method for determining
content is below in Section II.F) was outside of the consistent range. The details of how
this consistent range was determined are described below. In this case, cells from the
next three harvests were counted.
E. Release of calcitonin gene-related peptide (CGRP) from sensory neurons grown
in culture

Measurement of stimulus-evoked release and content of immunoreactive CGRP
(iCGRP) from isolated sensory neurons was accomplished as previously published
(Hingtgen et al., 2006). The measured amount of peptide is referred to as iCGRP
because it is identified by a polyclonal antibody directed at CGRP. After 5-7 days in
culture, culture media was removed from the sensory neurons in culture and the basal or
resting release of iICGRP measured from cells incubated for 10 minutes in Hepes buffer
consisting of (in mM): 25 Hepes, 135 NaCl, 3.5 KClI, 2.5 CaCl2, 1 MgCl,, 3.3 dextrose,
and 0.1% (w/v) bovine serum albumin, pH 7.4, and maintained at 37° C. The cells were
incubated in Hepes buffer containing stimulus (capsaicin or high potassium) for 10
minutes, and then incubated again with Hepes buffer alone to reestablish resting release
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levels. The concentrations of capsaicin (50 nM) and potassium (30 nM and 50 nM) were
chosen because they lie on the low end of the highly sloped portion of the concentration
response curve for iCGRP release. The use of these concentrations allow for evaluation
of enhancement in release of CGRP after exposure to sensitizing molecules. The
amount of iICGRP released in each incubation was measured by radioimmunoassay
(RIA). GFLs were added in the basal incubation period (10 minutes) and in the
stimulated incubation period (10 additional minutes). The neurons were exposed to
GFLs for a total time of 20 minutes. A minimum of three different preparations were used
for each condition, including growth factor application and stimulus.

Inhibition of intracellular signaling pathways and surface receptors was accomplished
using both small interfering RNA (siRNA) manipulations and pharmacological inhibitors.
All siRNA molecules were directed toward particular regions of mouse RNA for each
specific protein and most were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Those siRNA molecules directed toward Src and used as a scramble (designed as
a scramble for APE1) were developed by Eric L. Thompson in Dr. Michael Vasko’s
laboratory and ordered from Dharmacon, Inc. (Chicago, IL). Table 2 provides all
pertinent details about the siRNA molecules used. When using siRNA to inhibit specific
protein production, these molecules were added two days after DRGs were plated.
Metafectine Pro (Biontex Laboratories, Martinsried, Planegg, Germany), the transfection
agent, was diluted to a titer of 1:250 in each well in Optimem reduced serum media
(Invitrogen, Carlsbad, CA). The siRNA molecules were also diluted in Optimem. The
Metafectine and siRNA dilutions were allowed to sit at room temperature for two minutes
then mixed at a 1:1 ratio and allowed to incubate at room temperature for 20 minutes.
The mixture was added to each well so that the final concentration of the siRNA was 100
nM. The following day, F12 media containing NGF and normocin was added to the wells
to a final volume 1.0 mL. Twenty four hours later, all the media was removed from the
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Table 2

Details of siRNA molecules

Specific sequence Sequence
Source Concentration vs. pooled (if known)
Fyn siRNA Calbiochem, Inc. 100 nM Pooled N/A
Integrin B-1 siRNA Calbiochem, Inc. 100 nM Pooled N/A
NCAM siRNA Calbiochem, Inc. 100 nM Pooled N/A
Ret siRNA Calbiochem, Inc. 100 nM Pooled N/A
GCCTACTGCCTCT
c-Src siRNA Eric L.Thompson/Dharmacon, Inc, 100 nM Specific sequence CTGTATGGCCCA
AGTCATGAAGAAA
CCAUGAGGUCAGCA
Scramble siRNA Eric L.Thompson/Dharmacon, Inc, 100 nM Specific sequence UGGUCUGAAGGUA
CUCCAGUCGUACCAG
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wells and 500 pl of normal growth media (F12 media supplemented with F12 media
supplemented with glutamine, penicillin and streptomycin, horse serum and mitotic
inhibitors as indicated above) was added. F12 media without supplemented NGF was
added to the cells 48 hours prior to conducting experiments. Pharmacological inhibitors
were added acutely. They were only present in the first basal and stimulated condition at
concentrations indicated below.
F. Content of CGRP in sensory neurons grown in culture

After the release protocol, the remaining peptide content in each well was
determined by exposing the cells to 2 N acetic acid for 10 minutes. Aliquots of this
incubation were diluted in Hepes and iCGRP was determined by RIA. The remaining
peptide content was added to the content from each of the incubation to give the total
content of CGRP. The release of iCGRP is expressed as percent of the total content per
10 minute incubation, unless otherwise indicated.
G. Release of CGRP from spinal cord slices

Stimulus-evoked release and content of ICGRP from spinal cord slices was
accomplished as previously published (Chen et al., 1996;Southall et al., 1998). Briefly,
adult mice were euthanized with CO, and the entire spinal cord was removed from each
animal. It was weighed and chopped into 300 ym cross-sections using a Mclllwain
Tissue Chopper. The chopped spinal cord from each animal was placed into its own
individual chamber and perfused at a rate of 0.1 mL/minute for 20 minutes with Hepes
buffer supplemented with 200 mM ascorbic acid, 100 uM Phe-Ala, and 20 uM bacitracin
(all used as peptidase inhibitors to prevent the breakdown of CGRP during the process;
Chen et al.,, 1996). The perfusion buffer was aerated with 95% 0,/5% CO, and
maintained at a pH of 7.4. Serial 10 minute collections (1.0 mL of perfusate) were
obtained from each spinal cord. Initially, the tissue was perfused with Hepes buffer alone
or Hepes buffer containing 10 ng/mL growth factor for 30 minutes. The perfusate was
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changed to Hepes buffer containing 500 nM capsaicin £ 10 ng/mL growth factor for 30
minutes to measure stimulated release. The tissue was perfused for 60 minutes with
Hepes buffer after the stimulus exposure to allow a return to resting levels of peptide
release. Aliquots from each 10 minute collection period were assayed for iCGRP using
RIA. After the protocol was completed, the remaining iCGRP content of the tissue was
determined by homogenizing the spinal cord tissue in 0.1 N HCI and serially diluting the
supernatant with Hepes buffer and 1.0 M MES. The content was added to the amount of
iICGRP released during the entire perfusion to obtain the total peptide content. The
release of iCGRP is expressed as percent of the total content per 10 minute perfusion.
H. Radioimmunoassay for quantification of release of iCGRP

Samples containing CGRP were removed from the plates and diluted in Hepes buffer
to a final volume of 300 pl. Radioactive CGRP, diluted to a range of 900,000 to
1,100,000 counts per minute (CPM), and CGRP antibody, at a concentration of
1:1,000,000, were added to the samples, centrifuged for 5 minutes, and allowed to
incubate overnight at 4° C. A charcoal suspension was added to the samples and the
combination centrifuged for 20 minutes. The samples were decanted and the
supernatant placed on a Packard y-Counter to be counted for 5 minutes each. The
supernatant was counted because it contains the CGRP bound to antibody. The pellet
contains the charcoal, which absorbs the radioactive peptide not bound to the CGRP
antibody. The samples were plotted on a standard curve, created with CGRP peptide
standards at the same time as the samples, and the fmol of iCGRP determined. The
minimum amount of iICGRP detected by the RIA is 5 fmol with a 95% confidence interval
(Chen et al., 1996).
l. Isolation of protein samples from sensory neurons in culture

Sensory neurons from DRG from adult mice plated on 12 well Falcon plates were
maintained in culture for 5-7 days. Cells were then washed with Hepes buffer and
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treatments added as indicated below. After treatment, the cells were washed once with
PBS, then 500 pl of PBS added to each well. The wells were then scraped and the cells
transferred in solution to ependorf tubes. The tubes were centrifuged at 16,000 rpm for
20 minutes. The supernatant was removed and the remaining pellet was either placed
on dry ice and transferred immediately to a freezer at -80° C or protein content quantified
immediately.

For protein quantification, DRG pellets were resuspended in 50 ul of general lysis
buffer (1mM Na pyrophosphate, 50 mM Hepes, 1% Triton X-100, 50 mM NaCl, 50 mM
NaF, 5 mM EDTA, and 1 mM Na orthovanadate) supplemented with proteinase inhibitor
mixture (aprotinin, leupeptin, pepstatin, PMSF; Calbiochem, Sand Diego, CA, USA). The
resuspended protein was incubated for 15 minutes on ice with frequent vortexing. The
suspension was sonicated 3 times for 10 seconds each at 45 watts. The suspension was
then centrifuged at 4,000g for 2 minutes. The supernatant was removed and stored at -
20° C. The protein was quantified using a BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA) and read on a Wallac plate reader at 595 nm for 1.0 s.

J. Western blots of protein from sensory neurons grown in culture

A total of 40 ug of the protein samples were mixed with loading buffer (Ambion,
Austin, TX, USA) containing B-mercaptaethanol to a final volume of 60 ul and denatured
at 70° C for 10 minutes. The samples were then incubated at room temperature for 15
minutes and loaded into wells of precast 10% SDS-PAGE gels (Biorad, Philadelphia,
PA, USA) containing 10 lanes. The samples were run on the gels, which were connected
to a Biorad power source, for 2 hours at 115 mV at room temperature. While the gel was
running, filter papers (Biorad, Philadelphia, PA, USA), fiber pads (Biorad, Philadelphia,
PA, USA), and PVDF transfer membranes (Millipore, Darwinweg, the Netherlands) were
soaked in 1X transfer buffer (25 mM Tris at pH 7.5; 192 mM Glycine; 5-20 % methanol).
Prior to soaking in transfer buffer, the PVDF membranes were soaked in 100% methanol
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for 1 min and washed extensively with ddH,0. SDS-PAGE gels were placed on transfer
membranes within a transfer cartridge and transferred in a Biorad system at 100 mV for
1 hour at room temperature with an ice pack in the apparatus.

After transfer, the membranes were removed from the apparatus and placed in 10%
powered skim milk (EMD, Gibbstown, NJ, USA) in 1X TBS (20 mM Tris PH 7.5; 150 mM
NaCl as a blocking solution for 1 hour at room temperature. Then, the blocking solution
was discarded and the membranes placed in 5% milk in TBST (TBS containing 0.1%
Tween-20) containing primary antibodies at concentrations of 1:200 to 1:1,000 (Table 3).
The membranes were incubated in this solution overnight at 4° C. Several short
washings and three 10 minute washings were accomplished with TBST after the
overnight incubation. Secondary antibody, at concentrations from 1:4,000 to 1:25,000, in
5% milk in TBST was applied to the membrane for 1 hour at room temperature. A similar
set of washings was done after the secondary antibody exposure, then the membranes
were blotted dry and placed in the combination of solutions for enhanced
chemiluminescence (ECL; Thermo Scientific, Rockford, IL, USA) for 3 minutes. The
membranes were placed in clear plastic sheets and inserted into X-ray cartridges (Soyee
Products, New York City, NY, USA). Once in complete darkness, X-ray films (Midwest
Scientific, St. Louis, MO, USA) were placed inside the cartridge and exposed for 5
seconds, 30 seconds, 1 minute, 5 minutes, and 15 minutes. Films were first placed in
Kodak/GBX developer (Thermo Fisher Scientific, Pittsburgh, PA, USA) for 30 seconds
per side, then washed in cold water for 1 minute per side. The films were fixed in
Kodak/GBX fixing solution (Thermo Fisher Scientific, Pittsburgh, PA, USA) for 30

seconds per side, washed again, and allowed to dry for 2 hours.
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Table 3

Primary antibody titers

Secondary antibody

Antibody target Source Monoclonal vs. polyclonal Company Titer Secondary antibody titer

a-tubulin mouse momoclonal Sigma 1:1,000 Goat anti-mouse 1:10,000
Akt rabbit polyclonal Cell Signaling Technologies 1:800 Goat anti-rabbit 1:10,000
c-Src mouse momoclonal Santa Cruz Biotechnology 1:500 Goat anti-mouse 1:10,000
Erk rabbit polyclonal Cell Signaling Technologies 1:900 Goat anti-rabbit 1:10,000
Fyn mouse momoclonal Santa Cruz Biotechnology 1:300 Goat anti-mouse 1:25,000
Integrin B-1 mouse momoclonal Santa Cruz Biotechnology 1:300 Goat anti-mouse 1:25,000
NCAM (p140) rabbit polyclonal Santa Cruz Biotechnology 1:500 Goat anti-rabbit 1:25,000
p-Akt mouse momoclonal Cell Signaling Technologies 1:500 Goat anti-mouse 1:10,000
p-c-Src mouse momoclonal Santa Cruz Biotechnology 1:300 Goat anti-mouse 1:25,000
p-Erk mouse momoclonal Cell Signaling Technologies 1:500 Goat anti-mouse 1:10,000
p-Fyn goat polyclonal Santa Cruz Biotechnology 1:200 Donkey anti-goat 1:25,000
p-Ret rabbit polyclonal Santa Cruz Biotechnology 1:300 Goat anti-rabbit 1:25,000
p-SFK rabbit polyclonal Cell Signaling Technologies 1:500 Goat anti-rabbit 1:10,000
Ret rabbit polyclonal Santa Cruz Biotechnology 1:500 Goat anti-rabbit 1:25,000
SFK rabbit polyclonal Cell Signaling Technologies 1:500 Goat anti-rabbit 1:10,000

Secondary antibody dilutions of 1:25,000 were used with the Super Signal Femto ECL kit
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K. Densitometric evaluation of immunoreactive bands

The dried films were scanned as JPEG files and densitometric measurements made
with Un-Scan It (Orem, UT, USA). Immunoreactive bands of interest were normalized to
a-tubulin bands.
L. Statistical analysis

All differences in iCGRP release, total content, and immunoreactive band densities
were compared with analyses of variance (ANOVAs) and Dunnett’s post hoc analysis or
Student t-tests, as indicated. A p value of <0.05 was used to indicate statistical

significance between treatment and non-treatment groups.

56



lll. RESULTS
A. GFLs at the highest concentrations used do not disrupt the radioimmunoassay

The experiments necessary to evaluate the role of the GFLs in the enhancement of
the release of CGRP require the use of the RIA method. Since the GFLs are peptides,
there is a possibility that the CGRP antibody could non-specifically bind to the GFLs and
disrupt the RIA (Sheffield et al., 1977a). For this reason, each of the GFLs was added
separately to Hepes buffer and the standard curve portion of an RIA performed with this
buffer. The GFLs were added at the highest concentration used for experiments, 500
ng/mL. Figure 2 shows that none of the GFLs at 500 ng/mL altered the standard curves.
Consequently, the GFLs do not interfere with the RIA.
B. Criteria used to determine a valid experiment evaluating the release of iCGRP

In order to ensure results from release experiments were reliable and to ensure that
all data from experiments were consistent, several criteria for a valid CGRP release
experiment were established. First, the basal or resting outflow of iCGRP during the
initial 10 min incubation period had to be above the detection limit of the RIA. The basal
release or resting outflow of iICGRP during the 10 min incubation period following the
stimulation period also had to be above the detection limit of the RIA (5 fmol; Chen et al.,
1996). It was necessary for the basal values of ICGRP to be above the detection limit of
the RIA so that the stimulated value of iCGRP could be compared to the basal value.
Additionally, having basal values of iCGRP above the detection limit of the RIA indicates
that the neurons are producing enough CGRP to allow reliable detection of CGRP
levels. Second, it was necessary for fmol of iCGRP released in response to the stimulus
to be at least twice that of the basal level. For example, if the basal release were 10

fmol, the stimulated release would have to be greater than 20 fmol for the release to be
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500 ng/mL NTN
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Figure 2. GFLs in the Hepes buffer do not interfere with the RIA. Standard curves in
which the Hepes buffer solution contained no GFL (black), 500 ng/mL GDNF (red), 500
ng/mL NTN (green), 500 ng/mL ART (cyan), or 500 ng/mL PSP (yellow), are shown.
This is the highest concentration used in experiments evaluating the release of iCGRP.
Standard curves were run simultaneously with the same radiolabeled CGRP peptide
(**®I-CGRP), antibody to CGRP, and CGRP standard peptide. N=1.
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deemed valid. A doubling in stimulated-release over resting release of iCGRP indicates
that the DRG neurons are responsive to the stimulus, and that the stimulus is in fact
present in the stimulated condition. It is also well established in DRG in culture that
concentrations of capsaicin from 30 nM to 50 nM and 30-50 mM KCI stimulate the
release of iCGRP at least two-fold (Hingtgen and Vasko, 1994b;Hingtgen and Vasko,
1994a;Hingtgen et al., 1995;Hingtgen et al., 2006).

Because of the natural variability in cell density per well when plating the DRG
neurons, most data from experiments involving GFL modulation of the release of iICGRP
were reported as the amount of iCGRP released in 10 minutes as a percent of total
iICGRP content in the well. For this reason, it was critical to establish a range of ICGRP
content values that were deemed acceptable. A low content of iCGRP would indicate
that the DRG neurons are not producing amounts of iCGRP that can be reliably
measured. It could also indicate that there is a low density of cells, below the 30,000-
50,000 per well necessary. High content of iCGRP could indicate that there a too many
neurons per well, which could change the properties of these neurons. Examining
content values over 161 samples, a mean (1312.98 fmol) and standard deviation
(494.32 fmol) was determined. Incorporating values within two standard deviations of the
mean would provide a range in which 95% of the values fall and would eliminate outliers
in the 2.5% on the high or low end of the values. Therefore, total contents of iCGRP
between 324.34 fmol and 2301.62 fmol were determined to represent valid experiments
from sensory neuronal cultures. After this criterion was established, all data sets from
each well were judged upon these three criteria. If any one was not met, the entire data
set from the well was not used. At least three wells of a no treatment condition, a
condition in which no growth factors or inhibitors were added, were present in each

experiment.
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C. Effects of GFLs on isolated sensory neurons
1. Characterization of GFL-induced enhancement in capsaicin stimulated-release
of iCGRP

The levels of the GFLs are increased during inflammation (Aloe et al., 1992) and
treatment of isolated sensory neurons with GFLs increases intracellular calcium levels in
response to capsaicin (Malin et al., 2006). While the local levels of the GFLs near the
sensory neurons in intact animals have not been established, levels in whole brain (Kirik
et al., 2000) and in plasma (Onodera et al., 1999) are in the high pg/mL to low ng/mL
range. Additionally, the concentrations of the GFLs used in previous experiments on
freshly dissociated sensory neuronal preparations and sensory neurons in culture are
between 1 ng/mL and 100 ng/mL (Malin et al., 2006;Price et al., 2005). These
concentrations correspond to 0.0667 nM to 6.67 nM for GDNF, 0.0847 nM to 8.47 nM for
NTN, 0.0833 nM to 8.83 nM for ART, and 0.0971 nM to 9.71 nM for PSP.

To evaluate the ability of GDNF to modulate the stimulated release of iICGRP, GDNF
was applied in the basal and capsaicin stimulated (50 nM capsaicin) conditions. First,
the absolute value of fmol of ICGRP amounts of stimulated release was measured. As
seen in Figure 3, GDNF at 1 ng/mL and 10 ng/mL significantly increased capsaicin
stimulated-release by 50-100%, using an ANOVA with Dunnett’s post hoc testing (No
GFL: 148.63 + 12.42 fmol, 100 ng/mL NGF: 217.44 + 31.20 fmol, 1.0 ng/mL GDNF:
227.82 + 23.01 fmol, 10 ng/mL GDNF: 208.75 + 38.99 fmol). Additionally, this enhanced
release is similar to that seen with NGF, a growth factor with a well-established role in
neuropeptide release modulation (Hingtgen et al., 2006). An enhancement in the
stimulated-release of iICGRP, without a change in basal release, is what is defined as
sensitization in this thesis. In fact, any statistically significant enhancement in stimulated

release of ICGRP, no matter the amount, is defined as sensitization.
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Figure 3. GDNF enhances the capsaicin stimulated-release of iCGRP in fmol from
isolated sensory neurons. Peptide release elicited by a 10 minute exposure to Hepes
buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is
expressed as mean percent total peptide content of cells in each well £ SEM (n = 12-15
wells per condition). NGF, at a concentration of 100 ng/mL, and GDNF, at
concentrations of 1 ng/mL and 10 ng/mL) were included in the 10 minutes prior to and
throughout capsaicin exposure. Total growth factor exposure time was 20 minutes.
Asterisks (*) indicate statistically significant differences in iCGRP release between
treatment groups and the no growth factor condition using an ANOVA with Dunnett’s
post-hoc test (p<0.05). In all cases, release stimulated by capsaicin was significantly
higher than basal release.
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Individual preparations of isolated sensory neurons in culture were exposed to
different concentrations of GDNF for 10 minutes prior to and during a 10 minute
capsaicin-stimulated period. In the absence of GDNF, basal release of iCGRP was 7.15
+ 1.25 fmol/well and capsaicin-stimulated release was 78.84 + 6.21 fmol/well (mean %
SEM). When expressed as the percent of the total content of iCGRP in the well, these
values correspond to 0.45 £ 0.11% per 10 minutes in the basal condition and 4.19 %
0.93% in the capsaicin-stimulated condition (Figure 4). This release of ICGRP is
consistent with a previous report, which indicates that capsaicin stimulated-release of
iCGRP is approximately 5% of total content per 10 minutes (Hingtgen et al., 2006). From
this point forward, all release data will be expressed as iICGRP as a percent of total
content of iICGRP. This normalization is necessary because of the variability in the
amount of cells plated between each well and between preparations. When 1 or 10
ng/mL GDNF was added, capsaicin-stimulated release of iCGRP was significantly
enhanced (No GFL: 4.19 £ 0.93%, 0.1 ng/mL GDNF: 6.74 + 1.87%, 1.0 ng/mL GDNF:
8.45 + 1.05%, 10 ng/mL GDNF: 8.35 + 1.16%, 100 ng/mL GDNF: 6.34 + 1.15%; Figure
4). There was no change in the basal release of iCGRP with exposure to GDNF. Other
studies have identified a similar profile of the concentration-related actions of GDNF.
Specifically, application of 10 ng/mL GDNF to trigeminal ganglia for 5 days in culture
increases the capsaicin stimulated-release of CGRP from, and the total content of
CGRP in, TRPV1-postive neurons (Price et al., 2005). However, 100 ng/mL GDNF did
not increase the release of CGRP (Price et al., 2005). There are several possibilities for
why treatment with 100 ng/mL GDNF did not enhance the release of iCGRP. First,
compensatory pathways may be activated by higher concentrations of GDNF that are
not activated by 10 ng/mL GDNF. These compensatory pathways may prevent the
GDNF from sensitizing the sensory neurons. In a neuroectodermal cell line, 100 ng/mL
GDNF increased p-Akt levels and blunted the ability of the MAPK pathway to activate
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Figure 4. GDNF enhances capsaicin-stimulated release of iCGRP from isolated sensory
neurons. Peptide release elicited by a 10 minute exposure to Hepes buffer alone (open
bars) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is expressed as
mean percent total peptide content of cells in each well + SEM (n = 9 wells per
condition). GDNF (at concentrations from 0.1 ng/mL to 100 ng/mL) was included in the
10 minutes prior to and throughout capsaicin exposure. Total growth factor exposure
time was 20 minutes. Asterisks (*) indicate statistically significant differences in iCGRP
release between treatment groups and the no GFL condition using an ANOVA with
Dunnett's post-hoc test (p<0.05). In all cases, release stimulated by capsaicin was
significantly higher than basal release.
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transcription factors, which may also explain why 100 ng/mL GDNF was unable to
sensitize the DRG neurons (Mograbi et al., 2001).

GDNF was used as a representative GFL to characterize, in general, the
enhancement in stimulated-release of iICGRP by the GFLs, including the optimum
concentration to use to examine the effects of sensitization. Then, to determine if the
actions of GFLs on the TRPV1 receptor result in increased functional output, such as
enhanced transmitter release, the ability of the other GFLs to modulate the stimulated-
release of ICGRP from isolated sensory neurons was measured. Studies of the effects of
the GFLs on sensory neuronal sensitization were conducted with concentrations of the
GFLs between 0.1 ng/mL and 500 ng/mL to remain close to the physiological range and
to correspond to concentrations used in similar experiments.

After establishing that GDNF is an effective sensitizer of sensory neurons from the
DRG, the ability of the other GFLs, NTN, ART, and PSP, to enhance the stimulated
release of iICGRP was evaluated. As seen in Figure 5, 10 ng/mL NTN and ART also
significantly enhanced the capsaicin-stimulated release of iCGRP (No GLF: 4.30
0.58%, NTN: 10.60 + 1.70%, ART: 10.00 £ 1.57%). These data indicate that GDNF,
NTN, and ART are all able to sensitize sensory neurons and enhance the release of
iCGRP to a similar degree.

Unlike the other GFLs, PSP did not alter the capsaicin-stimulated release of iCGRP
(PSP: 3.40 £ 0.52%; Figure 5). This may result from a lack of functional GFRa4 in adult
DRG neurons, and the fact that PSP binds specifically to GFRa4 (Enokido et al., 1998;
Paveliev et al., 2004). Even at concentrations as high as 500 ng/mL, PSP was unable to
enhance the capsaicin-stimulated release of iCGRP (Table 4). It is unlikely that the PSP
was inactivated or altered since the same batches of PSP rescued neurons from
damage by 6 hydroxydopamine (personal communication with the lab of Dr. Richard
Nass). Therefore, since concentrations of PSP above physiological levels were unable
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Figure 5. GFLs enhance capsaicin-stimulated release of iCGRP from isolated sensory
neurons. Peptide release elicited by a 10 minute exposure to Hepes buffer alone (open
bars) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is expressed as
mean percent total peptide content of cells in each well £+ SEM (n = 9-22 wells per
condition). GDNF, neurturin (NTN), artemin (ART), or persephin (PSP), at 10 ng/mL,
was included in the 10 minutes prior to and throughout capsaicin exposure. Total growth
factor exposure time was 20 minutes. Asterisks (*) indicate statistically significant
differences in iCGRP release between treatment groups and the no GFL condition using
an ANOVA with Dunnett’'s post-hoc test (p<0.05). In all cases, release stimulated by
capsaicin was significantly higher than basal release.
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Table 4

Persephin Does Not Enhance the Capsaicin-Stimulated Release of iCGRP

Basal 50 nM Capsaicin
No GFL 0.67 £ 0.13 5.28 £ 0.46
10 ng/mL PSP 0.68 £0.18 5.94 £ 0.88
100 ng/mL PSP 0.68 +0.16 497 +0.41
500 ng/mL PSP 1.23+£0.16 5.59 + 0.64

All values are mean £ SEM % content iCGRP released, n = 9 wells per condition

66



to enhance capsaicin-stimulated release of ICGRP, PSP is not a molecule that
sensitizes adult mammalian sensory neurons.

To ensure that GDNF, NTN, and ART did not directly alter the resting release of
iICGRP, sensory neurons were exposed to the GFLs for two consecutive 10 minute
incubations in the absence of any stimulus. No enhancement in the release of iCGRP
was observed with these treatments (Table 5).

When sensory neurons are exposed to the GFLs for several days, the levels of
CGRP are increased (Ramer et al., 2003; Price et al., 2005). To ensure that the GFL-
induced enhancement in capsaicin-stimulated release of iCGRP was not the result of an
increase in the total content of iCGRP, we measured iCGRP content at the end of each
experiment. There was no change in the total content of iCGRP after the 20 minute
exposure to the GFLs (No GFL: 1487 = 154 fmol/well, GDNF: 1322 + 108 fmol/well,
NTN: 1500 = 128 fmol/well, ART: 1320 + 102 fmol/well, and PSP: 1518 + 177
fmol/well, n = 9-22 wells per condition).

2. GFLs do not enhance the potassium-stimulated release of iCGRP

Previous studies have focused primarily on GFL-induced changes in response to
capsaicin in isolated DRG neurons. To determine whether responses to stimuli other
than capsaicin could be enhanced by GFLs, a general depolarizing stimulus, high
extracellular potassium, was used. Exposure to HEPES buffer containing 50 mM high
extracellular potassium (KCI) for 10 minutes caused a release of iCGRP of 6.99 +
1.06%. Acute treatment with GDNF, NTN, or ART (10 ng/mL) 10 minutes prior to and
throughout the stimulus period did not alter KCI-stimulated iCGRP release (Figure 6; No
GFL: 6.99 + 1.06%, GDNF: 6.95 + 0.92%, NTN: 6.63 + 0.61%, and ART: 6.74 +
1.11%). In addition, treatment with 100 ng/mL GDNF was unable to enhance KCI-

stimulated release of iCGRP. PGE; is a well established sensory neuronal sensitizing
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Table 5

GFLs alone do not increase the release of iCGRP

No GFL 10 ng/mL GFL, 10 minutes 10 ng/mL GFL, 20 minutes
GFL mean % content iCGRP + SEM mean % content iCGRP + SEM mean % content iCGRP + SEM
n =9 wells n =9 wells n =9 wells
No GFL 0.55+£0.35 0.43+0.11 0.76 £0.20
10 ng/mL GDNF 0.96 £0.12 0.67 £0.14 0.50£0.19
10 ng/mL NTN 0.41 +£0.06 0.44 +0.04 0.70+£0.15
10 ng/mL ART 0.91+0.30 0.68 +0.20 0.54 +0.16
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Figure 6. GFLs do not enhance the 50 mM potassium-stimulated release of iCGRP from
isolated sensory neurons. Peptide release elicited by a 10 minute exposure to Hepes
buffer alone (open bars) or Hepes buffer containing 50 mM potassium (KCI; dark bars) is
expressed as mean percent total peptide content of cells in each well + SEM (n = 9-12
wells per condition). GDNF, neurturin (NTN), or artemin (ART) at 10 ng/mL, was
included in the 10 minutes prior to and throughout potassium exposure. PGE, was
present in the basal and stimulated conditions at a concentration of 500 nM. Total
growth factor and PGE; exposure time was 20 minutes. There were no significant
differences in iCGRP release between treatment groups and the no GFL condition. A
significant enhancement in iCGRP release was observed with PGE, using ANOVA with
Dunnett’s post-hoc test (p<0.05). In all cases, release stimulated by potassium was
significantly higher than basal release.
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agent (Martin et al., 1987; (Mense, 1981). It is known to sensitize sensory neurons to
many stimuli, including high extracellular potassium (Southall and Vasko, 2000).
Accordingly, PGE, enhanced the potassium-stimulated release of iCGRP by nearly 2
fold (Figure 6; 14.3 + 0.79%). Additionally, the GFLs were not able to induce
sensitization when 30 mM KCl| was used as the stimulus (Figure 7). This lower
concentration was used because there was a possibility that the amount of iCGRP
released in response to 50 mM KCI may be the maximum amount of iCGRP that could
be released by the cells, preventing the possibility of any sensitization occurring. These
data suggest that GDNF, NTN, and ART, unlike PGE,, sensitize sensory neurons
through an interaction with TRPV1 and not by mechanisms independent of the stimulus.
3. Presence of growth factors in the culture media

NGF treatment of sensory neuronal cultures increases the expression of TRPV1
(Xue et al.,, 2007) and increases the amount of TRPV1 insertion into the plasma
membrane (Stein et al., 2006). Additionally, sensory neuronal exposure to NGF in
culture increases the expression of CGRP and other neuropeptides (MacLean et al.,
1989;Sango et al., 1994). Therefore, there is a possibility that some of the media
components, specifically the NGF, are affecting the responses of the sensory neurons to
either or both the capsaicin and the GFLs. To address this concern, iCGRP release was
measured from neurons grown in the presence or absence of NGF to determine whether
this change in the media components would alter the capsaicin-stimulated release and
the GFL-induced enhancement in this release. The fmol of capsaicin-stimulated iCGRP
released when NGF was omitted from the culture media was ~25% less than when NGF
was present (No added NGF: 97.39 + 10.42 fmol/well, Growth in 30 ng/ml NGF: 127.83
1+ 11.24 fmol/well). While the amount of capsaicin-evoked release was enhanced by 10

ng/mL GDNF in both conditions, the absolute level of iCGRP released was again ~25%
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Figure 7. GFLs do not enhance the 30 mM potassium-stimulated release of iCGRP from
isolated sensory neurons. Peptide release elicited by a 10 minute exposure to Hepes
buffer alone (open bars) or Hepes buffer containing 30 mM potassium (KCI; dark bars) is
expressed as mean percent total peptide content of cells in each well + SEM (n = 9-12
wells per condition). GDNF, neurturin (NTN), or artemin (ART) at 10 ng/mL, was
included in the 10 minutes prior to and throughout potassium exposure. Total growth
factor exposure time was 20 minutes. There were no significant differences in iCGRP
release between treatment groups and the no GFL condition. In all cases, release
stimulated by potassium was significantly higher than basal release.
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less in the cells that were not exposed to NGF (No added NGF: 162.54 + 8.45, Growth
in 30 ng/ml NGF: 219.27 £+ 21.86 fmol/well). However, when NGF was present in the
culture media, the total content of iCGRP was also ~25% higher than when NGF was
omitted. The presence or absence of NGF in the culture media did not change the
magnitude of capsaicin-stimulated release of iICGRP or the GDNF-induced
enhancement of peptide release as percent of total content (Figure 8). The reduction in
absolute levels of ICGRP released from sensory neurons maintained in culture in the
absence of added NGF, but an absence of change in the percent of the total content of
iICGRP released, is consistent with previous observations (Park et al., 2006).

When GDNF was added to the media instead of NGF, the profile of stimulated
release was altered. Specifically, the stimulated release was significantly higher (6.810 £
0.559%, n=15 wells) than when no growth factor (4.970 + 0.344%, n=11 wells) or NGF
(4.650 £ 0.677, n=11 wells) was present in the growth media (Figure 9). When GDNF
was then added in the buffer during the basal and capsaicin-stimulated conditions, there
was still an enhancement in the stimulated release of iCGRP (11.500 + 1.25%, n=15).
Taken together, these data indicate that the presence of NGF in the culture media does
not alter the stimulated release of ICGRP normalized to total content of iCGRP. Instead,
it is likely that the NGF is increasing the overall content of CGRP in the neurons, making
more peptide available for release. However, unlike NGF, when GDNF is present in the
culture media, stimulated-release of iCGRP is altered, suggesting that GDNF is altering
components of the release process and not just increasing the amount of peptide
available.

D. Effects of GFLs on freshly dissociated spinal cord slices
Sensitization of the central terminals of primary sensory neurons, which synapse

onto second order neurons in the spinal cord, is also important during inflammation and
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Figure 8. NGF in culture media does not change the stimulated release of iCGRP and
the GDNF-induced enhancement in release. Peptide release elicited by a 10 minute
exposure to Hepes buffer alone (open bars) or Hepes buffer containing 50 nM capsaicin
(Cap; dark bars) is expressed as mean percent total peptide content of cells in each well
+ SEM (n = 9 wells per condition). 10 ng/mL GDNF was included in the 10 minutes prior
to and throughout capsaicin exposure. Total growth factor exposure time was 20
minutes. NGF was added in the culture media at a concentration of 30 ng/mL or omitted
from the culture media. Asterisks (*) indicate statistically significant differences in iCGRP
release between GDNF treatment group and the no GFL condition using an t-test
(p<0.05). In all cases, release stimulated by capsaicin was significantly higher than basal
release.
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Figure 9. GDNF in culture media changes the stimulated release of iICGRP and the
GDNF-induced enhancement in release. Peptide release elicited by a 10 minute
exposure to Hepes buffer alone (open bars) or Hepes buffer containing 50 nM capsaicin
(Cap; dark bars) is expressed as mean percent total peptide content of cells in each well
+ SEM (n = 9 wells per condition). 10 ng/mL GDNF was included in the 10 minutes prior
to and throughout capsaicin exposure. Total growth factor exposure time was 20
minutes. GDNF was added in the culture media at a concentration of 10 ng/mL or
omitted from the culture media. Asterisks (*) indicate statistically significant differences in
iICGRP release between GDNF treatment group and the no GFL condition using a t-test
(p<0.05). Ampersands (@) indicate statistically significant differences in iCGRP release
between different media conditions using a t-test (p<0.05). In all cases, release
stimulated by capsaicin was significantly higher than basal release.
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propagation of the pain signal. The GFRa receptors are present on the central terminal
of primary afferent neurons (Josephson et al., 2001), and GFLs are released by
astrocytes in the spinal cord (Nomura et al., 2002;Nosrat et al., 1996). In order to
examine the actions of GFLs in sensitization of the central terminals of sensory neurons,
iICGRP release from spinal cord slices was measured.

Figure 10A compares capsaicin-stimulated release of iCGRP in the absence or
presence of 10 ng/mL GDNF. The fmol of iCGRP in each 10 minute collection fraction
were normalized to the total iCGRP content in the spinal cord, as described in the
Materials and Methods Section II.G. In the three basal fractions, iICGRP release was
similar for both treatment and control conditions. The capsaicin-stimulated release of
iICGRP was significantly enhanced by exposure to GDNF for 30 minutes prior to and
throughout the stimulus period (No GFL: 0.94 + 0.12%, 1.46 + 0.18%, and 1.28 %
0.15%; 10 ng/mL GDNF: 1.14 + 0.091%, 2.29 + 0.084%, and 1.96 + 0.25%). The
profiles of increased release of iICGRP were similar when the spinal cord slices were
exposed to NTN and ART. Evoked release was determined by subtracting the three
basal fractions of ICGRP release from the three capsaicin-stimulated fractions. As
demonstrated in Figure 10B, GDNF, NTN, and ART all were able to significantly
enhance the capsaicin-evoked release of iCGRP from the spinal cord slices by two to
three fold (No GFL: 2.50 + 0.42%, GDNF 4.05 £+ 0.43%, NTN: 6.18 + 0.28%, ART: 5.88
1 1.94%). The total content of iCGRP per mg of protein in the spinal cord slices was not
changed by exposure to GFLs (No GFL: 298.41 + 44.28 fmol/mg, GDNF: 275.46 +
25.13 fmol/mg, NTN: 220.71 + 84.84 fmol/mg, ART: 227.58 + 98.63 fmol/mg). These
data indicate that the GFLs are able to sensitize the central terminals of the sensory

neurons to capsaicin stimulation.
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Figure 10. GFLs enhance capsaicin-stimulated release of iCGRP from spinal cord
slices. A) Peptide release from spinal cord slices stimulated by three 10 minute
exposures to Hepes buffer alone (open bars) or Hepes buffer containing 500 nM
capsaicin (dark bars) is expressed as mean percent total peptide content of iCGRP in
the spinal cord slice + SEM (n = 3-10 animals per condition). GDNF, neurturin (NTN), or
artemin (ART), at 10 ng/mL, was included in the six 10 minute incubations indicated by
lines with growth factor name below, for a total exposure time of 60 min. B) Evoked
release, or release due to capsaicin stimulation alone, is compared between growth
factor treatment and no GFL groups. The evoked release was obtained by subtracting
peptide release during the three basal fractions from that during the three capsaicin-
stimulated fractions in each treatment group. Asterisks (*) indicate statistically significant
differences in iCGRP release between treatment groups and the no growth factor
condition using an ANOVA with Dunnett’'s post-hoc test (p<0.05). In all cases, release
stimulated by capsaicin was significantly higher than basal release.
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E. Distinct signaling pathways are responsible for GFL-induced enhancement in
the release of iCGRP

Having established that selected GFLs sensitize sensory neurons, as measured by
an enhancement in the stimulated release of iCGRP, the intracellular signaling pathways
each of the GFLs use to accomplish this sensitization were evaluated. The intracellular
signaling pathways activated by the GFLs and implicated in sensory neuronal
sensitization by other known sensitizers are detailed in the Introduction, Section I.H. The
role of each of these pathways in the sensitization by each of the individual GFLs was
undertaken.
1. Ret-Dependent pathways

Most of the evidence for the actions of the GFLs on adult, mammalian neurons
indicates that Ret-dependent pathways are involved in GFL-mediated actions (Durbec et
al., 1996). Ret autophosphorylation, induced by GFLs binding to their preferential GFRa
receptor subtype and translocating to this receptor, initiates many “classically” Ret-
dependent signaling pathways. These include the MAPK/Erk 1/2 pathway, the PI-3K/Akt
pathway, and the PKCe pathway (Bogen et al., 2008;Encinas et al., 2001;Mikaels-
Edman et al., 2003;Woodall et al., 2008). First, it was determined if the GFLs activated
these pathways. Then, the role of these pathways in enhancement of release of ICGRP
was elucidated with the use of different inhibition techniques. Western blots for phospho-
specific antibodies were used to verify the alterations in signaling cascades with GFL
treatment or the use of inhibitors of the signaling cascades. The Western blots were
conducted with separate sets of DRG cultures than ones used for the release of iCGRP.
This was necessary, since the total content of ICGRP was determined after lysing the

DRG with acetic acid and this treatment likely affects the signaling pathways within the
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cells. In all cases, however, the cultures used for release experiments and those used
for Western blots were treated in the same manner.
a. The role of the Ras signaling cascade in GFL-induced sensitization

Because Nfl+/- mice have increased activity of the Ras signaling cascade (Martin et
al., 1990;Xu et al., 1990) these mice were used to evaluate the role of the Ras signaling
cascade in GDNF and ART-induced sensitization of sensory neurons.

The stimulated-release of iICGRP in dissociated DRG from Nfl+/- mice is ~1.25
times higher than in wild-type mice (wild-type: 3.92 + 0.32% of total content of ICGRP,
Nfl+/-: 4.98 + 0.36% of total content of iCGRP; Figure 11A). When 10 ng/mL GDNF was
added in the basal and capsaicin-stimulated condition, sensitization occurred, with the
amount of ICGRP released greater in Nf1+/- mice than in wild-type mice (wild-type: 6.08
+ 0.48% of total content of iICGRP, Nfl+/-: 7.41 £ 0.59% of total content of iCGRP;
Figure 11A). However, when comparing the fold change of stimulated-release in DRG
neurons from wild-type and Nfl+/- mice in the absence and presence of GDNF, there is
no difference in the fold change between the genotypes (wild-type: 1.41 + 0.13, Nfl+/-:
1.48 = 0.08; Figure 11B). A similar profile was seen in the spinal cord slice release
experiments, where evoked release of iCGRP from spinal cord slices from Nfl+/- mice
was ~2 times higher than in wild-type mice (wild-type: 1.38 + 0.65%, Nfl+/-: 2.69 %
0.43%; Figure 12). The evoked release of iCGRP in both the wild-type and Nf1l+/- mice
doubled in the presence of 10 ng/mL GDNF (wild-type: 3.20 + 0.28%, Nfl+/-: 591 +
0.27%; Figure 12), and the fold change in each genotype was not different (wild-type:
2.32 = 0.11, Nfli+/-: 2.20 + 0.09), suggesting that GDNF-induced sensitization is not
dependent on Ras activity.

The responses of sensory neurons from wild-type and Nfl+/- DRG to ART were
compared, as well. When 10 ng/mL ART was added in the basal and capsaicin
stimulated condition, sensitization occurred, with the absolute amount of iICGRP
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Figure 11. Comparison of responses of wild-type and Nfl +/- DRG sensory neurons to
GDNF and ART. Nfl +/- sensory neurons have increased stimulated-release of iCGRP
in the absence of GFL exposure. A) GDNF and ART enhance the stimulated-release of
iCGRP in both wild-type and Nfl +/- sensory neurons. B) The fold change in
enhancement in stimulated-release of iICGRP induced by GDNF and ART in each
genotype is shown. The fold change in stimulated-release is induced by GDNF and ART
in Nfl +/- neurons is not different than in wild-type neurons. The # represents statistically
significant differences in stimulated-release between genotypes using a t-test (p<0.05).
Asterisks (*) represent statistically significant differences between treatment conditions
in the wild-type sensory neurons using an ANOVA with Dunnett’s post hoc test (p<0.05).
The crosses (-|-) represents statistically significant differences between treatment
conditions in the Nfl +/- sensory neurons using an ANOVA with Dunnett’s post hoc test
(p<0.05). In all cases, stimulated-release was significantly higher than basal or resting
release. N = 3-12 wells/condition.
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Figure 12. GDNF enhances capsaicin-stimulated release of iCGRP from wild-type and
Nfl +/- spinal cord slices. Evoked release, or release due to capsaicin stimulation alone,
is compared between GDNF treatment and no GFL groups in both genotypes. The
evoked release was obtained by subtracting peptide release during the three basal
fractions from that during the three capsaicin-stimulated fractions in each treatment
group. Asterisks (*) indicate statistically significant differences in iICGRP release
between treatment groups and the no growth factor condition using an t-test (p<0.05).
The # symbol indicates statistically significant differences in iCGRP release between
genotypes in each condition using a t-test (p<0.05). In all cases, release stimulated by
capsaicin was significantly higher than basal release. N = 3-9 animals per condition.
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released greater in Nfl+/- mice than in wild-type mice (wild-type: 6.21 + 0.50% of total
content of iICGRP, Nfl+/-: 6.83 + 0.46% of total content of iCGRP; Figure 11A).
However, similar to the responses of DRG from Nfl+/- mice to GDNF, when comparing
the fold change of stimulated-release in DRG neurons from wild-type and Nfl+/- mice in
the absence and presence of ART, there is no difference in the fold change between the
genotypes (wild-type: 1.63 + 0.42, Nfl+/-: 1.54 + 0.24; Figure 11B). Although the use of
Nfl+/- mice is not a direct way to determine if Ras activity is important in the actions of
GFLs, this data would suggest that Ras is not critical for ART-induced sensitization of
sensory neurons. For this reason, no further experiments involving Nfl+/- mice were
conducted.

b. Intracellular signaling pathways responsible for GDNF-induced sensitization

GDNF activates both the MAPK/Erk 1/2 and PI-3K pathways (Bron et al., 2003). Both
of these pathways can be activated by Ras, among other signaling cascades
(Klinghoffer et al., 1996;Thomas et al., 1992). For this reason, studies to evaluate the
role of each of these pathways in GDNF-induced sensitization were conducted.
Additionally, there are commercially available, specific inhibitors of the MAPK/Erk 1/2
and PI-3K pathways, as well as inactive control compounds for these inhibitors.

For the MAPK/Erk 1/2 pathway, PD98059 is a compound that irreversibly and
specifically inhibits phosphorylation of Erk 1/2 by MEK 1/2 (Davies et al.,
2000;Hotokezaka et al., 2002;Pang et al., 1995), although the exact mechanism is
unknown. U0126 is another compound that has potent inhibitory effects on the
MAPK/Erk 1/2 pathway, reportedly by preventing phosphorylation, and therefore
activation, of MEK 1/2 (Davies et al., 2000;Favata et al., 1998). However, this inhibitor
may also prevent phosphorylation of proteins by PRAK and PKBa (Davies et al., 2000).

There is an inactive analogue compound for U0126, which is U0124. It is of similar
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structure and size, but without the ability to inhibit phosphorylation of any tested
intracellular signaling proteins (Duncia et al., 1998).

A potent and specific inhibitor of the PI-3K/Akt pathway exists as well. The
compound LY294002 has an ICs for PI-3K activity of between 1.40 and 10 uM and does
not inhibit a similar protein, PI-4K (Davies et al., 2000;VIahos et al., 1994). LY294002
has an inactive analogue, LY353011, which has an NH-group in place of the oxygen
group on the morphine-ring portion of the molecule (Ding et al., 1995;VIahos et al.,
1994). This molecule has no effect on PI-3K dependent cell activities, including
superoxide release in neutrophils and inhibition of voltage gated potassium currents in
pancreatic beta cells (El-kholy et al., 2003;Vlahos et al., 1994).

Using the inhibitors described above in the basal and capsaicin-stimulated condition,
the role of each of these pathways, MAPK and PI-3K, in GDNF-induced sensitization
was examined. The phosphorylation of the MAPK pathway by GDNF, as a surrogate for
activation, and prevention of this phosphorylation by the inhibitors in isolated DRG
neurons was determined using protein from cell lysates and Western blotting techniques,
probing for immunoreactive phospho-Erk (p-Erk) and total Erk with specific antibodies
(see Table 3 for details of antibody sources and titers; Cell Signaling, Danvers, MA,
USA). Exposure of DRG to 10 ng/mL GDNF for 10 minutes increases p-Erk levels
compared to DRG exposed to Hepes buffer alone (Figure 13A). Total Erk and alpha
tubulin (used as a protein loading control) levels were not affected. Phosho-Erk density
was compared to total Erk density, then normalized to alpha tubulin density. Once a p-
Erk level was established for the no treatment condition each treatment condition was
normalized to this value. The control condition was given a value of one. The GDNF-
induced increase in p-Erk was prevented by 10 yM PD98059 and 1.0 uM U0126, but not
by 10 uM U0124 (Figure 13A and B). For these experiments, inhibitors were added to
the DRG in culture for a total of 20 minutes. However, GDNF did not increase the
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Figure 13. Signaling pathways activated by GDNF. A) This representative Western blot
demonstrated changes in levels of p-Erk 1/2, Erk 1/2, p-Akt, Akt, and a-tubulin in DRG in
response to a 10 minute incubation with 10 ng/mL GDNF and the subsequent prevention
of these changes by inhibitors of the MAPK pathway (10 yM PD98059 and 1 uM U0126)
and the PI-3K pathway (10 pM LY294002). Inactive control compounds for these
pathways were added as well (1 uM U0124 for MAPK and 10 uM LY303511 for PI-3K).
B) Densitometric analysis of three separate Western blots like that in A probing for
MAPK pathway components. The level of p-Erk was divided by total Erk levels then
normalized to a-tubulin levels in each condition. Asterisks (*) indicate statistically
significant differences between treatment conditions and the no GDNF and no inhibitor
condition using an ANOVA with Dunnett’'s post hoc testing (p<0.05). C) Densitometric
analysis of three separate Western blots like that in A probing for PI-3K pathway
components. The level of p-Akt was divided by total Akt levels then normalized to a-
tubulin levels in each condition.
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Figure 14. GDNF-induced enhancement in the stimulated-release of IiCGRP is mediated
by the MAPK/Erk 1/2 pathway. Peptide release elicited by a 10 minute exposure to
Hepes buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark
bars) is expressed as mean percent total peptide content of cells in each well + SEM (n
= 12-18 wells per condition). GDNF and inhibitors (10 yM PD98059, 1 yM U0126, 10 uM
LY294002, 1 uM U0124, and 10 uM LY303511).were included in the 10 minutes prior to
and throughout capsaicin exposure. Total growth factor and inhibitor exposure time was
20 minutes. Asterisks (*) indicate statistically significant differences in iCGRP release
between treatment groups and the no GDNF condition using an ANOVA with Dunnett’s
post-hoc test (p<0.05). Ampersands (@) indicate statistically significant differences
between the 10 ng/mL treatment condition and the condition containing the inhibitor
listed below the graph using t-tests (p<0.05). In all cases, release stimulated by
capsaicin was significantly higher than basal release. N = 12-18 wells/condition.
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amount of immunoreactive phospho-Akt (p-Akt; Figure 13 A and C). These data indicate
that not only does GDNF increase p-Erk levels in DRG, but also that the MEK inhibitors
PD98059 and U0126 inhibit this increase at the concentrations used. These inhibitors
were then added to the DRG in culture during the basal and capsaicin-stimulated
incubations to determine the significance of the MAPK/Erk 1/2 and PI-3K/Akt pathways
in sensitization of sensory neurons by GDNF. As seen in figure 14, the enhancement in
stimulated release of iICGRP induced by 10 ng/mL GDNF was prevented by the MEK
inhibitors PD98059 (10 uM) and U0126 (1.0 uM), but not by the inactive control U0124
(1.0 yM). The PI-3K inhibitor, LY294002 (10 uyM), and the inactive control for this
compound, LY303511 (10 uM), did not affect the GDNF-induced sensitization (Figure
14). These pharmacological manipulations did not alter the total content of ICGRP
(Figure 15). Taken together, these data indicate that GDNF-induced sensitization of
sensory neurons occurs through activation of the MAPK/Erk 1/2 pathway and not
through the PI-3K/Akt pathway.
c. Intracellular signaling pathways responsible for NTN-induced sensitization
Immunoblots were performed with NTN as the GFL inducing signaling MAPK and PI-
3K pathway activation. NTN activates a myriad of signaling pathways, including the
MAPK/Erk 1/2 and PI-3K/Akt pathways (Althini et al., 2004;Soler et al., 1999). When
dissociated DRG were exposed to 10 ng/mL NTN for 10 minutes, both p-Erk 1/2 and p-
Akt levels were increased (Figure 16A). PD98059 (10 uM) and U0126 (1.0 uM)
prevented the NTN-induced increase in p-Erk, while the inactive analogue U0124 (1.0
pMM) did not affect NTN increases in p-Erk (Figure 16 A and B). Unlike GDNF, exposure
of DRG to NTN increased p-Akt levels, and this increase was prevented by LY294002
(10 yM) and not LY303511 (10 pM; Figure 16 A and C). Interestingly, NTN-induced
enhancement in the release of ICGRP was abolished only by LY294402, the PI-3K/Akt
pathway inhibitor (Figure 17). Neither of the MAPK/Erk 1/2 inhibitors, nor the inactive
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Figure 15. GDNF and pharmacological inhibitors do not change total content of iCGRP
in DRG. Twenty minute exposure of DRG to 10 ng/mL GDNF and pharmacological
inhibitors listed below the graph (10 uM PD98059, 1 uM U0126, 10 uM LY294002, 1 uyM
U0124, and 10 uM LY303511) did not change the total content of iCGRP, compared with
an ANOVA. N = 12-18 wells/condition.
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Figure 16. Signaling pathways activated by NTN. A) This representative Western blot
demonstrated changes in levels of p-Erk 1/2, Erk 1/2, p-Akt, Akt, and a-tubulin in DRG in
response to a 10 minute incubation with 10 ng/mL NTN and the subsequent prevention
of these changes by inhibitors of the MAPK pathway (10 yM PD98059 and 1 uM U0126)
and the PI-3K pathway (10 pM LY294002). Inactive control compounds for these
pathways were added as well (1 yM U0124 for MAPK and 10 uM LY303511 for PI-3K).
B) Densitometric analysis of three separate Western blots like that in A probing for
MAPK pathway components. The level of p-Erk was divided by total Erk levels then
normalized to a-tubulin levels in each condition. Asterisks (*) indicate statistically
significant differences between treatment conditions and the no NTN and no inhibitor
condition using an ANOVA with Dunnett’s post hoc testing (p<0.05). C) Densitometric
analysis of three separate Western blots like that in A probing for PI-3K pathway
components. The level of p-Akt was divided by total Akt levels then normalized to a-
tubulin levels in each condition. Asterisks (*) indicate statistically significant differences
between treatment conditions and the no NTN and no inhibitor condition using an
ANOVA with Dunnett’s post hoc testing (p<0.05).
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Figure 17. NTN-induced enhancement in the stimulated-release of iCGRP is mediated
by the PI-3K pathway. Peptide release elicited by a 10 minute exposure to Hepes buffer
alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is
expressed as mean percent total peptide content of cells in each well £ SEM (n = 12-18
wells per condition). NTN and inhibitors (10 yM PD98059, 1 uyM U0126, 10 pM
LY294002, 1 uM U0124, and 10 uM LY303511) were included in the 10 minutes prior to
and throughout capsaicin exposure. Total growth factor and inhibitor exposure time was
20 minutes. Asterisks (*) indicate statistically significant differences in iCGRP release
between treatment groups and the no NTN condition using an ANOVA with Dunnett’s
post-hoc test (p<0.05). Ampersand (@) indicates statistically significant differences
between the 10 ng/mL treatment condition and the condition containing the inhibitor
listed below the graph using t-tests (p<0.05). In all cases, release stimulated by
capsaicin was significantly higher than basal release. N = 12-18 wells per condition.
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control compounds, significantly prevented sensitization (Figure 17). The MAPK
inhibitors did reduce the amount of enhancement in iCGRP release induced by NTN by
25%, and a potential explanation for this phenomenon will be discussed more fully in the
discussion section of this document (Section IV.F). However, since | have defined
sensitization as a statistically significant increase from control in stimulated-release of
iICGRP, inhibition of the MAPK pathway by these inhibitors does not prevent NTN-
induced sensitization. These pharmacological manipulations did not alter the total
content of ICGRP (Figure 18). Therefore, it appears that NTN accomplishes a significant
portion of its sensitization of DRG neurons through the PI-3K pathway.
d. Intracellular signaling pathways responsible for ART-induced sensitization

The signaling pathways activated by ART were also examined using Western blots
to measure changes in p-Erk and p-Akt. These pathways are activated by ART and
responsible for altering many functions in sensory neurons (Hauck et al., 2006;Jeong et
al., 2008a;Soler et al., 1999). A 10 minute exposure to 10 ng/mL ART, similar to NTN,
increased both p-Erk and p-Akt levels when compared to the no growth factor condition
(Figure 19 A, B and C). The inhibitors of the MAPK pathway (10 yM PD98059 and 1.0
MM U0126) prevented the ART-induced increases in p-Erk, while the inactive control
compound, U0124 (1.0 yM), did not affect the ART-induced increase in p-Erk (Figure 19
A, B). LY294002 (10 pM), the inhibitor of the PI-3K-induced phosphorylation of Akt,
prevented the ART-induced increases in p-Akt, while the inactive control compound,
LY303511 (10 uM), did not affect the ART-induced increase in p-Akt (Figure 19 A, C).

Despite the ART-induced activation of the MAPK and PI-3K pathways, the
enhancement in the release of ICGRP was not affected by inhibition of the MAPK/Erk
1/2 or PI-3K/Akt pathways. Specifically, inhibition of the MAPK/Erk 1/2 pathway by

PD98059 and U0126 did not prevent the ART-induced enhancement in the capsaicin
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Figure 18. NTN and pharmacological inhibitors do not change total content of iCGRP in
DRG. Twenty minute exposure of DRG to 10 ng/mL NTN and pharmacological inhibitors
listed below (10 uM PD98059, 1 uM U0126, 10 uM LY294002, 1 uM U0124, and 10 pM
LY303511) the graph did not change the total content of iCGRP, compared with an
ANOVA. N = 12-18 wells per condition.
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Figure 19. Signaling pathways activated by ART. A) This representative Western blot
demonstrated changes in levels of p-Erk 1/2, Erk 1/2, p-Akt, Akt, and a-tubulin in DRG in
response to a 10 minute incubation with 10 ng/mL ART and the subsequent prevention
of these changes by inhibitors of the MAPK pathway (10 uM PD98059 and 1 uM U0126)
and the PI-3K pathway (10 pM LY294002). Inactive control compounds for these
pathways were added as well (1 yM U0124 for MAPK and 10 uM LY303511 for PI-3K).
B) Densitometric analysis of three separate Western blots like that in A probing for
MAPK pathway components. The level of p-Erk was divided by total Erk levels then
normalized to a-tubulin levels in each condition. Asterisks (*) indicate statistically
significant differences between treatment conditions and the no ART and no inhibitor
condition using an ANOVA with Dunnett’'s post hoc testing (p<0.05). C) Densitometric
analysis of three separate Western blots like that in A probing for PI-3K pathway
components. The level of p-Akt was divided by total Akt levels then normalized to a-
tubulin levels in each condition. Asterisks (*) indicate statistically significant differences
between treatment conditions and the no ART and no inhibitor condition using an
ANOVA with Dunnett’s post hoc testing (p<0.05).
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stimulated-release of iCGRP (Figure 20). Similarly, inhibition of the PI-3K pathway by
LY294002 did not prevent the ART-induced enhancement in the capsaicin stimulated-
release of ICGRP (Figure 20). It was still possible that ART-induced sensitization
occurred by activating both pathways, and so inhibition of either pathway alone was not
sufficient to prevent sensitization. To ensure that the MAPK and PI-3K pathways were
each sufficient but not both necessary for ART-induced enhancement in iCGRP release,
both the MAPK inhibitor PD98059 (10 uM) and the PI-3K inhibitor LY294002 (10 uM)
were used. When these inhibitors were used in combination, there was still no effect on
ART-induced sensitization (Figure 20). These pharmacological manipulations did not
alter the total content of iCGRP (Figure 21). Overall, the results of these experiments
indicate that the mechanism of ART-induced sensitization of capsaicin stimulated iCGRP
release is independent of both the MAPK and PI-3K pathways.
e. Involvement of the Src family kinase pathway in GFL-induced sensitization

There is evidence that the Src family kinases (SFKs) play an important role in
sensory neuronal sensitization (Slack et al., 2008;Zhang et al., 2005). Additionally, each
of the GFLs activates one or more of the SFKs (Encinas et al., 2001;Jeong et al.,
2008a). The commercially available and most widely used antibody for measuring levels
of SFKs by Western blot is a pan SFK antibody, which cannot distinguish between each
of the SFKs. The most commonly used inhibitor for each of the SFKs is PP2, which is a
pan SFK inhibitor. The details of this inhibitor will be described below. The studies of the
role of ¢c-Src and SFK pathways in GFL-induced sensitization began with a broad
evaluation of the ability of SFK pathways, in general, to mediate GFL-induced
sensitization.

PP2 is potent inhibitor of the SFK pathway. It has an ICsy for c-Src, Lck, and Fyn

activity of between 4 nM and 7 nM and does not inhibit proteins from other
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Figure 20. ART-induced enhancement in the stimulated-release of iCGRP is mediated
by neither the MAPK nor the PI-3K pathway. Peptide release elicited by a 10 minute
exposure to Hepes buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin
(Cap; dark bars) is expressed as mean percent total peptide content of cells in each well
+ SEM (n = 12-18 wells per condition). ART and inhibitors were included in the 10
minutes prior to and throughout capsaicin exposure. Total growth factor and inhibitor
exposure time was 20 minutes. Asterisks (*) indicate statistically significant differences in
iICGRP release between treatment groups and the no ART condition using an ANOVA
with Dunnett’s post-hoc test (p<0.05). In all cases, release stimulated by capsaicin was
significantly higher than basal release.
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Figure 21. ART and pharmacological inhibitors do not change total content of iCGRP in
DRG. Twenty minute exposure of DRG to 10 ng/mL ART and pharmacological inhibitors
listed below the graph (10 uM PD98059, 1 uM U0126, 10 uM LY294002, 1 uM U0124,
and 10 yM LY303511) did not change the total content of iCGRP, compared with an
ANOVA. N = 12-18 wells per condition.
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phosphorylation-dependent, related signaling pathways, JAK-2 and EGF-R (Hanke et
al., 1996). PP2 has an inactive analogue, PP3, which has several modifications of the
PP2 molecule, most importantly the removal of a benzene ring-linked chloride ion
(Tisdale and Artalejo, 2006). This molecule has no effect on SFK-dependent cell
activities, including GDNF-induced, SFK-dependent neurite outgrowth in neuronal cell
lines (Encinas et al., 2001) and rescue of hippocampal neurons from hypoxia-ischemia
injury (Jiang et al., 2008).

To evaluate the role of SFKs in GFL-induced sensory neuronal sensitization, DRG in
culture were first exposed to each of the GFLs and the amount of the active form of
SFKs, phospho-SFKs (p-SFK), were measured. Each of the GFLs increases p-SFK
levels, and the SFK inhibitor, PP2 (10 uM) prevented this increase (Figure 22 A and B).
The inactive analogue of PP2, PP3, did not prevent, but did reduce the GFL-induced
increase in SFKs (Figure 22 A and B).

These pharmacological agents, PP2 and PP3, were then added to the DRG in the
basal and capsaicin stimulated conditions of the CGRP release assay to determine the
role of this GFL-activated pathway in the GFL-mediated enhancement in the stimulated
release of iCGRP. PP2 abolished the sensitization of stimulated release by GDNF, NTN,
and ART, while the inactive control, PP3, did not affect any of the GFL-induced
sensitization (Figure 23). The SFK inhibitor, PP2, did not alter the total content of iICGRP
(Figure 24). These experiments indicate that activation of SFKs is critical for GFL-
induced sensitization. The SFKs are also reported to be initiated prior to the MAPK/Erk
1/2 and PI-3K pathways and to activate these pathways (Encinas et al., 2001;Jeong et
al., 2008a). When the Neuro2A neuroblastoma cell line was stimulated with GDNF or
NTN, PP2 inhibited activation of the MAPK/Erk 1/2 and PI-3K pathways and prevented
survival of granule and sympathetic neurons, actions dependent upon these two cellular
signaling pathways (Encinas et al., 2001).
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Figure 22. The GFLs activate SFKs and PP2 prevents that activation. A) This
representative Western blot demonstrated changes in levels of p-SFKs, SFK, and a-
tubulin in DRG in response to a 10 minute incubation with 10 ng/mL GDNF, NTN, and
ART and the subsequent prevention of these changes by an inhibitor of the SFK
pathway (10 uM PP2). The inactive control compound for this pathway was added as
well (10 uM PP3). B) Densitometric analysis of three separate Western blots like that in
A probing for SFKs. The level of p-SFK was divided by total SFK levels then normalized
to a-tubulin levels in each condition. Asterisks (*) indicate statistically significant
differences between treatment conditions and the no GFL and no inhibitor condition
using an ANOVA with Dunnett’s post hoc testing (p<0.05). N = 12-18 wells per condition.
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Figure 23. GFL-induced enhancement in the stimulated-release of iCGRP is mediated
by SFK pathway. Peptide release elicited by a 10 minute exposure to Hepes buffer alone
(open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is expressed as
mean percent total peptide content of cells in each well + SEM (n = 12-18 wells per
condition). GFLs and inhibitors (10 uM PP2 and 10 pM PP3) were included in the 10
minutes prior to and throughout capsaicin exposure. Total growth factor and inhibitor
exposure time was 20 minutes. Asterisks (*) indicate statistically significant differences in
iICGRP release between treatment groups and the no GFL condition using an ANOVA
with Dunnett’s post-hoc test (p<0.05). Ampersands (@) indicate statistically significant
differences between the GFL treatment and the PP2 treated condition using a t-test
(p<0.05). In all cases, release stimulated by capsaicin was significantly higher than basal
release.
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Figure 24. GFLs and the pharmacological inhibitors PP2 and PP3 do not change total
content of ICGRP in DRG. Twenty minute exposure of DRG to 10 ng/mL GFLs and PP2
or PP3 (10 yM PP2 and 10 yM PP3) did not change the total content of iICGRP,
compared with an ANOVA. N = 12-18 wells per condition.
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However, PP2, like many pharmacological inhibitors, prevents phosphorylation of
many proteins. These include Src (Nagao et al., 1998), the other SFKs Fyn and Yes
(Encinas et al., 2001), and Ret (Encinas et al., 2001). Since the GFLs mediate many of
their effects through Ret, some of the attenuation of GFL-induced sensitization seen with
PP2 application could be a result of Ret inhibition. For this reason, siRNA targeted to c-
Src (refer to Table 1 for details) was used as a tool to more specifically evaluate the role
of the c-Src pathway in GFL-induced sensitization. The c-Src siRNA (100 nM) was
added to the DRG in culture two days after plating and remained in the culture media for
48 hours. Figure 25 shows that the c-Src siRNA reduces c-Src expression by ~80% and
does not change Fyn levels. Scramble siRNA (an siRNA designed as a scramble for
APE1; Table 1), did not affect c-Src or Fyn levels (Figure 25). When the amount of
capsaicin—stimulated release of iCGRP from DRG neurons exposed to c-Src siRNA was
evaluated, the GDNF, NTN, and ART-induced sensitization observed previously was still
present (Figure 26). However, the amount of enhancement of stimulated-release of
iCGRP by the GFLs was reduced when the neurons were exposed to c-Src siRNA
compared to when this siRNA was absent from the culture media, both in the control and
scramble siRNA conditions (Figure 26). Approximately 30% of the original level of c-Src
protein remained after siRNA treatment and the remaining c-Src could be responsible for
the sensitization remaining after treatment with c-Src siRNA. Treatment with siRNA did
not alter the total content of ICGRP (Figure 27). Interestingly, c-Src siRNA did not affect
Ret levels or increases in p-Ret induced by GDNF (Figure 28), while PP2 did prevent
Ret activation by ART (Figure 29). This is an important point, since it has been unclear
until now which portion of the Ret-SFK pathway PP2 is inhibiting. There is evidence that
GDNF-induced initiation of SFKs can phosphorylate Ret in a trans fashion, meaning that
the SFKs are directly phosphorylating Ret instead of direct Ret activation by the GFL-
GFRa complex inducing autophosphorylation (Kato et al., 2002). The other possibility is
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Figure 25. Src siRNA decreases c-Src levels. A) This representative Western blot
demonstrates reduction in levels of c-Src and no change in Fyn levels in DRG in
response to Src siRNA treatment. B) Densitometric analysis of three separate Western
blots like that in A probing for c-Src. The level of c-Src was divided by a-tubulin levels
and normalized to the no treatment condition. C) Densitometric analysis of three
separate Western blots like that in A probing for Fyn. The level of Fyn was divided by o-
tubulin levels and normalized to the no treatment condition. Asterisk (*) indicates
statistically significant differences between treatment conditions and the no treatment
condition using an ANOVA with Dunnett’s post hoc testing (p<0.05). N = 3.
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Figure 26. GFL-induced enhancement in the stimulated-release of iCGRP is mediated
by the Src kinase pathway. Peptide release elicited by a 10 minute exposure to Hepes
buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is
expressed as mean percent total peptide content of cells in each well £ SEM (n = 12-18
wells per condition). GFLs were included in the 10 minutes prior to and throughout
capsaicin exposure. Total growth factor and exposure time was 20 minutes. An siRNA
designed as a scramble for APE1 was used as an siRNA transfection control. Asterisks
(*) indicate statistically significant differences in iCGRP release between treatment
groups and the no GFL condition using an ANOVA with Dunnett’s post-hoc test (p<0.05).
Ampersands (@) indicate statistically significant differences between the GFL treatment
and the siRNA treated condition using a t-test (p<0.05). In all cases, release stimulated
by capsaicin was significantly higher than basal release.
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Figure 27. GFLs and Src siRNA do not change total content of iCGRP in DRG. Twenty
minute exposure of DRG to 10 ng/mL GFLs, scramble siRNA, (100 nM) and/or Src
siRNA (100 nM) did not change the total content of iCGRP, compared with an ANOVA.
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Figure 28. Src siRNA does not prevent Ret phosphorylation by GDNF. A) This
representative Western blot demonstrates that the increase in p-Ret induced by 10
ng/mL GDNF is not prevented by either scramble siRNA or Src siRNA. B) Densitometric
analysis of three separate Western blots like that in A probing for p-Ret. The level of p-
Ret was divided by the level of Ret and then by a-tubulin levels and normalized to the no

treatment condition.
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Figure 29. PP2 prevents Ret phosphorylation by ART. A) This representative Western
blot demonstrates that twenty minute exposure of DRG to 10 ng/mL ART increased p-
Ret levels, and this increase was prevented by both Ret siRNA and the SFK inhibitor
PP2. B) Densitometric analysis of three separate Western blots like that in A probing for
p-Ret. The level of p-Ret was divided by the level of Ret and then by a-tubulin levels and
normalized to the no treatment condition. Asterisks (*) indicate statistically significant
differences between treatment conditions and the no treatment condition using an
ANOVA with Dunnett’s post hoc testing (p<0.05). N = 3.
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that autophosphorylation of Ret resulting from the activity of the GFL-GFRa complex is
inhibited directly by PP2 (Encinas et al., 2001). Figures 28 and 29 indicate that PP2 may
be directly preventing Ret phosphorylation.

These experiments demonstrate three key characteristics of c-Src and SFK function
in GFL-mediated sensitization of sensory neurons. First, Src likely is an important
component of the enhancement of stimulated release by GFLs. GFL-induced
sensitization was not abolished by inhibition of the Src pathway. However, since the
enhancement in stimulated-release of iICGRP was significantly reduced by Src pathway
inhibition, this pathway is likely involved in this enhancement mechanism. Secondly,
because the increase in p-Erk levels after stimulation with GDNF and the increase in p-
Akt levels after stimulation with NTN are prevented by Src siRNA, Src is likely upstream
of these effectors in the respective pathways. Finally, these data demonstrate
conclusively that PP2 is specific neither to Src nor the SFKs, but actually directly inhibits
Ret autophosphorylation induced by the GFLs.

| have now demonstrated that each of the GFLs, GDNF, NTN, and ART, use distinct,
classically Ret-dependent pathways to accomplish enhancement in the stimulated
release of ICGRP, thereby sensitizing the sensory neurons of the DRG. GDNF
sensitizes DRG neurons through the MAPK/Erk 1/2 pathway. NTN-induced sensitization
is PI-3K pathway dependent. The ART-induced sensitization is not accomplished
through the MAPK or the PI-3K pathways. However, the PKCe pathway is a possible
signaling pathway responsible for sensory neuronal sensitization by ART (personal
communication, Dr. Weiguo Zhu). This working set of pathways model is illustrated
schematically in Figure 30.

2. Ret-Independent pathways

There are several recent studies that indicate there may be a Ret-independent

component to GFLs actions on many cell types, including neurons

105



Sensory Neuronal
Sensitization
Sensory Neuronal
Sensitization
Sensory Neuronal
Sensitization

Erk

Mek

PI-3K

\
\\\\_ﬁ

Src
Src

Ret

Ret
Ret

GDNF
NTN
ART

Figure 30. Schematic of working model of the distinct pathways of sensitization by the
GFLs. Each of the GFLs uses primarily specific and distinct classically Ret-dependent
pathways to accomplish sensitization.
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(Cao et al., 2008a;Cao et al., 2008b;Paratcha et al., 2003;Sjostrand et al., 2007). The
fact that PP2 inhibits both Ret and SFKs (Figure 29), and that c-Src siRNA did not
completely prevent GFL-induced sensitization (Figure 26), led to the consideration that
there may be Ret-independent and/or a non-Src SFK set of pathways by which the GFLs
accomplish their sensitization. Other SFKs, in particular Fyn, are not activated by Ret,
but are activated by one of the proposed Ret-independent, GFL-activated pathways
through the NCAM receptor (Cao et al., 2008a;Paratcha et al., 2003). Therefore,
whether there are in fact Ret-independent pathways for GFL-induced sensory neuronal
sensitization was determined. Then, the specific cell surface co-receptors and signaling
pathway initiators were explored.
a. NTN and ART, not GDNF, exhibit Ret-independent mechanisms of enhancement
in stimulated-release of iCGRP

To determine the contribution of GFL-induced Ret-dependent signaling pathways to
the enhancement in stimulated-release of iCGRP, Ret levels were reduced with the use
of a specific pool of siRNA molecules directed at Ret, since no specific pharmacological
inhibitors of the phosphorylation of this molecule exist. This pool of siRNAs (100 nM)
reduced the amount of Ret protein in the DRG by ~85% compared to the no treatment
condition, while the scramble siRNA used as a control for siRNA transfection did not
alter Ret levels (Figure 31). In addition, a purified protein of a portion of Ret, residues 31-
330, was used as a positive control. As shown in Figure 31, the immunoband present in
the lane loaded with the purified Ret control protein is at the same location as the bands
for the DRG treatment conditions probed with Ret antibody. This indicates that the Ret
antibody is likely labeling the endogenous Ret protein in the samples. To ensure that this
siRNA did not affect other possible pathways of GFL-induced sensitization, SFK levels

were measured in the presence and absence of Ret siRNA. Figure 32 demonstrates that
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Figure 31. Ret siRNA reduces levels of Ret in DRG. A) This representative Western blot
demonstrates that exposure of DRG to Ret siRNA decreases Ret levels, while scramble
siRNA does not change Ret levels. Additionally, the purified Ret control protein is
present on the immunoblot with a band the same size as Ret from DRG. B)
Densitometric analysis of three separate Western blots like that in A probing for Ret. The
level of Ret was divided by a-tubulin levels and normalized to the no treatment condition.
Asterisk (*) indicates statistically significant differences between treatment conditions
and the no treatment condition using an ANOVA with Dunnett’'s post hoc testing
(p<0.05).
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Figure 32. Ret siRNA does not change levels of c-Src or Fyn in DRG. This Western blot
demonstrates that exposure of DRG to scramble siRNA (100 nM) and Ret siRNA (100
nM) does not change c-Src or total Fyn levels.
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Figure 33. GDNF-induced enhancement in the stimulated-release of IiCGRP is mediated
by Ret-dependent pathways. Peptide release elicited by a 10 minute exposure to Hepes
buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark bars) is
expressed as mean percent total peptide content of cells in each well £ SEM (n = 12-18
wells per condition). GFLs were included in the 10 minutes prior to and throughout
capsaicin exposure. Total growth factor exposure time was 20 minutes. An siRNA
designed as a scramble for APE1 was used as an siRNA transfection control. Asterisks
(*) indicate statistically significant differences in iCGRP release between treatment
groups and the no GFL condition using an ANOVA with Dunnett’s post-hoc test (p<0.05).
Ampersands (@) indicate statistically significant differences between the GFL treatment
and the siRNA treated condition using a t-test (p<0.05). In all cases, release stimulated
by capsaicin was significantly higher than basal release.
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Ret siRNA has no effect on SFK levels, c-Src levels, and Fyn levels, with a single
experiment.

Once the effectiveness of the Ret siRNA was established, it was then added to DRG
in the culture media in the same way as previously described for c-Src siRNA. The basal
and stimulated-release of iCGRP was then measured in the presence and absence of
GFLs. The goal was to determine whether Ret was necessary for each of the GFLs’
ability to induce an enhancement in the stimulated-release of iCGRP. Interestingly, while
GDNF was not able to sensitize sensory neurons when Ret siRNA was added, NTN and
ART were still capable of enhancing release (Figure 33). The enhancement in
stimulated-release of iICGRP by NTN and ART, while still present, was significantly
reduced (Figure 33). The total content of ICGRP was not affected by these
manipulations (Figure 34). Therefore, NTN and ART are still capable of sensitizing
sensory neurons when Ret signaling is reduced. Taken together, these data
demonstrate that Ret is responsible for some of the enhancement in the stimulated-
release of ICGRP induced by NTN and ART. While the remaining sensitization could be
a result of incomplete reduction in Ret levels, it seems likely that some of the enhanced
release of ICGRP must be due to Ret-independent mechanisms.

b. ART-induced enhancement in stimulated-release of iCGRP is mediated by Ret-
dependent and NCAM-dependent mechanisms

The role of one of the other possible binding partners of the GFL-GFRa complexes,
NCAM, in the NTN and ART-induced sensitization of DRG neurons was next explored.
NCAM is a large membrane protein composed of an intracellular (NCAM140) and
extracellular (NCAM180) component tightly linked to one another. No pharmacological
inhibitors of this cell surface receptor exist, so NCAM levels were decreased using a
pool of siRNA directed towards NCAM p140 (Table 1). NCAM p140 is the intracellular
portion of this protein responsible for initiation of intracellular signaling pathways,
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Figure 34. GFLs, scramble siRNA, and Ret siRNA do not change total content of iCGRP
in DRG. Twenty minute exposure of DRG to 10 ng/mL GFLs, scramble siRNA (100 nM),
and Ret siRNA (100 nM) did not change the total content of iCGRP, compared with an
ANOVA. N = 12-18 wells per condition.
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specifically the Fyn kinase pathway (Beggs et al., 1997). NCAM p180 is the portion of
the molecule exposed to the extracellular matrix and likely not involved in GFL-GFRa
complex signaling initiation (Beggs et al., 1997). Importantly, Fyn is not activated by Ret
autophosphorylation (Cao et al.,, 2008a), making this signaling pathway a good
downstream effector to use as an indicator of NCAM activation. This is necessary
because there is no direct way to measure NCAM activity.

First, the effect of NCAM siRNA on the level of NCAM was determined. NCAM
siRNA applied to the DRG reduced NCAM p140 levels by ~75% compared to non-
treated control cells and scramble siRNA treated cells, while not affecting NCAM
p180levels (Figure 35). The amount of NCAM present in non-treated DRG and scramble
siRNA treated DRG were not different.

With the molecular effects of NCAM siRNA established, the role of NCAM activation
in the NTN and ART-induced enhancement in the stimulated-release of iCGRP was
examined. When NCAM siRNA was added to the DRG, the NTN and ART-induced
sensitization remained, although the absolute level of enhancement in stimulated-
release of iICGRP was reduced (Figure 36). NCAM siRNA did not affect the GDNF-
induced sensitization. The total content of ICGRP was not affected by these
manipulations (Figure 37). This data indicates that NCAM plays a role in NTN and ART-
induced sensitization, but that it is not the only mechanism by which these GFLs induce
sensitization.

To more fully address the possibility of more than one pathway being responsible for
GFL-induced sensitization, NCAM and Ret siRNA were added in combination to the
DRG in culture. In this case, NCAM siRNA (50 nM) and Ret siRNA (50 nM) were added
to the DRG in culture on 2 days and 5 days after plating. This treatment regimen was
followed to ensure the total amount of siRNA present in the culture media was consistent
(100 nM). The basal and stimulated-release of iCGRP was then measured in the
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Figure 35. NCAM siRNA reduces levels of NCAM in DRG. A) This representative
Western blot demonstrates that exposure of DRG to NCAM siRNA decreases NCAM
levels, while scramble siRNA does not change NCAM levels. B) Densitometric analysis
of three separate Western blots like that in A probing for NCAM p140. The level of
NCAM was divided by a-tubulin levels and normalized to the no treatment condition.
Asterisk (*) indicates statistically significant differences between treatment conditions
and the no treatment condition using an ANOVA with Dunnett's post hoc testing
(p<0.05). N = 3.
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Figure 36. NTN and ART-induced enhancement in the stimulated-release of iCGRP is
mediated, in part, by NCAM-dependent pathways. Peptide release elicited by a 10
minute exposure to Hepes buffer alone (open bar) or Hepes buffer containing 50 nM
capsaicin (Cap; dark bars) is expressed as mean percent total peptide content of cells in
each well £ SEM (n = 12-18 wells per condition). GFLs were included in the 10 minutes
prior to and throughout capsaicin exposure. Total growth factor exposure time was 20
minutes. An siRNA designed as a scramble for APE1 was used as an siRNA
transfection control. Asterisks (*) indicate statistically significant differences in iCGRP
release between treatment groups and the no GFL condition using an ANOVA with
Dunnett’'s post-hoc test (p<0.05). Ampersands (@) indicate statistically significant
differences between the GFL treatment and the siRNA treated condition using a t-test
(p<0.05). In all cases, release stimulated by capsaicin was significantly higher than basal
release.
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Figure 37. GFLs, scramble siRNA, and NCAM siRNA do not change total content of
iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble siRNA (100 nM), and
Ret siRNA (100 nM) did not change the total content of iCGRP, compared with an
ANOVA. N = 12-18 wells per condition.
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Figure 38. ART-induced enhancement in the stimulated-release of iCGRP is mediated
by Ret-dependent and NCAM-dependent pathways. Peptide release elicited by a 10
minute exposure to Hepes buffer alone (open bar) or Hepes buffer containing 50 nM
capsaicin (Cap; dark bars) is expressed as mean percent total peptide content of cells in
each well £ SEM (n = 12-18 wells per condition). GFLs were included in the 10 minutes
prior to and throughout capsaicin exposure. Total growth factor exposure time was 20
minutes. An siRNA designed as a scramble for APE1 was used as an siRNA
transfection control. Asterisks (*) indicate statistically significant differences in iCGRP
release between treatment groups and the no GFL condition using an ANOVA with
Dunnett's post-hoc test (p<0.05). Ampersands (@) indicate statistically significant
differences between the GFL treatment and the siRNA treated condition using a t-test
(p<0.05). In all cases, release stimulated by capsaicin was significantly higher than basal
release.
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Figure 39. GFLs, scramble siRNA, and NCAM + Ret siRNA do not change total content
of iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble siRNA, (100 nM) and
NCAM + Ret siRNA (100 nM) did not change the total content of iCGRP, compared with
an ANOVA. N = 12-18 wells per condition.
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presence of GFLs. GDNF-induced sensitization was abolished with this siRNA treatment
regimen, presumably because the enhancement in stimulated-release of ICGRP
accomplished by GDNF is Ret-dependent (Figures 38 and 33). The ART-induced
sensitization, while not eliminated by Ret siRNA treatment alone, was completely
abolished by NCAM and Ret siRNA treatment in combination (Figure 38). The total
content of ICGRP was not affected by these manipulations (Figure 39). NTN-induced
sensitization was not prevented by NCAM and Ret siRNA treatment in combination.
However, the absolute level of enhancement in stimulated-release of iCGRP in response
to NTN was significantly lower than in the absence of the treatment of the two siRNA in
combination (Figure 38).

To further evaluate the role of the NCAM-initiated signaling cascade, manipulations
of Fyn kinase were conducted. Since there are no commercially available specific
pharmacological inhibitors of Fyn, Fyn siRNA (100 nM) was used to reduce the level of
Fyn in the DRG. Fyn siRNA treatment reduced Fyn levels by ~80% compared to non-
treated DRG and DRG treated with scramble siRNA (Figure 40). There was no
difference in Fyn levels between non-treated and scramble siRNA treated DRG (Figure
40), and Fyn siRNA did not affect the level of the other SFK, c-Src (Figure 41).

The ability of Fyn siRNA to alter the GFL-induced sensitization was then evaluated
using the CGRP release assay. When the DRG cultures were treated with Fyn siRNA,
the release profile mimicked the NCAM siRNA treatment profile. GDNF-induced
sensitization was not affected, while NTN and ART-induced sensitization were still
present, but the absolute amount of NTN and ART responsive enhancement of
stimulated-release of iCGRP was reduced (Figure 42). When the DRGs were treated
with both Ret siRNA and Fyn siRNA, the ART-induced sensitization was abolished, while
the NTN-induced sensitization was still present (but the absolute amount of NTN
responsive enhancement of stimulated-release of iCGRP was reduced; Figure 44). The
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Figure 40. Fyn siRNA reduces levels of Fyn in DRG. A) This representative Western
blot demonstrates that exposure of DRG to Fyn siRNA decreases Fyn levels, while
scramble siRNA does not change Fyn levels. B) Densitometric analysis of three
separate Western blots like that in A probing for Fyn. The level of Fyn was divided by o-
tubulin levels and normalized to the no treatment condition. Asterisk (*) indicates
statistically significant differences between treatment conditions and the no treatment
condition using an ANOVA with Dunnett’s post hoc testing (p<0.05). N = 3.
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Figure 41. Fyn siRNA does not affect c-Src in DRG. A) This representative Western blot
demonstrates that exposure of DRG to Fyn siRNA (100 nM) and scramble siRNA (100
nM) do not change c-Src levels. B) Densitometric analysis of three separate Western
blots like that in A probing for c-Src. The level of c-Src was divided by a-tubulin levels
and normalized to the no treatment condition. N =3.
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Figure 42. ART-induced enhancement in the stimulated-release of iCGRP is mediated,
in part, by Fyn-dependent pathways. Peptide release elicited by a 10 minute exposure to
Hepes buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin (Cap; dark
bars) is expressed as mean percent total peptide content of cells in each well + SEM (n
= 12-18 wells per condition). GFLs were included in the 10 minutes prior to and
throughout capsaicin exposure. Total growth factor exposure time was 20 minutes. An
siRNA designed as a scramble for APE1 was used as an siRNA transfection control.
Asterisks (*) indicate statistically significant differences in iICGRP release between
treatment groups and the no GFL condition using an ANOVA with Dunnett’s post-hoc
test (p<0.05). Ampersands (@) indicate statistically significant differences between the
GFL treatment and the siRNA treated condition using a t-test (p<0.05). In all cases,
release stimulated by capsaicin was significantly higher than basal release.
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Figure 43. GFLs, scramble siRNA, and Fyn siRNA do not change total content of
iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble siRNA (100 nM), and
Fyn siRNA (100 nM) did not change the total content of iCGRP, compared with an
ANOVA. N = 12-18 wells per condition.
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Figure 44. ART-induced enhancement in the stimulated-release of iCGRP is mediated
by Ret-dependent and Fyn-dependent pathways. Peptide release elicited by a 10 minute
exposure to Hepes buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin
(Cap; dark bars) is expressed as mean percent total peptide content of cells in each well
+ SEM (n = 12-18 wells per condition). GFLs were included in the 10 minutes prior to
and throughout capsaicin exposure. Total growth factor exposure time was 20 minutes.
An siRNA designed as a scramble for APE1 was used as an siRNA transfection control.
Asterisks (*) indicate statistically significant differences in iICGRP release between
treatment groups and the no GFL condition using an ANOVA with Dunnett’s post-hoc
test (p<0.05). Ampersands (@) indicate statistically significant differences between the
GFL treatment and the siRNA treated condition using a t-test (p<0.05). In all cases,
release stimulated by capsaicin was significantly higher than basal release.
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Figure 45. GFLs, scramble siRNA, and Ret + Fyn siRNA do not change total content of
iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble siRNA (100 nM), and
Ret + Fyn siRNA (100 nM) did not change the total content of iCGRP, compared with an
ANOVA.
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Figure 46. Schematic of working model of the pathway of sensitization by ART. ART
uses Ret-dependent and NCAM-dependent signaling pathways to accomplish its
sensitization through Src and Fyn respectively.
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total content of iICGRP was not affected by these manipulations (Figures 43 and 45).
Together, this data indicate that ART-induced sensitization is accomplished in a Ret-
dependent manner as well as a Ret-independent manner through activation of the
NCAM receptor and subsequent initiation of the Fyn kinase pathway (represented in
schematic form in Figure 46).

c. NTN-induced enhancement in stimulated-release of iCGRP is mediated by Ret-
dependent, NCAM-dependent, and Integrin B-1-dependent mechanisms

Finally, the role of the other receptor reported to be a binding partner of the GFL-
GFRa complex, Integrin -1, was determined (Cao et al., 2008b). There is no
pharmacological inhibitor of Integrin 3-1, so again a pool of siRNA molecules (100 nM;
Table 1) directed at this receptor was used in order to inhibit its function. Integrin 3-1 is a
cell adhesion molecule (De Strooper et al., 1989), similar to NCAM. It is part of a larger
complex of Integrins (De Strooper et al., 1989). While there is no current evidence in the
literature of a functional connection between Integrin -1 and GFLs, the fact that these
two sets of molecules bind is intriguing in terms of this receptor’s ability to promote GFL
function. Therefore, the role of Integrin -1 in GFL-induced sensory neuronal
sensitization was evaluated. This receptor may play a role in NTN-induced sensitization,
since inhibition of both Ret and NCAM abolished the GDNF and ART-induced
sensitization, but not the NTN-induced sensitization (Figure 38).

The efficiency of inhibition of Integrin B-1 by the pool of siRNA was verified with a
Western blot probing for the Integrin p-1 intracellular fragment, which has a molecular
weight of 130 kDa and is the direct signaling portion of the molecule (Mocsai et al.,
2002). Figure 47 A is a representative Western blot of Integrin 3-1 levels after treatment
of DRG with standard media, scramble siRNA, or Integrin B-1 siRNA, which shows that
Integrin -1 siRNA reduces the level of this receptor by ~90%. The average of three
independent blots indicates a knock down of Integrin B-1 by ~72% (Figure 47 B).
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Figure 47. Integrin B-1 siRNA reduces levels of Integrin B-1 in DRG. A) This
representative Western blot demonstrates that exposure of DRG to Integrin B-1 siRNA
decreases Integrin 3-1 levels, while scramble siRNA does not change Integrin p-1 levels.
B) Densitometric analysis of three separate Western blots like that in A probing for
Integrin B-1. The level of Integrin B-1 was divided by a-tubulin levels and normalized to
the no treatment condition. Asterisk (*) indicates statistically significant differences
between treatment conditions and the no treatment condition using an ANOVA with
Dunnett’s post hoc testing (p<0.05). N = 3.
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Figure 48. NTN-induced enhancement in the stimulated-release of iCGRP is mediated,
in part, by Integrin B-1-dependent pathway. Peptide release elicited by a 10 minute
exposure to Hepes buffer alone (open bar) or Hepes buffer containing 50 nM capsaicin
(Cap; dark bars) is expressed as mean percent total peptide content of cells in each well
+ SEM (n = 12-18 wells per condition). GFLs were included in the 10 minutes prior to
and throughout capsaicin exposure. Total growth factor exposure time was 20 minutes.
An siRNA designed as a scramble for APE1 was used as an siRNA transfection control.
Asterisks (*) indicate statistically significant differences in iICGRP release between
treatment groups and the no GFL condition using an ANOVA with Dunnett’'s post-hoc
test (p<0.05). Ampersands (@) indicate statistically significant differences between the
GFL treatment and the siRNA treated condition using a t-test (p<0.05). In all cases,
release stimulated by capsaicin was significantly higher than basal release.
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Having established the ability of this pool of siRNA molecules to knock down Integrin
B1, this inhibition technique was used to evaluate the role of this receptor in NTN-
induced sensitization. When Integrin -1 siRNA was added to DRG cultures, the NTN-
induced sensitization remained, although the absolute level of enhancement in
stimulated-release of iCGRP was reduced (Figure 48). Integrin 3-1 siRNA did not affect
the ART-induced sensitization. The total content of iCGRP was not affected by these
manipulations (Figure 49). This data indicates that Integrin p-1 plays a role in NTN-
induced sensitization, but that it is not the only mechanism by which NTN induces
sensitization.

An alternative possibility is that the ~30% of Integrin B-1 remaining after siRNA
treatment is sufficient to sustain NTN-induced sensory neuronal sensitization. To
determine whether NTN is able to sensitize sensory neurons through Integrin 3-1 only or
if NTN can initiate sensitization through a combination of all of the receptors tested thus
far, the basal and stimulated-release of iCGRP was measured from DRG after exposure
to siRNA directed at Ret, NCAM, and Integrin $-1. In this case, DRG were transfected
with all three siRNA (33 nM each) on day 2, 4, and 6 after plating. This treatment
regimen was followed to ensure the total amount of siRNA present in the culture media
was consistent (100 nM). When all three pools of siRNA were added to the DRG in
culture, the basal-release of ICGRP was not affected while the NTN-induced
sensitization of stimulated-release was abolished (Figure 50). The total content of
iICGRP was not affected by these manipulations (Figure 51). With this set of data, it is
now clear that NTN induces sensitization through several pathways. There is a Ret-
dependent component, which contributes to about half of the NTN-induced
enhancement in the capsaicin stimulated-release of iICRGP. NCAM-dependent and
Integrin B-1-dependent activation account for approximately one fourth of the NTN-
induced enhancement in the capsaicin stimulated-release of iCGRP. However, it is
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Figure 49. GFLs, scramble siRNA, and Integrin B-1 siRNA do not change total content
of iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble siRNA (100 nM), and
Integrin B-1 siRNA (100 nM) did not change the total content of iCGRP, compared with
an ANOVA. N = 12-18 wells per condition.
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Figure 50. NTN-induced enhancement in the stimulated-release of iCGRP is mediated
by Ret-dependent, NCAM-dependent, and Integrin B-1-dependent pathways. Peptide
release elicited by a 10 minute exposure to Hepes buffer alone (open bar) or Hepes
buffer containing 50 nM capsaicin (Cap; dark bars) is expressed as mean percent total
peptide content of cells in each well £+ SEM (n = 12-18 wells per condition). GFLs were
included in the 10 minutes prior to and throughout capsaicin exposure. Total growth
factor exposure time was 20 minutes. An siRNA designed as a scramble for APE1 was
used as an siRNA transfection control. Asterisks (*) indicate statistically significant
differences in iCGRP release between treatment groups and the no GFL condition using
an ANOVA with Dunnett’s post-hoc test (p<0.05). Ampersands (@) indicate statistically
significant differences between the GFL treatment and the siRNA treated condition using
a t-test (p<0.05). In all cases, release stimulated by capsaicin was significantly higher
than basal release.
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Figure 51. NTN, scramble siRNA, and Ret, NCAM, and Integrin 3-1 siRNAs do not
change total content of iCGRP in DRG. Exposure of DRG to 10 ng/mL GFLs, scramble
siRNA (100 nM), and Ret, NCAM, and Integrin -1 siRNA (100 nM) did not change the
total content of ICGRP, compared with an ANOVA. N = 12-18 wells per condition.
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necessary to inhibit all three of these pathways to eliminate NTN-induced sensitization,
which is a novel observation for the mechanism of the GFL-induced actions on sensory
neurons. Whether Integrin -1 affects the expression of the GFRas is unknown, but this
could affect the interpretation of the data above.
3. The distinct Ret-dependent and Ret-independent pathways of GDNF, NTN, and
ART-induced sensitization

The experiments detailed above demonstrate that each of the GFLs have distinct,
though overlapping, compliments of signaling initiation pathways for the induction of
sensory neuronal sensitization. GDNF accomplishes its sensitization in a Ret-dependent
manner through the MAPK/Erk 1/2 pathway. NTN accomplishes its sensitization through
the PI-3K pathway in both a Ret-dependent manner and a Ret-independent manner via
the NCAM and Integrin -1 receptors. ART induces sensitization in a Ret-dependent and
Ret-independent manner, via the NCAM receptor. Actions of ART may be mediated
through PKCe activation (Dr. Weiguo Zhu, personal communication). The pathways of

sensitization by each of the GFLs are represented schematically in Figure 52.
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Figure 52. Schematic of working model of the pathways of sensitization by GDNF, NTN,
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IV. Discussion

The work presented here demonstrates that the GFLs, GDNF, NTN, and ART,
enhanced the release of the neuropeptide CGRP from adult sensory neurons grown in
culture and freshly dissociated spinal cord tissue. These GFLs did not alter the total
content of CGRP in the neurons, nor did PSP, the other molecule in this family, have any
effect upon the release of CGRP from sensory neurons. Additionally, each of the GFLs
uses different and distinct sets of intracellular signaling pathways to accomplish
sensitization. GDNF, through the Ret receptor, activated the MAPK/Erk 1/2 pathway,
and pharmacological inhibition of this pathway with PD98059 and U0126 prevented the
GDNF-induced sensitization. NTN activated both the MAPK/Erk 1/2 and PI-3K
pathways. However, NTN-induced sensitization was abolished only by the PI-3K
inhibitor, LY294002, not by the MAPK inhibitors listed above. ART-induced sensitization
was neither MAPK nor PI-3K dependent, despite the fact that ART activated both of
these pathways. Intriguingly, inhibition of the receptor tyrosine kinase, Ret, eliminated
GDNF-induced sensitization, but not NTN or ART-induced sensitization. ART-induced
sensitization was abolished by Ret and NCAM inhibition, while NTN-induced
sensitization was only prevented when Ret, NCAM, and Integrin 3-1 were all inhibited.
These data show the involvement of Ret-dependent and Ret-independent pathways in
the sensitization of sensory neurons by the GFLs and the role of distinct compliments of
intracellular signaling pathways for each of the GFLs (schematically represented in
Figure 52).
A. Characterization of radioimmunoassay (RIA) and effects of GFLs on the RIA

The majority of the studies in this manuscript consisted of results from
radioiummunoassays to measure changes in release of iCGRP. For this reason, it was
necessary to extensively characterize the RIA in terms of criteria required for a
successful release, as well as to ensure that the GFLs did not disrupt the RIA. This
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characterization was necessary to eliminate the possibility that results seen in studies
conducted were due to some artifact of the RIA.

The criterion set for a valid and successful release included: 1) values of iCGRP in
the basal conditions had to be above the level of detection of the RIA and greater than 5
fmol, 2) stimulated values had to be at least twice the initial basal values, and 3) total
content values of ICGRP had to be within 2 standard deviations of the mean (1312.98 +
494 .32 fmol; Section I11.B.). All data that did not meet these criteria, while very few, was
discarded. These criteria were established to ensure that the data was reliable and
reproducible. The rationale for each criterion is listed below.

First, in order to compare stimulated values to basal or resting values of iICGRP
released, the basal values have to be present. There are three primary reasons these
values could be absent. The cells may not be healthy, and therefore, not producing or
releasing the normal amount of iCGRP. There are many components of the culture
media that could account for this problem. However, the most likely explanation is that
the NGF added to the culture media has lost its potency, since NGF is necessary for
increased transcriptional production of CGRP (Sango et al., 1994;Watson et al., 1995;Xu
and Hall, 2007). The NGF can become less potent due to the labile nature of the protein
(Eng et al., 1997), or it may be that the batch of NGF was inherently compromised. In
either case, less potent NGF can lead basal values to be absent, resulting in data being
discarded.

Next, doubling of ICGRP release was necessary for the stimulated-release to be
considered adequate. The concentrations of capsaicin and potassium used in the
experiments in this thesis have been well characterized as stimuli that at least double
the release of ICGRP (Hingtgen and Vasko, 1994b;Hingtgen and Vasko,
1994a;Hingtgen et al., 1995;Hingtgen et al., 2006). In experiments where this doubling
did not occur, the data set was discarded. Again, one primary reason this doubling may
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not occur is lower potency NGF, since NGF is responsible for the increased transcription
and insertion in the cell membrane of the TRPV1 channel (Stein et al., 2006;Xue et al.,
2007). Another possibility is that the stimulus itself, either capsaicin or potassium, has
been compromised. Finally, low concentration or an absence of calcium in the Hepes
buffer could be responsible for a lack of ICGRP release. Whatever the underlying reason
for as lack of doubling of iCGRP in response to the stimulus, the data was discarded.
There were three wells exposed to control conditions in each experiment, and if these
three wells did not meet the criteria for a valid release, the entire experiment was
considered invalid.

Finally, while the density of the sensory neurons per well were controlled prior to
plating (see Section 1I.D.), the variability in healthy, viable cells in each well can be
substantial. For this reason, most of the CGRP release studies conducted were reported
as ICGRP released as a percent of total content of iCGRP. A 95% confidence interval
was established with the use of 161 individual samples, and all content values that did
not fall within this range (324.34 fmol to 2301.62 fmol) were discarded. This criterion
allowed more reliable comparison between experiments conducted by different scientists
across long periods of time, if necessary. These criteria will continue to be used in the
Hingtgen laboratory.

Additionally, the GFLs, even at the highest concentrations used in release
experiments, did not alter the RIA. A protein-antibody interaction between endogenous
CGRP and the anti-CGRP antibody is necessary for the RIA to function properly. Other
proteins present in the buffer can disrupt this interaction, thereby interfering with the
ability to detect the level of iICGRP using the RIA (Sheffield et al., 1977b). | was able to
determine that none of the GFLs were disrupting the standard curve of the RIA, which

indicates the results of the experiments are valid and not an artifact of GFL disruption of
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CGRP-antibody interactions. This observation was critical in the interpretation of the
results in this thesis.

The RIA has one distinct advantage compared to other methods of measuring the
release of iCGRP (i.e. ELISA). The RIA is more sensitive than the ELISA, which allows
for easier and more quantifiable changes as well as comparisons of small changes in
release of iCGRP (Koskela and Leinonen, 1981). Therefore, this fact in combination with
the expertise using this technique in the Hingtgen laboratory, is the impetus for the use
of an RIA for all studies evaluating the release of ICGRP.

B. GFL-induced enhancement in the capsaicin-stimulated release of iCGRP

Initial experiments showed that addition of the GFLs at the highest concentrations
used for sensitization experiments did not themselves stimulate the release of iCGRP
(Table 4). This observation is important in the interpretation of the subsequent data
indicating that GFLs induce sensitization. Other known sensitizers of sensory neurons,
PGE, and PGI,, can themselves stimulate sensory neurons at high concentrations
(Hingtgen and Vasko, 1994a;Hingtgen et al., 1995). Having established that GFLs are
not stimulators of sensory neurons, the sensitizing role of these molecules could be
evaluated. At the time of this thesis, there was little evidence in the literature of GFL-
induced sensory neuronal sensitization, and the work in this thesis is the first to evaluate
the actions of GFLs on neurotransmitter release in sensory neurons.

As seen in Figure 3, GDNF increased the stimulated-release of iICGRP to
comparable levels as NGF, a well-established sensitizer of sensory neurons. This data
provides evidence that GFLs are another set of growth factors, similar to NGF, that have
potent sensitizing effects on sensory neurons. Once this phenomenon had been
established, a concentration-response curve of GDNF sensory neuronal sensitization
was conducted (Figure 4). Although this was not a complete concentration-response, it
did allow selection of a concentration of GDNF that maximally sensitized stimulated
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release of ICGRP, and this concentration was used in proceeding experiments with
GDNF and the other GFLs. Interestingly, application of 1.0 ng/mL and 10 ng/mL GDNF
resulted in maximal sensitization, while 100 ng/mL GDNF did not sensitize the sensory
neurons. Other studies have indicated a similar profile of the actions of the GFLs in
similar systems (Price et al., 2005). Specifically, 10 ng/mL GDNF increased the content
of CGRP and the capsaicin stimulated-release of CGRP from TRPV1 positive neurons in
the trigeminal ganglia (TG), while 100 ng/mL GDNF did not induce these effects. In this
study, 1.0 ng/mL GDNF increased CGRP content and capsaicin-stimulated release, but
to a lesser extent than 10 ng/mL GDNF. There are three possible explanations for this
loss of sensitization at 100 ng/mL GDNF. First, high levels of GDNF (100 ng/mL) may
activate compensatory intracellular signaling pathways in the sensory neurons, which
may work to decrease the amount of p-Erk or other molecules in the MAPK/Erk 1/2
pathway and prevent sensitization. Secondly, 100 ng/mL GDNF may be a high enough
concentration of GDNF to bind to GFRa-2, the receptor for NTN, and activate additional
compensatory pathways, such as the PI-3K pathway (see Section |.C.3 for a description
of the non-specific binding of GFLs to GFRa receptors). In neurons responsive to GDNF,
which may be different than neurons responsive to NTN, PI-3K activation may inhibit
sensitization. Finally, GDNF may be shifting the capsaicin concentration-response curve
leftward. Capsaicin exhibits a concentration-response curve in the shape of an inverted
U, where very high concentrations of capsaicin actually have no effect or even decrease
the response (Dray et al., 1989;Wood et al., 1988). GDNF at higher concentrations may
shift this curve, resulting in lower concentrations of capsaicin (50 nM) inducing
responses typically seen at much higher concentrations (500 nM). While not tested, this
could be easily examined in the future by using incremental concentrations of capsaicin
and GFLs and constructing multiple concentration-response curves and performing a
probit analysis.
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After determination of the ability of GDNF to sensitize sensory neurons and the
concentrations at which this sensitization occurs, the other GFLs were examined at
similar concentrations. NTN and ART enhanced the capsaicin stimulated-release of
iCGRP to comparable levels as GDNF when added at a concentration of 10 ng/mL.
These data demonstrate that GFLs are sensitizers of sensory neurons. However, the
possibility remained that the total exposure time (20 minutes) of the sensory neurons to
GFLs may have changed the content of iCGRP in the sensory neurons. | eliminated this
possibility by comparing the content of iCGRP in the no treatment and GFL present
conditions, and no difference existed between these conditions.

While capsaicin induces activation of small-diameter sensory neurons through
TRPV1 (Chard et al., 1995;Hiura and Ishizuka, 1989), there are several other stimuli that
induce activation of these neurons. High concentrations of potassium were used as a
general depolarizing stimulus. Interestingly, the GFLs were not able to sensitize the
potassium-evoked release of iCGRP in DRG neurons (Figures 6 and 7). A similar profile
of NGF-induced sensitization of capsaicin-evoked release, but not general depolarization
(in this case by electrical stimulation) stimulated-release, has been observed in rodent
sensory neurons (Malcangio et al., 1997b) Taken together, these data strongly suggest
that the GFLs modulate sensory neuronal sensitivity, at least in part, through modulation
of TRPV1.

Many of the pathways activated by GFLs alter the phosphorylation profile of TRPV1
in such a way as to increase the sensitivity of this channel (Zhang et al., 2008). Some
examples of these pathways are the MAPK-Erk 1/2 pathway, the PI-3K pathway, the
SFK pathway, and the PKC pathway. Other investigators have found that the acute
exposure of the DRG to GFLs enhance the calcium influx through TRPV1 in response to
capsaicin (Malin et al., 2006). The modulation may be through specific changes in
phosphorylation states of the channel (Dr. Weiguo Zhu, personal communication).
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Essentially, GFLs activate the effector pathways mentioned above and phosphorylate
specific residues on TRPV1. This phosphorylation changes the channel properties
and/or kinetics so that it is more responsive to capsaicin and its endogenous activators,
heat (above 42° C) and acidic shifts in pH. Therefore, TRPV1 allows influx of more
sodium and calcium ions, which depolarizes the cell, activates other intracellular
pathways important in sensory neuronal sensitization, and induces calcium-dependent
neurotransmitter vesicle docking and release.

Not only do the GFLs modulate the responses of sensory neurons maintained in
culture, but they also sensitize sensory neurons from freshly dissociated spinal cord
tissue (Figure 10). The sensitization profile is similar in spinal cord tissue and DRG
maintained in culture. The combination of these studies indicates that the responses
seen in DRG in culture are not an artifact of this culture technique, since spinal cord
slices are freshly dissociated and not exposed to the culture conditions. This similarity
validates the DRG in culture as a model for sensory neuronal sensitization and allowed
me to use the DRG culture system to undertake an in depth study of the mechanisms of
GFL-induced sensitization. The fact that the GFLs were able to induce sensitization in
the spinal cord tissue was also a novel observation. This GFL-induced sensitization is in
contrast to NGF, which does not sensitize capsaicin stimulated-release in spinal cord
tissue (Malcangio et al., 1997). This difference in sensitization profile could be a result of
the presence of GFRa receptors on the central terminal of the primary sensory neurons
and a lower level of expression or lack of TrkA on these terminals. Additionally, GFLs
are released in the CNS by microglia and astrocytes in adult mammals (Sandhu et al.,
2009), while NGF is released primarily by glial cells of the PNS (He et al., 2009).

PSP, the other molecule in the GDNF family, did not alter the responses of sensory
neurons in culture to capsaicin (Figure 5 and Table 3). Since there is an abundance of
evidence that the specific receptor for PSP, GFRa4, lacks the appropriate components
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to initiate Ret autophosphorylation in adult mammalian sensory neurons (Lindahl et al.,
2001) and induce signaling pathways, it is not surprising that PSP was unable to induce
sensitization. This set of experiments supports the current theory of PSP as not critically
important in the activity of fully developed sensory neurons (Lindahl et al., 2000). Even
at a concentration of 500 ng/mL, well above the Kp of GFRa-4 for PSP, PSP has no
sensitizing effects. A good positive control would have been to use a different pure
activator of GFRa-4. However, no such molecule exists. Therefore, there is no available
positive control for GFRa-4 activation. The data presented in this document, therefore,
support the assertion that PSP does not have effects on sensory neurons through any of
the GFRa subtypes.

The studies outlined in this thesis provide a mechanism for GFL-induced
hyperalgesia (Bogen et al., 2008;Malin et al., 2006) associated with the increase in GFLs
during inflammation (Hashimoto et al., 2005;Malin et al., 2006;von Boyen et al., 2006).
These studies could also explain one mechanism by which hyperalgesia is induced by
direct injection of the GFLs (Bogen et al., 2008;Malin et al., 2006). Specifically, GFLs
released in increased amounts during inflammation may modulate TRPV1 and other
aspects of sensory neuronal function. This modulation could allow these neurons to
transmit information more easily (by releasing more of the nociceptive neuropeptide,
CGRP, in response to a given stimulus). Increased release of CGRP would initiate
neurogenic inflammation (Brain et al., 1985;Girgis et al., 1985)., which would intensify
the responses of the primary sensory neurons. CGRP is also involved in the propagation
of the nociceptive pathway (Ambalavanar et al., 2006), so increased release of CGRP
could result in increased responses to a given noxious stimulus. Therefore, the
behavioral responses that these sensory neurons mediate would be enhanced by

increased stimulus-evoked release of CGRP.
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C. NGF and GDNF in the culture media have different effects on sensory neurons

NGF and GDNF both have effects on DRG when the sensory neurons are exposed
to these molecules in the culture media for several days. Some of the known effects are
increases in CGRP content (MaclLean et al., 1989;Price et al., 2005;Sango et al., 1994),
increase in TRPV1 expression and insertion in the membrane (Stein et al., 2006;Xue et
al., 2007), as well as modified morphology and increased trafficking of other channels
and proteins important in sensory neuronal sensitivity (Anand et al., 2006;Kerr et al.,
2001). While 30 ng/mL NGF in the culture media increased the absolute level of iICGRP
released and the total content of iCGRP, the enhancement in the stimulated release of
iICGRP as percent of total content in response to 10 ng/mL GDNF was not changed.
Long-term exposure to NGF may change certain characteristics of the sensory neurons,
but these do not alter the responses of these neurons to acute treatment with GDNF.

In contrast to growth in NGF, maintaining the DRG in 10 ng/mL GDNF increased
stimulated release compared to cultures maintained in the absence of GDNF. For the
cultures grown in GDNF, acute exposure to GDNF induced an even greater
enhancement in the stimulus-evoked release of ICGRP than those grown in NGF alone
or in the absence of growth factors. These responses are not likely due to changes in
morphology, CGRP content, or insertion of TRPV1 into the membrane. A more likely
explanation for the increased enhancement in stimulated release in response to GDNF
is that GDNF present in the culture media increases the presence of either GFRa-1
and/or Ret. Addition of 10 ng/mL GDNF in the culture media increases Ret expression
by 12 times in a neuroblastoma cell line (Peterson and Bogenmann, 2004). These
increases could result in greater responsiveness of the sensory neurons to GDNF and
could explain how recurrent, acute inflammatory pain can be converted to chronic pain

syndromes.
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D. Ret-dependent signaling pathways of GFL-induced sensory neuronal
sensitization

The GFLs classically signal through Ret, and the role of three prominent pathways
activated by Ret are known to induce sensory neuronal sensitization. These pathways
are the MAPK/Erk 1/2 pathway, the PI-3K pathway, and the Src kinase pathway. Each of
the GFLs activated distinct complexes of these pathways and used different pathways to
accomplish their sensitization.
1. GDNF-induced sensitization is Ret-dependent and through the MAPK/Erk 1/2
pathway

The intracellular signaling mechanism of GDNF-induced sensitization appears the
most clear of all the GFLs. In many cell types, GDNF has been shown to activate all
three of the pathways mentioned above (Bron et al., 2003;Poteryaev et al., 1999).
Initially, | expected that this multi-pathway activation would occur in the sensory neurons
in culture as well. Surprisingly, GDNF activated the MAPK/Erk 1/2 pathway and the Src
pathway but not the PI-3K pathway (Figures 13 and 22). In accordance with the
molecular data, MAPK/Erk 1/2 pathway inhibitors and SFK inhibitors prevented the
GDNF-induced sensitization, and Src siRNA reduced the GDNF-induced enhancement
in the stimulated-release of iICGRP, while inhibition of the PI-3K pathway did not (Figures
14, 23, and 26). Other studies have observed increased PI-3K activation with exposure
to GDNF (Bron et al., 2003). However, this study used DRG from large (greater than 250
g) Sprague-Dawley rats, whereas the studies in this document were conducted on
mouse DRG. Bron et al., 2003 exposed the rat DRG to high concentrations of GDNF (50
ng/mL and higher) and measured intracellular p-Akt increases. The high concentration of
GDNF used could have initiated non-specific effects of GDNF through the GFRa-2
receptor (Baloh et al., 1997;Buj-Bello et al., 1997;Sanicola et al., 1997). In addition, it is
possible that the signaling responses in rat and mouse tissue are different.. Because Erk
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1/2 is generally considered an effector of the MAPK pathway (Turner and Cantrell,
1997;Xing et al.,, 1998), and Src is often upstream of the MAPK/ERK 1/2 pathway
(Irigoyen and Nagamine, 1999), it is likely that Src is being activated by GDNF through
Ret and initiating the MAPK/Erk 1/2 pathway (diagrammed in Figure 30). Complicating
this pathway is the fact that Src can be activated by PI-3K. There is also evidence that
GDNF can activate SFKs in a Ret-independent manner (Poteryaev et al., 1999).
However, these studies were conducted on DRG from embryonic Ret-deficient mouse
DRG and two neuronal cell lines, that lack Ret expression (NIH3T3 and SHEP
neuroblastoma), stably transfected with GFRa-1. These cells could have different
compliments of signaling pathways and cell surface receptors than the wild type adult
mouse DRG that were used in the studies in this thesis. The developmental, species,
and genetic differences between these preparations could account for the seemingly
discrepant signaling mechanisms for GDNF.

There was also a possibility that GDNF was activating this pathway sequence in a
Ret-independent manner (Pezeshki et al., 2001;Poteryaev et al., 1999). These studies
were all conducted on either embryonic cell cultures or cell lines (described above).
However, when Ret was inhibited using a specific siRNA, the GDNF-induced
sensitization was abolished (Figure 33). The use of other siRNA inhibitors of other
receptors, NCAM, or Ret-independent signaling pathways, Fyn, did not affect the GDNF-
induced sensitization (Figures 36 and 42). The differences between previous reports of
GDNF-induced, Ret-independent actions and the data presented here could simply be
the result of the different cell types used. It is possible and likely that embryonic neurons
and cell lines differ drastically in their responses to GFLs. The primary reason for this
difference is that embryonic neurons and cell lines are experiencing not only the
modulatory effects of the GFL, but also the growth promoting effects. This additional set
of growth effects could completely change the way the cells respond to the GFLs in
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terms of their modulatory effects. The data presented in this thesis indicate that GDNF
accomplishes its sensitization in a completely Ret-dependent manner through the
MAPKI/Erk 1/2 pathway.

2. Ret-dependent, NTN-induced sensitization is through the PI-3K pathway

There is evidence for NTN activation of MAPK, PI-3K, and Src and SFK pathways
(Althini et al., 2004;Hauck et al., 2006;Soler et al., 1999). NTN, unlike GDNF, robustly
activated all three of these pathways, as measured by the production of phosphorylated
downstream effector proteins (Figure 16). Therefore, it would seem likely that NTN could
accomplish its sensitization through all three of these pathways. However, NTN-induced
sensory neuronal sensitization was prevented by inhibition of the PI-3K and Src and SFK
pathways, not the MAPK pathway (Figures 17, 23, and 26). NTN is, therefore, likely
activating Src and the PI-3K pathways sequentially to accomplish enhancement in the
stimulated-release of iCGRP (diagrammed in Figure 30).

NTN exhibited an interesting and intriguing difference with GDNF in its initiation of
sensitization. Using Ret siRNA to knock down this receptor led to a partial reduction in
the NTN-induced enhancement in the capsaicin stimulated-release of iCGRP (Figure
33), and sensitization was still present. This Ret-independent, NTN-induced sensitization
will be discussed further below. The PI-3K pathway is the critical pathway for NTN-
induced sensitization, whether through Ret-dependent or Ret-independent initiation.

One other interesting phenomenon observed in the case of NTN-induced
sensitization is the dissociation of pathway activation and sensitization. Specifically, NTN
activates MAPK/Erk 1/2, as measured by the production of p-Erk, but inhibition of this
pathway does not affect NTN-induced sensitization. This dissociation may be a result of
different pathways having differential activation of downstream proteins. For example,
the PI-3K activated by NTN may be phosphorylating TRPV1, while the MAPK/Erk1/2
may be phosphorylating other proteins and/or altering gene expression.
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3. ART-induced sensitization is through neither the MAPK/Erk 1/2 nor the PI-3K
pathway

ART also activates the MAPK, PI-3K, and Src and SFK pathways (Althini et al.,
2004;Hauck et al., 2006;Soler et al., 1999). ART caused each of these pathways to be
activated in the sensory neurons in culture, as measured by phosphorylation of
downstream effector proteins (Figure 19). It would be expected that inhibition of any of
these pathways, or several of them in combination, would prevent ART-induced
sensitization. However, only Src inhibition was able to reduce the amount of ART-
induced enhancement in the stimulated-release of iCGRP (Figure 26). No inhibitors of
the MAPK/Erk 1/2 or the PI-3K pathways prevented the ART-induced sensitization
(Figure 20). There is the possibility that both of these pathways are sufficient, but neither
is necessary, for ART to induce its sensitizing effects. Essentially, ART could use either
of these pathways to accomplish its sensitization, but neither one of them individually
when inhibited will prevent the ART-induced sensitization. There is no evidence in the
literature for the need for dual pathway activation to induce the effects of ART. There is
evidence, however, of the need for both MAPK and PI-3K activation for neuronal
protection by GDNF (Villegas et al., 2006). The MAPK/Erk 1/2 pathway and PI-3K
pathways also modulate each other (Zhuang et al., 2004). Addition of GDNF to B92 glial
cells prevented the damage and death of these cells by high concentrations of ethanol.
GDNF activated both the MAPK and PI-3K pathways in this preparation and the
inhibition of either pathway, individually, did not reverse the effects of GDNF. When both
pathways were inhibited at the same time, the GDNF could no longer prevent the cell
damage and death. With this study in mind, inhibitors of both the MAPK and PI-3K
pathways were used to evaluate ART-induced sensitization. The use of one inhibitor of
the MAPK/Erk 1/2 and one inhibitor of the PI-3K pathway in combination did not affect
the enhancement in stimulated-release of iCGRP induced by ART (Figure 20). These
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data demonstrate that Src is a likely pathway important in ART-induced sensitization, but
that neither the MAPK nor the PI-3K are necessary for this sensitization. While this
seems to contradict previous studies identifying either or both of these pathways as
important in alteration of sensory neuronal function by ART (Hauck et al., 2006;Jeong et
al., 2008a;Soler et al., 1999), all of these studies were conducted on neuronal cell lines,
embryonic neurons, or motor neurons, not adult sensory neurons. Since the responses
in embryonic tissue, immortalized cells or motor neurons may be very different from
those in adult sensory neurons, the conclusions from experiments in this document may
differ from that in the literature. There is new evidence for the importance of the PKC
pathway for NGF and ART induced sensitization (Shu and Mendell, 2001;Sikand and
Premkumar, 2007). Furthermore, unpublished observations suggest a critical role for
both the SFK and PKC pathways in ART-induced modulation of the TRPV1 channel,
whereas the sensitization of TRPV1 by ART was not affected by the MAPK/Erk 1/2
inhibitors, PD98059 and U0126, and the PI-3K pathway inhibitor, LY294002
(unpublished observation, Dr. Weiguo Zhu).

Ret-independent, ART-induced sensitization was also observed. Ret siRNA did not
abolish ART-induced sensitization, although it did reduce the enhancement in the
release of ICGRP (Figure 33). This Ret-independent, ART-induced sensitization will be
discussed in greater detail in later sections (Section IV. D.3).

4. Direct Ret inhibition by PP2

One controversy confronted in this thesis is whether PP2 is an inhibitor of Ret. PP2
was originally used as a specific inhibitor of the kinase activity of the SFKs, c-Src and
Lck (Hanke et al., 1996). Since that time, it has been erroneously used as a specific c-
Src inhibitor, as well as a SFK inhibitor. However, PP2 was eventually identified as a
potent Ret inhibitor (Encinas et al., 2001). This effect was either due to inhibition of Ret
phosphorylation by some intracellular signaling pathway induced directly by GFRa-2 (as
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described above) or due to direct inhibition of Ret autophosphorylation. The novel mode
of Ret activation thru action of the GFRa receptor was identified and termed trans
activation. This trans activation can occur when GFLs through their cognate GFRa
receptor initiate SFK signaling to phosphorylate Ret (Kato et al., 2002). Other cytokines
can activate Ret through intracellular signaling pathways in the same trans fashion (Kato
et al., 2002). It has, therefore, been unclear whether PP2 was preventing Ret
phosphorylation through inhibition of the Src trans activation or direct inhibition of Ret
autophosphorylation. Figures 28 and 29 in combination provide evidence that PP2 is
inhibiting Ret autophosphorylation. Since c-Src siRNA did not affect GDNF-induced Ret
phosphorylation, c-Src trans activation of Ret is not the likely mechanism of Ret
phosphorylation by the GFLs. Additionally, c-Src siRNA did not eliminate GDNF-induced
sensitization. Since there is no evidence in the literature of Ret-induced activation of any
SFKs besides c-Src and GDNF accomplished its sensitization in a Ret-dependent
manner, GDNF-induced sensitization of sensory neurons is unlikely to be a result of
phosphorylating Ret in a trans fashion. PP2, on the other hand, completely prevented
the ART-induced Ret phosphorylation. This prevention of Ret phosphorylation was as
effective as the prevention of ART-induced Ret phosphorylation by Ret siRNA. ART was
chosen as the representative GFL for these experiments because sensitization by the
other GFLs does not follow this SFK-mediated pattern.

Overall, the data presented in this thesis demonstrate three important characteristics
of the sensitization of sensory neurons by GFLs. First, PP2 can no longer be used as an
SFK-specific inhibitor, especially when evaluating the actions of the GFLs, since it is
clearly also an inhibitor of Ret autophosphorylation. Second, each of the GFLs uses
different compliments of intracellular signaling pathways to accomplish sensory neuronal
sensitization. GDNF uses the MAPK/Erk 1/2 pathway, NTN uses the PI-3K pathway, and
ART does not use either the PI-3K or MAPK Erk 1/2 pathways to elicit sensitization of
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sensory neurons. Finally, there is both Ret-dependent and Ret-independent GFL-
induced sensitization on sensory neurons.
E. Ret-independent signaling pathways of GFL-induced sensory neuronal
sensitization

Ret is the classic signaling partner of the GFL-GFRa complex, but there is an
increasing amount of evidence from the literature that some of the GFLs can signal
independently of Ret in primary neurons and cell lines lacking Ret, ureteric buds from
Ret deficient mice, and in Madine Darby canine kidney (MDCK) cells, which lack Ret (for
a review see Sariola and Saarma, 2003). Although GDNF-induced, Ret-independent
sensitization was not observed in this thesis, one of the other possible Ret-independent
signaling mechanism for the actions GDNF on ureteric budding is directly through the
GFL-GFRa complex (Enomoto et al., 2004;Popsueva et al., 2003). GDNF protection of
substantia nigra neurons from damage by 6-hydroxy dopamine (6-OH DA) is mediated
by the NCAM receptor (Cao et al.,, 2008a;Chao et al.,, 2003;Paratcha et al., 2003).
Although there is no evidence for GFL-induced effects in any cell system through the
Integrin B-1 receptor, the GDNF-GFRa complex does bind to Integrin B-1 in substantia
nigra neurons (Cao et al.,, 2008b). The GAS1 (growth arrest-specific receptor 1)
receptor, a tumor suppressor gene receptor, binds to the GFL-GFRa-1 complex and
induces Ret phosphorylation (Cabrera et al., 2006;Lopez-Ramirez et al., 2008).
1. GDNF lacks Ret-independent signaling mechanisms of sensory neuronal
sensitization

Previous studies in the literature have identified only GDNF-induced, not NTN or
ART-induced, actions through Ret-independent pathways. GDNF exhibited no Ret-
independent effect in the induction of sensory neuronal sensitization in any studies in
this document. This difference can likely be accounted for by the use of different cell
types. The studies that found GDNF-induced, Ret-independent effects were done
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primarily in cancer and neuronal cell lines (Enomoto et al., 2004;Paratcha et al., 2003).
GDNF promoted ureteric kidney budding in mouse embryos independently of Ret or any
other cell surface receptor, and embryonic substantia nigra neurons were protected from
6-OH DA damage in a Ret-independent, NCAM-dependent manner (Cao et al.,
2008a;Cao et al., 2008b). Some of the demonstrated effects of GDNF in these cells
were likely due to the growth promoting effects of GDNF, which were not likely to play a
role in my studies of the acute effects of GDNF on sensory neuronal sensitization. For
example, the most striking evidence for GDNF-induced, NCAM-dependent effects is the
protection of substantia nigra CNS neurons from 6-OH dopamine damage. These
neurons were exposed for to GDNF for several days and later treated with 6-OH DA.
The protection of these neurons by GDNF was NCAM-dependent, since addition of an
NCAM blocking antibody eliminated these protective effects (Cao et al., 2008a). It is
clear from the data presented in this thesis that GDNF does not exert its sensitization
actions through Ret-independent mechanisms in peripheral sensory neurons.
2. NTN accomplishes sensitization through at least two Ret-independent
mechanisms

There is no evidence in the literature for NTN-induced, Ret-independent effects in
any cell type. Although NTN binds to the NCAM receptor (Paratcha et al., 2003), there
are no studies showing a functional effect of NTN through an NCAM-dependent
mechanism. Additionally, no studies to evaluate the NTN-induced effects through an
Integrin B-1-dependent mechanism have been published. The current work showing a
NTN-induced, Ret-independent sensitization is the first to demonstrate that NTN can
have effects through Ret-independent mechanisms.

NTN-induced enhancement in the stimulated-release of iICGRP was reduced by Ret
siRNA exposure, but the sensitization was not eliminated (Figure 33). A similar effect
with NCAM siRNA was seen (Figure 36). One complicating factor in inhibition of NCAM
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is that NCAM activates many intracellular signaling pathways. Despite this possible
complication, when Ret and NCAM siRNA were used in combination, NTN-induced
sensitization was still present, but the amount of enhancement in the stimulated-release
of ICGRP was dramatically reduced (Figure 39). The effects of NCAM were reproduced
by Fyn siRNA exposure (Figures 42 and 44), which further supports the partial role of
NCAM in NTN-induced sensitization. NCAM directly activates Fyn, while there is no
evidence that Ret does. In addition, exposure of DRG to Integrin -1 siRNA reduced
NTN-induced enhancement in the stimulated-release of iCGRP, but did not eliminate
sensitization (Figure 48). However, when the DRG were exposed to Ret, NCAM, and
Integrin B-1 siRNA in combination, the NTN-induced sensitization was completely
abolished (Figure 50). Addition of all three siRNAs could affect the integrity of the
neuronal cell membranes and/or the ability of the supporting glia to secrete factors
necessary for neuronal function. Since addition of all three of these siRNAs did not alter
content of iCGRP, nor did it change the resting release of iCGRP, it is unlikely that the
combination of siRNA treatments altered the baseline functions of the sensory neurons.
There are two possible explanations for reduction of sensitization by reducing
expression of Ret and NCAM in combination or Ret or NCAM individually. The first
possibility is that the 15-30% of Ret and NCAM protein remaining after siRNA treatment
could be enough to allow for NTN-induced sensitization. There were two ways to
address this issue; add higher concentrations of siRNA molecules or add the siRNA
molecules in combination. Adding these siRNA molecules in combination allows
evaluation of the possibility that NTN is capable of using any or all of these receptors
depending on availability. Clearly, NTN is able to use these alternate receptor-pathway
combinations when the others are eliminated. NTN probably can use these pathways to

promote its effects, which is the second possibility for why each of the siRNA molecules
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individually did not prevent NTN-induced sensitization. This seems to be the more likely
scenario.

The data would suggest that NTN is capable of using three distinct receptors to
initiate its effects through a common intracellular signaling cascade, PI-3K, to induce this
sensitization. NTN-induced, Ret-dependent effects are likely through the c-Src kinase
pathway. Ret autophosphorylation activates c-Src, while there is no evidence that Ret
autophosphorylation can activate Fyn or Syk. NCAM activation induces the Fyn kinase
pathway. Integrin B-1 activation results in Syk kinase cascade initiation. The role of Src
and Fyn in NTN-induced sensitization was evaluated in this thesis, while Syk kinase
function in NTN-induced sensitization was not. However, these studies could be
conducted at a later point. The downstream effector of NTN-induced sensitization,
whether the actions are initiated through Ret-Src, NCAM-Fyn, or Integrin B-1-Syk, is PI-
3K. PI-3K activation likely modulates the TRPV1 phosphorylation state and thereby
alters the sensitivity of the channel to noxious stimuli. This NTN-induced, Ret-
independent pathway of sensitization is a completely novel pathway and is the first
demonstration of GFL-induced, Ret-independent pathways of sensory neuronal
sensitization.

3. ART accomplishes sensitization through Ret-dependent and Ret-independent,
NCAM-dependent mechanisms

Several studies indicate that ART-induced sensitization occurs, in part, through Ret-
independent mechanisms (Bennett et al., 2006;Zihimann et al., 2005). Therefore, there
is precedent in the literature for ART-induced, Ret-independent actions in sensory
neurons. The normal electrophysiological functions of injured C-fibers are recovered by
exposure to ART. Interestingly, this recovery occurs on C-fibers that express GFRa-3
but not Ret, demonstrating these effects of ART are Ret-independent (Bennett et al.,
2006). Originally, ART was shown to increase the tyrosine hydroxylase (TH)
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immunoreactivity, the neurite outgrowth, and the neurite branching of neurons from the
rat ventral mesencephalon (Zihlmann et al., 2005). However, it was then found that
some DRG sensory neurons damaged by axotomy were ART responsive and GFRa-3
positive, but lacked the Ret receptor (Bennett et al., 2006). The GFRa-3 positive, Ret
negative neurons had increased transcription of ART-dependent genes, increased
release of substance P (SP), and enhanced physiological properties (Bennett et al.,
2006). Together, these studies suggested a role for Ret-independent actions of ART in
sensory neurons.

ART-induced sensitization was not prevented by either Ret siRNA or NCAM siRNA
alone, but the enhancement in the release of iCGRP was significantly reduced by each
of these manipulations (Figures 33 and 36). Fyn siRNA had the same effect as NCAM
siRNA (Figure 42). When Ret and NCAM or Ret and Fyn siRNA were used in
combination, the ART-induced sensitization was abolished (Figures 38 and 44).
Exposure of the DRG to Integrin -1 siRNA did not affect ART-induced enhancement in
the release of ICGRP (Figure 48). The effects of all of these manipulations show that
ART uses both the Ret-dependent pathway through Src and the NCAM-dependent
pathway, likely through Fyn, to accomplish its sensitization. A direct evaluation of the
connection between NCAM activation and Fyn kinase initiation was not conducted, but
these studies could be done in the future. ART-induced sensitization is not mediated by
the MAPKI/Erk 1/2 or the PI-3K effector pathways.

F. Physiological and pathophysiological significance of the distinct and novel
signaling pathways of GFL-induced sensitization

The data presented in this thesis demonstrate that each of the GFLs use distinct
pathways to sensitize sensory neurons. One question that remains, however, is what
physiological and pathophysiological significance there could be for seemingly similar
molecules having different pathways of sensitization. This is interesting for the GFLs,
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because all of these molecules were originally thought to mediate their actions through
the Ret receptor and similar sets of intracellular signaling pathways. Additionally, why
NTN and ART can signal in a Ret-independent manner and GDNF cannot is yet to be
determined. There are three possible explanations for these differences in signaling
between GFLs. First, each GFL is modulating the responses of sensory neurons that are
innervating different tissues, and therefore may have different compliments of receptors
and signaling pathways. Second, each of the specific GFRa receptors is localized on
different portions of the cell membrane where different compliments of receptors and
pathways are present. Finally, each of the GFLs may cause different structural changes
in their specific GFRa receptor subtype that allow different interactions with Ret, NCAM,
and Integrin B-1.
1. Each of the GFLs may modulate different populations of sensory neurons in the
DRG

The DRG is a heterogeneous population of sensory neurons; in particular there are
sensory neurons that innervate the skin, the viscera, and the musculoskeletal system.
There is an abundance of evidence for each of the GFLs having specific and/or
preferential populations of sensory neurons of which they modulate responses. GDNF
has long been touted as a potential treatment for amyotrophic lateral sclerosis (ALS).
GDNF not only has potent effects on motor neuron survival and maintenance (Ribotta et
al., 1997;Yamamoto et al., 1996) but also participates in the recovery of damaged
proprioceptive sensory neurons innervating muscle tissue (Buj-Bello et al., 1995). There
is no evidence in the literature that NTN, ART or PSP have this effect on proprioceptive
sensory neurons. Additionally, when afferents from muscle, skin, and viscera were
labeled, GDNF was only able to modulate the responses of TRPV1 to capsaicin in motor
afferents, which contain small amounts of CGRP (Malin et al., 2009). These results were
recapitulated in an ex vivo preparation where the muscle is removed with the attached
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motor afferents and responses of the afferents were evaluated. GDNF modulated the
electrophysiological responses of these neurons making them more sensitive to noxious
stimuli (personal communication, Dr. Sacha Malin, University of Pittsburgh). These data
could indicate that GDNF is modulating this population of DRG primary sensory neurons,
possibly due to increased expression of the GFRa-1 receptor on this population.

Similar to GDNF, NTN appears to have a specific subset of sensory neurons that it
preferentially modulates. When sensory neurons from the colon were retrogradely
labeled and treated with each of the GFLs, NTN produced the most robust modulation of
capsaicin-induced calcium influx through TRPV1 (Malin et al., 2009). NTN caused a
greater peak influx of calcium through TRPV1 and a larger area under the curve of
calcium influx than GDNF or ART. This data suggests that NTN preferentially modulates
the responses of sensory neurons innervating the colon and other viscera. Again, these
effects of NTN are presumably through increased expression of GFRa-2 on this
neuronal subtype compared to the other sensory neuronal populations, although this has
not been evaluated.

ART may preferentially modulate the responses to noxious stimuli of afferents
innervating the skin. ART is the most effective GFL at altering the function of sensory
neurons innervating the skin, robustly modulating TRPV1 responses to capsaicin in
greater than 80% of a population of these neurons (Malin et al., 2009). GDNF and NTN
had effects on far fewer (approximately 40%) of these neurons. Additionally, ART over
expression (ART-OE) selectively in skin keratinocytes led to increased excitability of the
C-fibers (a subset of nociceptive sensory neurons) innervating the skin and behavioral
hypersensitivity to noxious heat (Elitt et al., 2006). The level of ART and its receptor,
GFRa-3, are increased in the skin after inflammation is induced by CFA (Malin et al.,
2006), and ART-OE mice have increased calcium influx through TRPV1 in response to
capsaicin compared to wild-type mice (Wang et al.,, 2008b). ART was able to elicit

157



enhanced responses of TRPV1 in afferents from skin and viscera as well. However,
fewer of these neurons responded to ART, and the responses of these afferents to ART
were less robust than in skin afferents. Together, these data indicate that ART is an
important modulator of sensory neuronal sensitivity of primary afferents innervating the
skin.

In the DRG cultures used for experiments described in this thesis, there is a
heterogeneous population of neuronal subtypes; skin afferents, motor afferents, and
visceral afferents. The sensitization of the sensory neurons in this preparation is equal
for each of the GFLs, which could be due to modulation of each of the different
populations of sensory neurons by the different GFLs. It is also possible that each of the
subtypes of primary afferents has distinct sets and abundances of receptors (Ret,
NCAM, and Integrin $-1) and signaling pathways available for the action of sensitization
(MAPK/Erk 1/2, PI-3K, SFKs, Fyn, and PKC). For instance, muscle afferents may
express only Ret and GFRa-1 receptors and preferentially use the ¢c-Src kinase signaling
cascade through the MAPK/Erk 1/2 pathway for sensitization, while visceral afferents
may express GFRa-2, Ret, NCAM, and Integrin -1 receptors and preferentially use the
c-Src, Fyn, and Syk kinase signaling cascades through the PI-3K pathway for
sensitization. ART, on the other hand, may express only Ret, NCAM, and GFRa-3
receptors and preferentially use the Fyn kinase and c-Src kinase signaling cascade
through the PKC pathway for sensitization. This could be tested by
immunohistochemical staining of the DRG for each of these receptors and determination
of their colocalization, although, this colocalization does not necessary correlate with
function in these neurons.

These differences in GFL responsiveness of different subtypes of primary afferents
could be important in physiologic and pathophysiologic function. The joint and muscular
pain of diseases like rheumatoid arthritis may be mediated by the actions of GDNF on
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musculoskeletal afferents (Fang et al., 2003;Liu et al., 2006). Colonic and other visceral
pain may be mediated by NTN, since GFRa-2 is highly expressed in SP containing
neurons from the myenteric ganglia, and GFRa-2 deficient mice displayed dysfunction in
visceral pain (Rossi et al., 2003). Pain from the skin may be mediated by ART, as
discussed above. Direct injection into the paw with any of the GFLs induces
inflammatory hyperalgesia (Malin et al., 2006), which could argue against the idea of a
specific GFL mediating pain only from a particular tissue. However, there is a complex
interplay of glial cells, hematopoietic cells, and connective tissue which may complicate
the ability to determine the effects of individual GFLs on sensory neurons in vivo.
Overall, it is clear that each of the GFLs may play important roles in pain of different
physiologic origin.
2. Differential localization of signaling components of GFL-induced sensitization

A growing number of studies have probed the concept of receptor and signaling
component localization in GFL-induced function, specifically the role of lipid rafts in this
signaling. When the GFL-GFRa complex binds its GFL, this complex recruits Ret into
lipid rafts and initiates signaling (Tansey et al., 2000). This activation and signaling is
interrupted by lipid raft disrupters and leads to a dampening of the effects of GFLs on
survival and neurite outgrowth (Pierchala et al., 2006). Additionally, there are different
pathways activated by Ret when it is inside lipid rafts versus outside lipid rafts (Pierchala
et al., 2006). Inside lipid rafts, Ret signals through the Src homology 2 domain containing
(SHC) and Grb2 (Paratcha et al., 2001). Outside of lipid rafts, Ret signals through FGF
receptor substrate 2 (FSR2; Paratcha et al., 2001). Each of these pathways initiators
activate different intracellular signaling pathways (Paratcha et al., 2001). Finally, NCAM
and Integrin B-1 can signal both within lipid rafts (Schaeren-Wiemers et al.,
2004;Vassilieva et al., 2008) and outside of lipid rafts. It is reasonable, then, to
hypothesize that each of the GFLs could be activating different receptors and signaling
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pathways due to localization of these receptors and pathways with individual GFRa
receptors.

3. Different GFRa subtypes may alter the structure of Ret and the resulting
activation of Ret-dependent pathways

The final possibility for different signaling pathway activation and resulting
sensitization by each of the GFLs is that each specific GFL-GFRa complex may be
altering the structure of Ret in such a way as to activate different compliments of
signaling pathways. Specifically, it has been shown that when the ART-GFRa-3 complex
translocates to Ret, it activates the MAPK pathway more slowly and less robustly than
when the GDNF-GFRa-1 complex translocates to this receptor (Parkash et al., 2008).
This may be because different tyrosine residues are available depending on the Ret
configuration. Different Ret configurations are induced by the specific GFL-GFRa
complex because of the different angles of the GFL-GFRa complexes (Parkash et al.,
2008). Different Ret confirmations lead to activation of different signaling cascades and
signaling effectors by changing the relationship of the two Ret molecules in the
homodimer in such a way as to alter which tyrosine molecules are available for
autophosphorylation (Parkash et al., 2008). Different patterns of autophosphorylation
could lead to different intracellular signaling molecules binding to Ret and being
activated and could explain, in part, the differential compliments of pathways used by
each of the GFLs to elicit sensory neuronal sensitization.

Whether the differential compliments of signaling pathways used by the GFLs to
accomplish their sensitization is due to different GFL sensitize populations, differential
localization of receptors and signaling pathways, or different structural alterations in Ret
by the receptor complex, it is clear that there is some difference in signaling cascade
induction. While not the focus of this thesis, this aspect of GFL-induced sensitization
warrants further investigation.
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V. SUMMARY AND CONCLUSIONS
The results of this thesis can be summarized by the following statements:
1. The GFLs, GDNF, NTN, and ART, enhance the capsaicin stimulated-release of

iICGRP from isolated sensory neurons and freshly dissociated spinal cord tissue.

2. The GFLs do not modulate the potassium stimulated-release of iCGRP.

3. Chronic exposure of DRG to GDNF in the culture media increases the capsaicin
stimulated-release of iCGRP and the sensitization produced by acute exposure

to GDNF.

4. GDNF induces sensitization of isolated sensory neurons in a Ret-dependent

manner through the MAPK/Erk 1/2 pathway.

5. NTN-induced sensitization of isolated sensory neurons involves Ret, NCAM, and

Integrin B-1. NTN-induced sensitization is mediated by the PI-3K pathway.

6. ART induces sensitization of isolated sensory neurons via Ret and NCAM

activation of an unidentified pathway, possibly the PKC pathway.

Each of the GFLs used different compliments of Ret-dependent and/or Ret-
independent pathways to accomplish sensory neuronal sensitization. The demonstration
of Ret-independent signaling in sensory neurons is novel. Additionally, NTN-induced
sensitization through Integrin -1 is a novel signaling mechanisms for NTN in any cell
type. It remains to be determined the mechanism of activation of these different
pathways by each of the GFLs and the exact physiological reason behind these
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differences. The data presented in this thesis indicates novel and distinct pathways of
GFL-induced sensory neuronal sensitization and adds a layer of complexity to the
present knowledge of the actions and signaling pathways of the GFLs. Finally, the
effector of this GFL-induced enhancement in the stimulated-release of iCGRP, and the
mechanisms by which the signaling pathways modulate this or these effectors, remains
to be elucidated. However, the data presented in this thesis provide insight into the
signaling pathways of GFLs and the mechanisms of the induction of sensory neuronal

sensitization in general.

162



VI. REFERENCES

Abdel-Salam OM (2008) Drugs used to treat Parkinson's disease, present status and
future directions. CNS Neurol Disord Drug Targets 7:321-342.

Airaksinen MS, Saarma M (2002) The GDNF family: signalling, biological functions and
therapeutic value. Nat Rev Neurosci 3:383-394.

Airaksinen MS, Titievsky A, Saarma M (1999) GDNF family neurotrophic factor
signaling: four masters, one servant? Mol Cell Neurosci 13:313-325.

Akerud P, Canals JM, Snyder EY, Arenas E (2001) Neuroprotection through delivery of
glial cell line-derived neurotrophic factor by neural stem cells in a mouse model of
Parkinson's disease. J Neurosci 21:8108-8118.

Albers KM, Woodbury CJ, Ritter AM, Davis BM, Koerber HR (2006) Glial cell-line-
derived neurotrophic factor expression in skin alters the mechanical sensitivity of
cutaneous nociceptors. J Neurosci 26:2981-2990.

Alberti L, Borrello MG, Ghizzoni S, Torriti F, Rizzetti MG, Pierotti MA (1998) Grb2
binding to the different isoforms of Ret tyrosine kinase. Oncogene 17:1079-1087.

Alessandri-Haber N, Dina OA, Joseph EK, Reichling DB, Levine JD (2008) Interaction of
transient receptor potential vanilloid 4, Integrin, and SRC tyrosine kinase in mechanical
hyperalgesia. J Neurosci 28:1046-1057.

Alessandri-Haber N, Joseph E, Dina OA, Liedtke W, Levine JD (2005) TRPV4 mediates
pain-related behavior induced by mild hypertonic stimuli in the presence of inflammatory
mediator. Pain 118:70-79.

Aloe L, Tuveri MA, Levi-Montalcini R (1992) Studies on carrageenan-induced arthritis in
adult rats: presence of nerve growth factor and role of sympathetic innervation.
Rheumatol Int 12:213-216.

Althini S, Usoskin D, Kylberg A, Kaplan PL, Ebendal T (2004) Blocked MAP kinase
activity selectively enhances neurotrophic growth responses. Mol Cell Neurosci 25:345-
354.

Amara SG, Jonas V, Rosenfeld MG, Ong ES, Evans RM (1982) Alternative RNA
processing in calcitonin gene expression generates MRNAs encoding different
polypeptide products. Nature 298:240-244.

Ambalavanar R, Moritani M, Moutanni A, Gangula P, Yallampalli C, Dessem D (2006)
Deep tissue inflammation upregulates neuropeptides and evokes nociceptive behaviors
which are modulated by a neuropeptide antagonist. Pain 120:53-68.

163



Anand U, Otto WR, Casula MA, Day NC, Davis JB, Bountra C, Birch R, Anand P (2006)
The effect of neurotrophic factors on morphology, TRPV1 expression and capsaicin
responses of cultured human DRG sensory neurons. Neurosci Lett 399:51-56.

Aoki Y, Ohtori S, Takahashi K, Ino H, Douya H, Ozawa T, Saito T, Moriya H (2005)
Expression and co-expression of VR1, CGRP, and IB4-binding glycoprotein in dorsal
root ganglion neurons in rats: differences between the disc afferents and the cutaneous
afferents. Spine 30:1496-1500.

Arenas E, Trupp M, Akerud P, Ibanez CF (1995) GDNF prevents degeneration and
promotes the phenotype of brain noradrenergic neurons in vivo. Neuron 15:1465-1473.

Averill S, Delcroix JD, Michael GJ, Tomlinson DR, Fernyhough P, Priestley JV (2001)
Nerve growth factor modulates the activation status and fast axonal transport of ERK 1/2
in adult nociceptive neurones. Mol Cell Neurosci 18:183-196.

Baloh RH, Tansey MG, Golden JP, Creedon DJ, Heuckeroth RO, Keck CL, Zimonjic DB,
Popescu NC, Johnson EM, Jr., Milbrandt J (1997) TrnR2, a novel receptor that mediates
neurturin and GDNF signaling through Ret. Neuron 18:793-802.

Baloh RH, Tansey MG, Lampe PA, Fahrner TJ, Enomoto H, Simburger KS, Leitner ML,
Araki T, Johnson EM, Jr., Milbrandt J (1998) Artemin, a novel member of the GDNF
ligand family, supports peripheral and central neurons and signals through the
GFRalpha3-RET receptor complex. Neuron 21:1291-1302.

Barber LA, Vasko MR (1996) Activation of protein kinase C augments peptide release
from rat sensory neurons. J Neurochem 67:72-80.

Bartho L, Stein C, Herz A (1990) Involvement of capsaicin-sensitive neurones in
hyperalgesia and enhanced opioid antinociception in inflammation. Naunyn
Schmiedebergs Arch Pharmacol 342:666-670.

Baudet C, Mikaels A, Westphal H, Johansen J, Johansen TE, Ernfors P (2000) Positive
and negative interactions of GDNF, NTN and ART in developing sensory neuron
subpopulations, and their collaboration with neurotrophins. Development 127:4335-
4344,

Bazan JF (1990) Structural design and molecular evolution of a cytokine receptor
superfamily. Proc Natl Acad Sci U S A 87:6934-6938.

Beggs HE, Baragona SC, Hemperly JJ, Maness PF (1997) NCAM140 interacts with the
focal adhesion kinase p125(fak) and the SRC-related tyrosine kinase p59(fyn). J Biol
Chem 272:8310-8319.

164



Beglinger C, Born W, Munch R, Kurtz A, Gutzwiller JP, Jager K, Fischer JA (1991)
Distinct hemodynamic and gastric effects of human CGRP | and Il in man. Peptides
12:1347-1351.

Beglinger C, Koehler E, Born W, Fischer JA, Keller U, Hanssen LE, Gyr K (1988) Effect
of calcitonin and calcitonin gene-related peptide on pancreatic functions in man. Gut
29:243-248.

Benditt EP, Bader S, Lam KB (1955) Studies of the mechanism of acute vascular
reactions to injury. I. The relationship of mast cells and histamine to the production of
edema by ovomucoid in rats. AMA Arch Pathol 60:104-115.

Bennett DL, Boucher TJ, Michael GJ, Popat RJ, Malcangio M, Averill SA, Poulsen KT,
Priestley JV, Shelton DL, McMahon SB (2006) Artemin has potent neurotrophic actions
on injured C-fibres. J Peripher Nerv Syst 11:330-345.

Bespalov MM, Saarma M (2007) GDNF family receptor complexes are emerging drug
targets. Trends Pharmacol Sci 28:68-74.

Bevan S, Szolcsanyi J (1990) Sensory neuron-specific actions of capsaicin: mechanisms
and applications. Trends Pharmacol Sci 11:330-333.

Bhave G, Zhu W, Wang H, Brasier DJ, Oxford GS, Gereau RW (2002) cAMP-dependent
protein kinase regulates desensitization of the capsaicin receptor (VR1) by direct
phosphorylation. Neuron 35:721-731.

Bienenstock J, Tomioka M, Matsuda H, Stead RH, Quinonez G, Simon GT, Coughlin
MD, Denburg JA (1987) The role of mast cells in inflammatory processes: evidence for
nerve/mast cell interactions. Int Arch Allergy Appl Immunol 82:238-243.

Blesch A, Tuszynski MH (2003) Cellular GDNF delivery promotes growth of motor and
dorsal column sensory axons after partial and complete spinal cord transections and
induces remyelination. J Comp Neurol 467:403-417.

Bliss TV, Lomo T (1973) Long-lasting potentiation of synaptic transmission in the dentate
area of the anaesthetized rabbit following stimulation of the perforant path. J Physiol
232:331-356.

Bogen O, Joseph EK, Chen X, Levine JD (2008) GDNF hyperalgesia is mediated by
PLCgamma, MAPK/ERK, PI3K, CDK5 and Src family kinase signaling and dependent
on the IB4-binding protein versican. Eur J Neurosci 28:12-19.

Bonnington JK, McNaughton PA (2003) Signalling pathways involved in the sensitisation
of mouse nociceptive neurones by nerve growth factor. J Physiol 551:433-446.

165



Borrello MG, Alberti L, Arighi E, Bongarzone |, Battistini C, Bardelli A, Pasini B, Piutti C,
Rizzetti MG, Mondellini P, Radice MT, Pierotti MA (1996) The full oncogenic activity of
Ret/ptc2 depends on tyrosine 539, a docking site for phospholipase Cgamma. Mol Cell
Biol 16:2151-2163.

Bowie D, Feltz P, Schlichter R (1994) Subpopulations of neonatal rat sensory neurons
express functional neurotransmitter receptors which elevate intracellular calcium.
Neuroscience 58:141-149.

Bowles WR, Sabino M, Harding-Rose C, Hargreaves KM (2004) Nerve growth factor
treatment enhances release of immunoreactive calcitonin gene-related peptide but not
substance P from spinal dorsal horn slices in rats. Neurosci Lett 363:239-242.

Brain SD, Williams TJ, Tippins JR, Morris HR, MaclIntyre | (1985) Calcitonin gene-related
peptide is a potent vasodilator. Nature 313:54-56.

Brokaw JJ, White GW (1992) Calcitonin gene-related peptide potentiates substance P-
induced plasma extravasation in the rat trachea. Lung 170:85-93.

Bron R, Klesse LJ, Shah K, Parada LF, Winter J (2003) Activation of Ras is necessary
and sufficient for upregulation of vanilloid receptor type 1 in sensory neurons by
neurotrophic factors. Mol Cell Neurosci 22:118-132.

Buckley TL, Brain SD, Jose PJ, Williams TJ (1992) The partial inhibition of inflammatory
responses induced by capsaicin using the Fab fragment of a selective calcitonin gene-
related peptide antiserum in rabbit skin. Neuroscience 48:963-968.

Buj-Bello A, Adu J, Pinon LG, Horton A, Thompson J, Rosenthal A, Chinchetru M,
Buchman VL, Davies AM (1997) Neurturin responsiveness requires a GPI-linked
receptor and the Ret receptor tyrosine kinase. Nature 387:721-724.

Buj-Bello A, Buchman VL, Horton A, Rosenthal A, Davies AM (1995) GDNF is an age-
specific survival factor for sensory and autonomic neurons. Neuron 15:821-828.

Cabrera JR, Sanchez-Pulido L, Rojas AM, Valencia A, Manes S, Naranjo JR, Mellstrom
B (2006) Gas1 is related to the glial cell-derived neurotrophic factor family receptors
alpha and regulates Ret signaling. J Biol Chem 281:14330-14339.

Cao JP, Wang HJ, Yu JK, Yang H, Xiao CH, Gao DS (2008a) Involvement of NCAM in
the effects of GDNF on the neurite outgrowth in the dopamine neurons. Neurosci Res
61:390-397.

Cao JP, Yu JK, Li C, Sun Y, Yuan HH, Wang HJ, Gao DS (2008b) Integrin beta1 is
involved in the signaling of glial cell line-derived neurotrophic factor. J Comp Neurol
509:203-210.

166



Carter MT, Yome JL, Marcil MN, Martin CA, Vanhorne JB, Mulligan LM (2001)
Conservation of RET proto-oncogene splicing variants and implications for RET isoform
function. Cytogenet Cell Genet 95:169-176.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D (1997) The
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389:816-
824.

Cesare P, Dekker LV, Sardini A, Parker PJ, McNaughton PA (1999) Specific
involvement of PKC-epsilon in sensitization of the neuronal response to painful heat.
Neuron 23:617-624.

Chao CC, Ma YL, Chu KY, Lee EH (2003) Integrin alphav and NCAM mediate the
effects of GDNF on DA neuron survival, outgrowth, DA turnover and motor activity in
rats. Neurobiol Aging 24:105-116.

Chard PS, Bleakman D, Savidge JR, Miller RJ (1995) Capsaicin-induced neurotoxicity in
cultured dorsal root ganglion neurons: involvement of calcium-activated proteases.
Neuroscience 65:1099-1108.

Chen JJ, Barber LA, Dymshitz J, Vasko MR (1996) Peptidase inhibitors improve
recovery of substance P and calcitonin gene-related peptide release from rat spinal cord
slices. Peptides 17:31-37.

Cheng JK, Ji RR (2008) Intracellular signaling in primary sensory neurons and persistent
pain. Neurochem Res 33:1970-1978.

Chiariello M, Visconti R, Carlomagno F, Melillo RM, Bucci C, de F, V, Fox GM, Jing S,
Coso OA, Gutkind JS, Fusco A, Santoro M (1998) Signalling of the Ret receptor tyrosine
kinase through the c-Jun NH2-terminal protein kinases (JNKS): evidence for a
divergence of the ERKs and JNKs pathways induced by Ret. Oncogene 16:2435-2445.

Chuang HH, Prescott ED, Kong H, Shields S, Jordt SE, Basbaum Al, Chao MV, Julius D
(2001) Bradykinin and nerve growth factor release the capsaicin receptor from
Ptdins(4,5)P2-mediated inhibition. Nature 411:957-962.

Cik M, Masure S, Lesage AS, Van dL, I, Van GP, Pangalos MN, Gordon RD, Leysen JE
(2000) Binding of GDNF and neurturin to human GDNF family receptor alpha 1 and 2.
Influence of cRET and cooperative interactions. J Biol Chem 275:27505-27512.

Coderre TJ, Melzack R (1987) Cutaneous hyperalgesia: contributions of the peripheral
and central nervous systems to the increase in pain sensitivity after injury. Brain Res
404:95-106.

Cooper E, Diamond J (1977) A quantitative study of the mechanosensory innervation of
the salmander skin. J Physiol 264:695-723.

167



Coulpier M, Anders J, Ibanez CF (2002) Coordinated activation of autophosphorylation
sites in the RET receptor tyrosine kinase: importance of tyrosine 1062 for GDNF
mediated neuronal differentiation and survival. J Biol Chem 277:1991-1999.

Cruwys SC, Kidd BL, Mapp PI, Walsh DA, Blake DR (1992) The effects of calcitonin
gene-related peptide on formation of intra-articular oedema by inflammatory mediators.
Br J Pharmacol 107:116-119.

Darwin F (1875) On the Primary Vascular Dilatation in Acute Inflammation. J Anat
Physiol 10:1-16.

Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism of action
of some commonly used protein kinase inhibitors. Biochem J 351:95-105.

Davis KD, Meyer RA, Campbell JN (1993) Chemosensitivity and sensitization of
nociceptive afferents that innervate the hairy skin of monkey. J Neurophysiol 69:1071-
1081.

De Graaff E, Srinivas S, Kilkenny C, D'Agati V, Mankoo BS, Costantini F, Pachnis V
(2001) Differential activities of the RET tyrosine kinase receptor isoforms during
mammalian embryogenesis. Genes Dev 15:2433-2444.

De SB, Van der SB, Jaspers M, Saison M, Spaepen M, Van LF, Van den BH, Cassiman
JJ (1989) Distribution of the beta 1 subgroup of the integrins in human cells and tissues.
J Histochem Cytochem 37:299-307.

Della SD, de AL, Aloe L, Alleva E (1994) NGF effects on hot plate behaviors in mice.
Pharmacol Biochem Behav 49:701-705.

Dina OA, McCarter GC, de CC, Levine JD (2003) Role of the sensory neuron
cytoskeleton in second messenger signaling for inflammatory pain. Neuron 39:613-624.

Ding J, Vlahos CJ, Liu R, Brown RF, Badwey JA (1995) Antagonists of
phosphatidylinositol 3-kinase block activation of several novel protein kinases in
neutrophils. J Biol Chem 270:11684-11691.

Donnerer J, Amann R, Schuligoi R, Skofitsch G (1996) Complete recovery by nerve
growth factor of neuropeptide content and function in capsaicin-impaired sensory
neurons. Brain Res 741:103-108.

Doya H, Ohtori S, Fujitani M, Saito T, Hata K, Ino H, Takahashi K, Moriya H, Yamashita
T (2005) c-Jun N-terminal kinase activation in dorsal root ganglion contributes to pain
hypersensitivity. Biochem Biophys Res Commun 335:132-138.

168



Dray A, Hankins MW, Yeats JC (1989) Desensitization and capsaicin-induced release of
substance P-like immunoreactivity from guinea-pig ureter in vitro. Neuroscience 31:479-
483.

Duncia JV, et al. (1998) MEK inhibitors: the chemistry and biological activity of U0126,
its analogs, and cyclization products. Bioorg Med Chem Lett 8:2839-2844.

Durbec P, Marcos-Gutierrez CV, Kilkenny C, Grigoriou M, Wartiowaara K, Suvanto P,
Smith D, Ponder B, Costantini F, Saarma M, . (1996) GDNF signalling through the Ret
receptor tyrosine kinase. Nature 381:789-793.

Eigenbrot C, Gerber N (1997) X-ray structure of glial cell-derived neurotrophic factor at
1.9 A resolution and implications for receptor binding. Nat Struct Biol 4:435-438.

Eketjall S, Fainzilber M, Murray-Rust J, Ibanez CF (1999) Distinct structural elements in
GDNF mediate binding to GFRalpha1 and activation of the GFRalpha1-c-Ret receptor
complex. EMBO J 18:5901-5910.

El-kholy W, MacDonald PE, Lin JH, Wang J, Fox JM, Light PE, Wang Q, Tsushima RG,
Wheeler MB (2003) The phosphatidylinositol 3-kinase inhibitor LY294002 potently blocks
K(V) currents via a direct mechanism. FASEB J 17:720-722.

Elitt CM, Mcllwrath SL, Lawson JJ, Malin SA, Molliver DC, Cornuet PK, Koerber HR,
Davis BM, Albers KM (2006) Artemin overexpression in skin enhances expression of
TRPV1 and TRPA1 in cutaneous sensory neurons and leads to behavioral sensitivity to
heat and cold. J Neurosci 26:8578-8587.

Encinas M, Tansey MG, Tsui-Pierchala BA, Comella JX, Milbrandt J, Johnson EM, Jr.
(2001) c-Src is required for glial cell line-derived neurotrophic factor (GDNF) family
ligand-mediated neuronal survival via a phosphatidylinositol-3 kinase (PI-3K)-dependent
pathway. J Neurosci 21:1464-1472.

Eng M, Ling V, Briggs JA, Souza K, Canova-Davis E, Powell MF, De Young LR (1997)
Formulation development and primary degradation pathways for recombinant human
nerve growth factor. Anal Chem 69:4184-4190.

Enokido Y, de SF, Hongo JA, Ninkina N, Rosenthal A, Buchman VL, Davies AM (1998)
GFR alpha-4 and the tyrosine kinase Ret form a functional receptor complex for
persephin. Curr Biol 8:1019-1022.

Enomoto H, Hughes I, Golden J, Baloh RH, Yonemura S, Heuckeroth RO, Johnson EM,
Jr., Milbrandt J (2004) GFRalpha1 expression in cells lacking RET is dispensable for
organogenesis and nerve regeneration. Neuron 44:623-636.

169



Escott KJ, Beattie DT, Connor HE, Brain SD (1995) Trigeminal ganglion stimulation
increases facial skin blood flow in the rat: a major role for calcitonin gene-related
peptide. Brain Res 669:93-99.

Evans JR, Barker RA (2008) Neurotrophic factors as a therapeutic target for Parkinson's
disease. Expert Opin Ther Targets 12:437-447.

Fang M, Wang Y, He QH, Sun YX, Deng LB, Wang XM, Han JS (2003) Glial cell line-
derived neurotrophic factor contributes to delayed inflammatory hyperalgesia in adjuvant
rat pain model. Neuroscience 117:503-512.

Fang XB (1987) The population of the dorsal root ganglion cells which have central
processes in ventral root and their immunoreactivity. Brain Res 402:393-398.

Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA, Feeser WS, Van Dyk DE,
Pitts WJ, Earl RA, Hobbs F, Copeland RA, Magolda RL, Scherle PA, Trzaskos JM
(1998) Identification of a novel inhibitor of mitogen-activated protein kinase kinase. J Biol
Chem 273:18623-18632.

Fjallborant N, Iggo A (1961) The effect of histamine, 5-hydroxytryptamine and
acetylcholine on cutaneous afferent fibres. J Physiol 156:578-590.

Fock S, Mense S (1976) Excitatory effects of 5-hydroxytryptamine, histamine and
potassium ions on muscular group IV afferent units: a comparison with bradykinin. Brain
Res 105:459-469.

Franco-Cereceda A, Henke H, Lundberg JM, Petermann JB, Hokfelt T, Fischer JA
(1987) Calcitonin gene-related peptide (CGRP) in capsaicin-sensitive substance P-
immunoreactive sensory neurons in animals and man: distribution and release by
capsaicin. Peptides 8:399-410.

Fukuda T, Kiuchi K, Takahashi M (2002) Novel mechanism of regulation of Rac activity
and lamellipodia formation by RET tyrosine kinase. J Biol Chem 277:19114-19121.

Gamse R, Saria A (1986) Nociceptive behavior after intrathecal injections of substance
P, neurokinin A and calcitonin gene-related peptide in mice. Neurosci Lett 70:143-147.

Garces A, Livet J, Grillet N, Henderson CE, Delapeyriere O (2001) Responsiveness to
neurturin of subpopulations of embryonic rat spinal motoneuron does not correlate with
expression of GFR alpha 1 or GFR alpha 2. Dev Dyn 220:189-197.

Garry MG, Miller KE, Seybold VS (1989) Lumbar dorsal root ganglia of the cat: a
quantitative study of peptide immunoreactivity and cell size. J Comp Neurol 284:36-47.

170



Gibson SJ, Polak JM, Bloom SR, Sabate IM, Mulderry PM, Ghatei MA, McGregor GP,
Morrison JF, Kelly JS, Evans RM. (1984) Calcitonin gene-related peptide
immunoreactivity in the spinal cord of man and of eight other species. J Neurosci
4:3101-3111.

Girgis SlI, Macdonald DW, Stevenson JC, Bevis PJ, Lynch C, Wimalawansa SJ, Self CH,
Morris HR, Macintyre | (1985) Calcitonin gene-related peptide: potent vasodilator and
major product of calcitonin gene. Lancet 2:14-16.

Gold MS, Levine JD, Correa AM (1998) Modulation of TTX-R INa by PKC and PKA and
their role in PGE2-induced sensitization of rat sensory neurons in vitro. J Neurosci
18:10345-10355.

Good DW, George T, Watts BA, Ill (2008) Nerve growth factor inhibits Na+/H+ exchange
and formula absorption through parallel phosphatidylinositol 3-kinase-mTOR and ERK
pathways in thick ascending limb. J Biol Chem 283:26602-26611.

Grieco M, Santoro M, Berlingieri MT, Melillo RM, Donghi R, Bongarzone |, Pierotti MA,
Della PG, Fusco A, Vecchio G (1990) PTC is a novel rearranged form of the ret proto-
oncogene and is frequently detected in vivo in human thyroid papillary carcinomas. Cell
60:557-563.

Gunn TM, Miller KA, He L, Hyman RW, Davis RW, Azarani A, Schlossman SF, Duke-
Cohan JS, Barsh GS (1999) The mouse mahogany locus encodes a transmembrane
form of human attractin. Nature 398:152-156.

Guo W, Wei F, Zou S, Robbins MT, Sugiyo S, Ikeda T, Tu JC, Worley PF, Dubner R,
Ren K (2004) Group | metabotropic glutamate receptor NMDA receptor coupling and
signaling cascade mediate spinal dorsal horn NMDA receptor 2B tyrosine
phosphorylation associated with inflammatory hyperalgesia. J Neurosci 24:9161-9173.

Hanke JH, Gardner JP, Dow RL, Changelian PS, Brissette WH, Weringer EJ, Pollok BA,
Connelly PA (1996) Discovery of a novel, potent, and Src family-selective tyrosine
kinase inhibitor. Study of Lck- and FynT-dependent T cell activation. J Biol Chem
271:695-701.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J (1988) A new and sensitive method
for measuring thermal nociception in cutaneous hyperalgesia. Pain 32:77-88.

Hartman JD, Schreck KM (1958) The in vitro quantitative relationship between two
systems affecting blood leukocytes in inflammatory hypersensitivity reactions resulting
from different antigens. J Immunol 80:165-175.

171



Hashimoto M, Ito T, Fukumitsu H, Nomoto H, Furukawa Y, Furukawa S (2005)
Stimulation of production of glial cell line-derived neurotrophic factor and nitric oxide by
lipopolysaccharide with different dose-responsiveness in cultured rat macrophages.
Biomed Res 26:223-229.

Hauck SM, Kinkl N, Deeg CA, Swiatek-de LM, Schoffmann S, Ueffing M (2006) GDNF
family ligands trigger indirect neuroprotective signaling in retinal glial cells. Mol Cell Biol
26:2746-2757.

Hawkins RD, Kandel ER, Siegelbaum SA (1993) Learning to modulate transmitter
release: themes and variations in synaptic plasticity. Annu Rev Neurosci 16:625-665.

He DY, McGough NN, Ravindranathan A, Jeanblanc J, Logrip ML, Phamluong K, Janak
PH, Ron D (2005) Glial cell line-derived neurotrophic factor mediates the desirable
actions of the anti-addiction drug ibogaine against alcohol consumption. J Neurosci
25:619-628.

He J, Ding WL, Li F, Xia R, Wang WJ, Zhu H (2009) Panaxydol treatment enhances the
biological properties of Schwann cells in vitro. Chem Biol Interact 177:34-39.

Helliwell RJ, McLatchie LM, Clarke M, Winter J, Bevan S, Mcintyre P (1998) Capsaicin
sensitivity is associated with the expression of the vanilloid (capsaicin) receptor (VR1)
mRNA in adult rat sensory ganglia. Neurosci Lett 250:177-180.

Henderson CE, Phillips HS, Pollock RA, Davies AM, Lemeulle C, Armanini M, Simmons
L, Moffet B, Vandlen RA, Simpson LC [corrected to Simmons, . (1994) GDNF: a potent
survival factor for motoneurons present in peripheral nerve and muscle. Science
266:1062-1064.

Heyman |, Rang HP (1985) Depolarizing responses to capsaicin in a subpopulation of
rat dorsal root ganglion cells. Neurosci Lett 56:69-75.

Hingtgen CM, Roy SL, Clapp DW (2006) Stimulus-evoked release of neuropeptides is
enhanced in sensory neurons from mice with a heterozygous mutation of the Nf1 gene.
Neuroscience 137:637-645.

Hingtgen CM, Vasko MR (1994a) Prostacyclin enhances the evoked-release of
substance P and calcitonin gene-related peptide from rat sensory neurons. Brain Res
655:51-60.

Hingtgen CM, Vasko MR (1994b) The phosphatase inhibitor, okadaic acid, increases
peptide release from rat sensory neurons in culture. Neurosci Lett 178:135-138.

Hingtgen CM, Waite KJ, Vasko MR (1995) Prostaglandins facilitate peptide release from
rat sensory neurons by activating the adenosine 3',5'-cyclic monophosphate transduction
cascade. J Neurosci 15:5411-5419.

172



Hiura A, Ishizuka H (1989) Changes in features of degenerating primary sensory
neurons with time after capsaicin treatment. Acta Neuropathol 78:35-46.

Hodgkin AL (1950) Conduction of the nervous impulse: some recent experiments. Br
Med Bull 6:322-325.

Hofstra RM, Landsvater RM, Ceccherini I, Stulp RP, Stelwagen T, Luo Y, Pasini B,
Hoppener JW, van Amstel HK, Romeo G, . (1994) A mutation in the RET proto-
oncogene associated with multiple endocrine neoplasia type 2B and sporadic medullary
thyroid carcinoma. Nature 367:375-376.

Hokfelt T, Kellerth JO, Nilsson G, Pernow B (1975) Substance p: localization in the
central nervous system and in some primary sensory neurons. Science 190:889-890.

Holm PC, Akerud P, Wagner J, Arenas E (2002) Neurturin is a neuritogenic but not a
survival factor for developing and adult central noradrenergic neurons. J Neurochem
81:1318-1327.

Holman JJ, Craig RK, Marshall | (1986) Human alpha- and beta-CGRP and rat alpha-
CGRP are coronary vasodilators in the rat. Peptides 7:231-235.

Holzer P (1988) Local effector functions of capsaicin-sensitive sensory nerve endings:
involvement of tachykinins, calcitonin gene-related peptide and other neuropeptides.
Neuroscience 24:739-768.

Holzer P (1991) Capsaicin as a tool for studying sensory neuron functions. Adv Exp Med
Biol 298:3-16.

Hotokezaka H, Sakai E, Kanaoka K, Saito K, Matsuo K, Kitaura H, Yoshida N,
Nakayama K (2002) U0126 and PD98059, specific inhibitors of MEK, accelerate
differentiation of RAW264.7 cells into osteoclast-like cells. J Biol Chem 277:47366-
47372.

Irigoyen JP, Nagamine Y (1999) Cytoskeletal reorganization leads to induction of the
urokinase-type plasminogen activator gene by activating FAK and Src and subsequently
the Ras/Erk signaling pathway. Biochem Biophys Res Commun 262:666-670.

Ishizaka Y, Itoh F, Tahira T, lkeda |, Sugimura T, Tucker J, Fertitta A, Carrano AV,
Nagao M (1989) Human ret proto-oncogene mapped to chromosome 10qg11.2.
Oncogene 4:1519-1521.

Jacks T, Shih TS, Schmitt EM, Bronson RT, Bernards A, Weinberg RA (1994) Tumour
predisposition in mice heterozygous for a targeted mutation in Nf1. Nat Genet 7:353-
361.

173



Jeong DG, Park WK, Park S (2008) Artemin activates axonal growth via SFK and ERK-
dependent signalling pathways in mature dorsal root ganglia neurons. Cell Biochem
Funct 26:210-220.

Jiang X, Mu D, Biran V, Faustino J, Chang S, Rincon CM, Sheldon RA, Ferriero DM
(2008) Activated Src kinases interact with the N-methyl-D-aspartate receptor after
neonatal brain ischemia. Ann Neurol 63:632-641.

Jing S, YuY, Fang M, Hu Z, Holst PL, Boone T, Delaney J, Schultz H, Zhou R, Fox GM
(1997) GFRalpha-2 and GFRalpha-3 are two new receptors for ligands of the GDNF
family. J Biol Chem 272:33111-33117.

Joseph EK, Bogen O, essandri-Haber N, Levine JD (2007) PLC-beta 3 signals upstream
of PKC epsilon in acute and chronic inflammatory hyperalgesia. Pain 132:67-73.

Josephson A, Widenfalk J, Trifunovski A, Widmer HR, Olson L, Spenger C (2001) GDNF
and NGF family members and receptors in human fetal and adult spinal cord and dorsal
root ganglia. J Comp Neurol 440:204-217.

Juaneda C, Dumont Y, Quirion R (2000) The molecular pharmacology of CGRP and
related peptide receptor subtypes. Trends Pharmacol Sci 21:432-438.

Kangrga |, Randic M (1991) Outflow of endogenous aspartate and glutamate from the
rat spinal dorsal horn in vitro by activation of low- and high-threshold primary afferent
fibers. Modulation by mu-opioids. Brain Res 553:347-352.

Kaplan DR, Miller FD (2000) Neurotrophin signal transduction in the nervous system.
Curr Opin Neurobiol 10:381-391.

Kato M, Takeda K, Kawamoto Y, Iwashita T, Akhand AA, Senga T, Yamamoto M, Sobue
G, Hamaguchi M, Takahashi M, Nakashima | (2002) Repair by Src kinase of function-
impaired RET with multiple endocrine neoplasia type 2A mutation with substitutions of
tyrosines in the COOH-terminal kinase domain for phenylalanine. Cancer Res 62:2414-
2422,

Katz RL, Matteo RS, Papper EM (1962) The injection of epinephrine during general
anesthesia with halogenated hydrocarbons and cyclopropane in man. 2. Halothane.
Anesthesiology 23:597-600.

Kawasaki Y, Kohno T, Zhuang ZY, Brenner GJ, Wang H, Van Der MC, Befort K, Woolf
CJ, Ji RR (2004) lonotropic and metabotropic receptors, protein kinase A, protein kinase
C, and Src contribute to C-fiber-induced ERK activation and cAMP response element-
binding protein phosphorylation in dorsal horn neurons, leading to central sensitization. J
Neurosci 24:8310-8321.

174



Kenins P (1982) Responses of single nerve fibres to capsaicin applied to the skin.
Neurosci Lett 29:83-88.

Kerr BJ, Souslova V, McMahon SB, Wood JN (2001) A role for the TTX-resistant sodium
channel Nav 1.8 in NGF-induced hyperalgesia, but not neuropathic pain. Neuroreport
12:3077-3080.

Kim HA, Rosenbaum T, Marchionni MA, Ratner N, DeClue JE (1995) Schwann cells
from neurofibromin deficient mice exhibit activation of p21ras, inhibition of cell
proliferation and morphological changes. Oncogene 11:325-335.

Kirik D, Rosenblad C, Bjorklund A, Mandel RJ (2000) Long-term rAAV-mediated gene
transfer of GDNF in the rat Parkinson's model: intrastriatal but not intranigral
transduction promotes functional regeneration in the lesioned nigrostriatal system. J
Neurosci 20:4686-4700.

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L,
Gu Q, Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A,
Phillips H, Henderson CE, Takahashi M, Rosenthal A (1997) A GPI-linked protein that
interacts with Ret to form a candidate neurturin receptor. Nature 387:717-721.

Klinghoffer RA, Duckworth B, Valius M, Cantley L, Kazlauskas A (1996) Platelet-derived
growth factor-dependent activation of phosphatidylinositol 3-kinase is regulated by
receptor binding of SH2-domain-containing proteins which influence Ras activity. Mol
Cell Biol 16:5905-5914.

Kocher L, Anton F, Reeh PW, Handwerker HO (1987) The effect of carrageenan-
induced inflammation on the sensitivity of unmyelinated skin nociceptors in the rat. Pain
29:363-373.

Kordower JH, Emborg ME, Bloch J, Ma SY, Chu Y, Leventhal L, McBride J, Chen EY,
Palfi S, Roitberg BZ, Brown WD, Holden JE, Pyzalski R, Taylor MD, Carvey P, Ling Z,
Trono D, Hantraye P, Deglon N, Aebischer P (2000) Neurodegeneration prevented by
lentiviral vector delivery of GDNF in primate models of Parkinson's disease. Science
290:767-773.

Koskela M, Leinonen M (1981) Comparison of ELISA and RIA for measurement of
pneumococcal antibodies before and after vaccination with 14-valent pneumococcal
capsular polysaccharide vaccine. J Clin Pathol 34:93-98.

Kotzbauer PT, Lampe PA, Heuckeroth RO, Golden JP, Creedon DJ, Johnson EM, Jr.,
Milbrandt J (1996) Neurturin, a relative of glial-cell-line-derived neurotrophic factor.
Nature 384:467-470.

175



Kuraishi Y, Nanayama T, Ohno H, Minami M, Satoh M (1988) Antinociception induced in
rats by intrathecal administration of antiserum against calcitonin gene-related peptide.
Neurosci Lett 92:325-329.

Lee DC, Chan KW, Chan SY (2002) RET receptor tyrosine kinase isoforms in kidney
function and disease. Oncogene 21:5582-5592.

Lee J, Kanatsu-Shinohara M, Inoue K, Ogonuki N, Miki H, Toyokuni S, Kimura T,
Nakano T, Ogura A, Shinohara T (2007) Akt mediates self-renewal division of mouse
spermatogonial stem cells. Development 134:1853-1859.

Lee RH, Wong WL, Chan CH, Chan SY (2006) Differential effects of glial cell line-
derived neurotrophic factor and neurturin in RET/GFRalpha1-expressing cells. J
Neurosci Res 83:80-90.

Leng S, Mizumura K, Koda H, Kumazawa T (1996) Excitation and sensitization of the
heat response induced by a phorbol ester in canine visceral polymodal receptors studied
in vitro. Neurosci Lett 206:13-16.

Leung S, O'Donnell ME, Martinez A, Palfrey HC (1994) Regulation by nerve growth
factor and protein phosphorylation of Na/K/2Cl cotransport and cell volume in PC12
cells. J Biol Chem 269:10581-10589.

Lewin GR, Ritter AM, Mendell LM (1993) Nerve growth factor-induced hyperalgesia in
the neonatal and adult rat. J Neurosci 13:2136-2148.

Li J, McRoberts JA, Ennes HS, Trevisani M, Nicoletti P, Mittal Y, Mayer EA (2006)
Experimental colitis modulates the functional properties of NMDA receptors in dorsal
root ganglia neurons. Am J Physiol Gastrointest Liver Physiol 291:G219-G228.

Li L, Wu W, Lin LF, Lei M, Oppenheim RW, Houenou LJ (1995) Rescue of adult mouse
motoneurons from injury-induced cell death by glial cell line-derived neurotrophic factor.
Proc Natl Acad Sci U S A 92:9771-9775.

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF: a glial cell line-derived
neurotrophic factor for midbrain dopaminergic neurons. Science 260:1130-1132.

Lindahl M, Poteryaev D, Yu L, Arumae U, Timmusk T, Bongarzone I, Aiello A, Pierotti
MA, Airaksinen MS, Saarma M (2001) Human glial cell line-derived neurotrophic factor
receptor alpha 4 is the receptor for persephin and is predominantly expressed in normal
and malignant thyroid medullary cells. J Biol Chem 276:9344-9351.

Lindahl M, Timmusk T, Rossi J, Saarma M, Airaksinen MS (2000) Expression and
alternative splicing of mouse Gfra4 suggest roles in endocrine cell development. Mol
Cell Neurosci 15:522-533.

176



Liu F, Li J, Han Y, Yang ZD, Xiao Y, Liu J, Li M, Peng B, Zhang J, Li LL, Shi J (2006)
[Effects of electroacupuncture on GDNF positive cell immunoreactivity in local dermal
tissue of the inflammatory pain focus in the rat of adjuvant arthritis]. Zhongguo Zhen Jiu
26:436-440.

Lopez-Ramirez MA, Dominguez-Monzon G, Vergara P, Segovia J (2008) Gas1 reduces
Ret tyrosine 1062 phosphorylation and alters GDNF-mediated intracellular signaling. Int
J Dev Neurosci 26:497-503.

MacLean DB, Bennett B, Morris M, Wheeler FB (1989) Differential regulation of
calcitonin gene-related peptide and substance P in cultured neonatal rat vagal sensory
neurons. Brain Res 478:349-355.

Maeda K, Murakami H, Yoshida R, Ichihara M, Abe A, Hirai M, Murohara T, Takahashi
M (2004) Biochemical and biological responses induced by coupling of Gab1 to
phosphatidylinositol 3-kinase in RET-expressing cells. Biochem Biophys Res Commun
323:345-354.

Malcangio M, Garrett NE, Cruwys S, Tomlinson DR (1997a) Nerve growth factor- and
neurotrophin-3-induced changes in nociceptive threshold and the release of substance P
from the rat isolated spinal cord. J Neurosci 17:8459-8467.

Malcangio M, Garrett NE, Tomlinson DR (1997b) Nerve growth factor treatment
increases stimulus-evoked release of sensory neuropeptides in the rat spinal cord. Eur J
Neurosci 9:1101-1104.

Malin SA, Molliver DC, Koerber HR, Cornuet P, Frye R, Albers KM, Davis BM (2006)
Glial cell line-derived neurotrophic factor family members sensitize nociceptors in vitro
and produce thermal hyperalgesia in vivo. J Neurosci 26:8588-8599.

Manning BD, Cantley LC (2007) AKT/PKB signaling: navigating downstream. Cell
129:1261-1274.

Marini F, Falchetti A, Del MF, Carbonell SS, Tognarini I, Luzi E, Brandi ML (2006)
Multiple endocrine neoplasia type 2. Orphanet J Rare Dis 1:45.

Martin GA, Viskochil D, Bollag G, McCabe PC, Crosier WJ, Haubruck H, Conroy L, Clark
R, O'Connell P, Cawthon RM, . (1990) The GAP-related domain of the neurofibromatosis
type 1 gene product interacts with ras p21. Cell 63:843-849.

Mason | (2000) The RET receptor tyrosine kinase: activation, signalling and significance
in neural development and disease. Pharm Acta Helv 74:261-264.

Mason RT, Peterfreund RA, Sawchenko PE, Corrigan AZ, Rivier JE, Vale WW (1984)
Release of the predicted calcitonin gene-related peptide from cultured rat trigeminal
ganglion cells. Nature 308:653-655.

177



Masure S, Cik M, Hoefnagel E, Nosrat CA, Van dL, |, Scott R, Van GP, Lesage AS,
Verhasselt P, Ibanez CF, Gordon RD (2000) Mammalian GFRalpha -4, a divergent
member of the GFRalpha family of coreceptors for glial cell line-derived neurotrophic
factor family ligands, is a receptor for the neurotrophic factor persephin. J Biol Chem
275:39427-39434.

Matsui MS, DelLeo VA (1990) Induction of protein kinase C activity by ultraviolet
radiation. Carcinogenesis 11:229-234.

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N, Solari R, Lee MG,
Foord SM (1998) RAMPs regulate the transport and ligand specificity of the calcitonin-
receptor-like receptor. Nature 393:333-339.

Mendell LM, Albers KM, Davis BM (1999) Neurotrophins, nociceptors, and pain. Microsc
Res Tech 45:252-261.

Meng X, Pata I, Pedrono E, Popsueva A, de Rooij DG, Janne M, Rauvala H, Sariola H
(2001) Transient disruption of spermatogenesis by deregulated expression of neurturin
in testis. Mol Cell Endocrinol 184:33-39.

Meng X, de Rooij DG, Westerdahl K, Saarma M, Sariola H (2001) Promotion of
seminomatous tumors by targeted overexpression of glial cell line-derived neurotrophic
factor in mouse testis. Cancer Res 61:3267-3271.

Meng X, Lindahl M, Hyvonen ME, Parvinen M, de Rooij DG, Hess MW, Raatikainen-
Ahokas A, Sainio K, Rauvala H, Lakso M, Pichel JG, Westphal H, Saarma M, Sariola H
(2000) Regulation of cell fate decision of undifferentiated spermatogonia by GDNF.
Science 287:1489-1493.

Mense S (1981) Sensitization of group IV muscle receptors to bradykinin by 5-
hydroxytryptamine and prostaglandin E2. Brain Res 225:95-105.

Messer CJ, Eisch AJ, Carlezon WA, Jr., Whisler K, Shen L, Wolf DH, Westphal H,
Collins F, Russell DS, Nestler EJ (2000) Role for GDNF in biochemical and behavioral
adaptations to drugs of abuse. Neuron 26:247-257.

Messlinger K, Hanesch U, Kurosawa M, Pawlak M, Schmidt RF (1995) Calcitonin gene
related peptide released from dural nerve fibers mediates increase of meningeal blood
flow in the rat. Can J Physiol Pharmacol 73:1020-1024.

Mikaels-Edman A, Baudet C, Ernfors P (2003) Soluble and bound forms of GFRalpha1
elicit different GDNF-independent neurite growth responses in primary sensory neurons.
Dev Dyn 227:27-34.

Milbrandt J, et al. (1998) Persephin, a novel neurotrophic factor related to GDNF and
neurturin. Neuron 20:245-253.

178



Mills CD, Allichorne AJ, Griffin RS, Woolf CJ, Costigan M (2007) GDNF selectively
promotes regeneration of injury-primed sensory neurons in the lesioned spinal cord. Mol
Cell Neurosci 36:185-194.

Mocsai A, Zhou M, Meng F, Tybulewicz VL, Lowell CA (2002) Syk is required for integrin
signaling in neutrophils. Immunity 16:547-558.

Mograbi B, Bocciardi R, Bourget |, Busca R, Rochet N, Farahi-Far D, Juhel T, Rossi B
(2001) Glial cell line-derived neurotrophic factor-stimulated phosphatidylinositol 3-kinase
and Akt activities exert opposing effects on the ERK pathway: importance for the rescue
of neuroectodermic cells. J Biol Chem 276:45307-45319.

Mori K, Obara Y, Hirota M, Azumi Y, Kinugasa S, Inatomi S, Nakahata N (2008) Nerve
growth factor-inducing activity of Hericium erinaceus in 1321N1 human astrocytoma
cells. Biol Pharm Bull 31:1727-1732.

Myers SM, Eng C, Ponder BA, Mulligan LM (1995) Characterization of RET proto-
oncogene 3' splicing variants and polyadenylation sites: a novel C-terminus for RET.
Oncogene 11:2039-2045.

Nagao M, Yamauchi J, Kaziro Y, Itoh H (1998) Involvement of protein kinase C and Src
family tyrosine kinase in Galphag/11-induced activation of c-Jun N-terminal kinase and
p38 mitogen-activated protein kinase. J Biol Chem 273:22892-22898.

Nelkin BD, Rosenfeld Kl, de BA, Leong SS, Roos BA, Baylin SB (1984) Structure and
expression of a gene encoding human calcitonin and calcitonin gene related peptide.
Biochem Biophys Res Commun 123:648-655.

Nomoto S, Ito S, Yang LX, Kiuchi K (1998) Molecular cloning and expression analysis of
GFR alpha-3, a novel cDNA related to GDNFR alpha and NTNR alpha. Biochem
Biophys Res Commun 244:849-853.

Nomura H, Furuta A, Iwaki T (2002) Dorsal root rupture injury induces extension of
astrocytic processes into the peripheral nervous system and expression of GDNF in
astrocytes. Brain Res 950:21-30.

Nosrat CA, Tomac A, Lindqvist E, Lindskog S, Humpel C, Stromberg |, Ebendal T,
Hoffer BJ, Olson L (1996) Cellular expression of GDNF mRNA suggests multiple
functions inside and outside the nervous system. Cell Tissue Res 286:191-207.

Obata K, Noguchi K (2004) MAPK activation in nociceptive neurons and pain
hypersensitivity. Life Sci 74:2643-2653.

Oh U, Hwang SW, Kim D (1996) Capsaicin activates a nonselective cation channel in
cultured neonatal rat dorsal root ganglion neurons. J Neurosci 16:1659-1667.

179



Okragly AJ, Haak-Frendscho M (1997) An acid-treatment method for the enhanced
detection of GDNF in biological samples. Exp Neurol 145:592-596.

Oku R, Satoh M, Fuijii N, Otaka A, Yajima H, Takagi H (1987) Calcitonin gene-related
peptide promotes mechanical nociception by potentiating release of substance P from
the spinal dorsal horn in rats. Brain Res 403:350-354.

Omri B, Crisanti P, Marty MC, Alliot F, Fagard R, Molina T, Pessac B (1996) The Lck
tyrosine kinase is expressed in brain neurons. J Neurochem 67:1360-1364.

Onodera H, Nagata T, Kanazawa M, Taguma Y, Iltoyama Y (1999) Increased plasma
GDNF levels in patients with chronic renal diseases. Nephrol Dial Transplant 14:1604-
1605.

Page AR, Good RA (1958) A clinical and experimental study of the function of
neutrophils in the inflammatory response. Am J Pathol 34:645-669.

Pang L, Sawada T, Decker SJ, Saltiel AR (1995) Inhibition of MAP kinase kinase blocks
the differentiation of PC-12 cells induced by nerve growth factor. J Biol Chem
270:13585-13588.

Paratcha G, Ledda F, Baars L, Coulpier M, Besset V, Anders J, Scott R, Ibanez CF
(2001) Released GFRalpha1 potentiates downstream signaling, neuronal survival, and
differentiation via a novel mechanism of recruitment of c-Ret to lipid rafts. Neuron
29:171-184.

Paratcha G, Ledda F, Ibanez CF (2003) The neural cell adhesion molecule NCAM is an
alternative signaling receptor for GDNF family ligands. Cell 113:867-879.

Parkash V, Leppanen VM, Virtanen H, Jurvansuu JM, Bespalov MM, Sidorova YA,
Runeberg-Roos P, Saarma M, Goldman A (2008) The structure of the glial cell line-
derived neurotrophic factor-coreceptor complex: insights into RET signaling and heparin
binding. J Biol Chem 283:35164-35172.

Paton WD (1958) Central and synaptic transmission in the nervous system;
pharmacological aspects. Annu Rev Physiol 20:431-470.

Paveliev M, Airaksinen MS, Saarma M (2004) GDNF family ligands activate multiple
events during axonal growth in mature sensory neurons. Mol Cell Neurosci 25:453-459.

Peterson S, Bogenmann E (2004) The RET and TRKA pathways collaborate to regulate
neuroblastoma differentiation. Oncogene 23:213-225.

Pezeshki G, Franke B, Engele J (2001) Evidence for a ligand-specific signaling through
GFRalpha-1, but not GFRalpha-2, in the absence of Ret. J Neurosci Res 66:390-395.

180



Pierchala BA, Milbrandt J, Johnson EM, Jr. (2006) Glial cell line-derived neurotrophic
factor-dependent recruitment of Ret into lipid rafts enhances signaling by partitioning Ret
from proteasome-dependent degradation. J Neurosci 26:2777-2787.

Piotrowski W, Foreman JC (1986) Some effects of calcitonin gene-related peptide in
human skin and on histamine release. Br J Dermatol 114:37-46.

Popsueva A, Poteryaev D, Arighi E, Meng X, ngers-Loustau A, Kaplan D, Saarma M,
Sariola H (2003) GDNF promotes tubulogenesis of GFRalpha1-expressing MDCK cells
by Src-mediated phosphorylation of Met receptor tyrosine kinase. J Cell Biol 161:119-
129.

Poteryaev D, Titievsky A, Sun YF, Thomas-Crusells J, Lindahl M, Billaud M, Arumae U,
Saarma M (1999) GDNF triggers a novel ret-independent Src kinase family-coupled
signaling via a GPI-linked GDNF receptor alpha1. FEBS Lett 463:63-66.

Price TJ, Flores CM (2007) Critical evaluation of the colocalization between calcitonin
gene-related peptide, substance P, transient receptor potential vanilloid subfamily type 1
immunoreactivities, and isolectin B4 binding in primary afferent neurons of the rat and
mouse. J Pain 8:263-272.

Price TJ, Louria MD, Candelario-Soto D, Dussor GO, Jeske NA, Patwardhan AM,
Diogenes A, Trott AA, Hargreaves KM, Flores CM (2005) Treatment of trigeminal
ganglion neurons in vitro with NGF, GDNF or BDNF: effects on neuronal survival,
neurochemical properties and TRPV1-mediated neuropeptide secretion. BMC Neurosci
6:4.

Priestley JV, Michael GJ, Averill S, Liu M, Willmott N (2002) Regulation of nociceptive
neurons by nerve growth factor and glial cell line derived neurotrophic factor. Can J
Physiol Pharmacol 80:495-505.

Pyper JM, Bolen JB (1989) Neuron-specific splicing of C-SRC RNA in human brain. J
Neurosci Res 24:89-96.

Quartu M, Serra MP, Boi M, Ferretti MT, Lai ML, Del FM (2007) Tissue distribution of
Ret, GFRalpha-1, GFRalpha-2 and GFRalpha-3 receptors in the human brainstem at
fetal, neonatal and adult age. Brain Res 1173:36-52.

Raiteri L, Giovedi S, Benfenati F, Raiteri M, Bonanno G (2003) Cellular mechanisms of
the acute increase of glutamate release induced by nerve growth factor in rat cerebral
cortex. Neuropharmacology 44:390-402.

Ramer MS, Bradbury EJ, Michael GJ, Lever IJ, McMahon SB (2003) Glial cell line-
derived neurotrophic factor increases calcitonin gene-related peptide immunoreactivity in
sensory and motoneurons in vivo. Eur J Neurosci 18:2713-2721.

181



Ramseger R, White R, Kroger S (2009) Transmembrane-agrin-induced process
formation requires lipid rafts and the activation of FYN and map kinase. J Biol Chem.

Ribotta M, Revah F, Pradier L, Loquet I, Mallet J, Privat A (1997) Prevention of
motoneuron death by adenovirus-mediated neurotrophic factors. J Neurosci Res 48:281-
285.

Rochaesilva M (1964) Chemical mediators of the acute inflammatory reaction. Ann N 'Y
Acad Sci 116:899-911.

Rosenfeld MG, Mermod JJ, Amara SG, Swanson LW, Sawchenko PE, Rivier J, Vale
WW, Evans RM (1983) Production of a novel neuropeptide encoded by the calcitonin
gene via tissue-specific RNA processing. Nature 304:129-135.

Rossi J, Herzig KH, Voikar V, Hiltunen PH, Segerstrale M, Airaksinen MS (2003)
Alimentary tract innervation deficits and dysfunction in mice lacking GDNF family
receptor alpha2. J Clin Invest 112:707-716.

Rueff A, Mendell LM (1996) Nerve growth factor NT-5 induce increased thermal
sensitivity of cutaneous nociceptors in vitro. J Neurophysiol 76:3593-3596.

Saarma M (2000) G. Eur J Biochem 267:6968-6971.

Sandhu JK, Gardaneh M, lwasiow R, Lanthier P, Gangaraju S, Ribecco-Lutkiewicz M,
Tremblay R, Kiuchi K, Sikorska M (2009) Astrocyte-secreted GDNF and glutathione
antioxidant system protect neurons against 60HDA cytotoxicity. Neurobiol Dis 33:405-
414,

Sango K, Verdes JM, Hikawa N, Horie H, Tanaka S, Inoue S, Sotelo JR, Takenaka T
(1994) Nerve growth factor (NGF) restores depletions of calcitonin gene-related peptide
and substance P in sensory neurons from diabetic mice in vitro. J Neurol Sci 126:1-5.

Sanicola M, Hession C, Worley D, Carmillo P, Ehrenfels C, Walus L, Robinson S,
Jaworski G, Wei H, Tizard R, Whitty A, Pepinsky RB, Cate RL (1997) Glial cell line-
derived neurotrophic factor-dependent RET activation can be mediated by two different
cell-surface accessory proteins. Proc Natl Acad Sci U S A 94:6238-6243.

Santoro M, Rosati R, Grieco M, Berlingieri MT, D'Amato GL, de F, V, Fusco A (1990)
The ret proto-oncogene is consistently expressed in human pheochromocytomas and
thyroid medullary carcinomas. Oncogene 5:1595-1598.

Saria A, Gamse R, Petermann J, Fischer JA, Theodorsson-Norheim E, Lundberg JM
(1986) Simultaneous release of several tachykinins and calcitonin gene-related peptide
from rat spinal cord slices. Neurosci Lett 63:310-314.

182



Sariola H, Saarma M (2003) Novel functions and signalling pathways for GDNF. J Cell
Sci 116:3855-3862.

Schaeren-Wiemers N, Bonnet A, Erb M, Erne B, Bartsch U, Kern F, Mantei N, Sherman
D, Suter U (2004) The raft-associated protein MAL is required for maintenance of proper
axon--glia interactions in the central nervous system. J Cell Biol 166:731-742.

Schicho R, Donnerer J, Liebmann |, Lippe IT (2005) Nociceptive transmitter release in
the dorsal spinal cord by capsaicin-sensitive fibers after noxious gastric stimulation.
Brain Res 1039:108-115.

Schoenen J, Delree P, Leprince P, Moonen G (1989) Neurotransmitter phenotype
plasticity in cultured dissociated adult rat dorsal root ganglia: an immunocytochemical
study. J Neurosci Res 22:473-487.

Schubert D, Heinemann S, Carlisle W, Tarikas H, Kimes B, Patrick J, Steinbach JH,
Culp W, Brandt BL (1974) Clonal cell lines from the rat central nervous system. Nature
249:224-227 .

Schuchardt A, D'Agati V, Larsson-Blomberg L, Costantini F, Pachnis V (1994) Defects in
the kidney and enteric nervous system of mice lacking the tyrosine kinase receptor Ret.
Nature 367:380-383.

Schueler-Furman O, Glick E, Segovia J, Linial M (2006) Is GAS1 a co-receptor for the
GDNF family of ligands? Trends Pharmacol Sci 27:72-77.

Schuligoi R, Amann R (1998) Differential effects of treatment with nerve growth factor on
thermal nociception and on calcitonin gene-related peptide content of primary afferent
neurons in the rat. Neurosci Lett 252:147-149.

Segouffin-Cariou C, Billaud M (2000) Transforming ability of MEN2A-RET requires
activation of the phosphatidylinositol 3-kinase/AKT signaling pathway. J Biol Chem
275:3568-3576.

Sheffield JB, Daly T, Dion AS, Taraschi N (1977) Procedures for radioimmunoassay of
the mouse mammary tumor virus. Cancer Res 37:1480-1485.

Sherrington CS (1906) Observations on the scratch-reflex in the spinal dog. J Physiol
34:1-50.

Shih TY, Papageorge AG, Stokes PE, Weeks MO, Scolnick EM (1980) Guanine
nucleotide-binding and autophosphorylating activities associated with the p21src protein
of Harvey murine sarcoma virus. Nature 287:686-691.

Shu X, Mendell LM (1999) Nerve growth factor acutely sensitizes the response of adult
rat sensory neurons to capsaicin. Neurosci Lett 274:159-162.

183



Shu X, Mendell LM (2001) Acute sensitization by NGF of the response of small-diameter
sensory neurons to capsaicin. J Neurophysiol 86:2931-2938.

Sikand P, Premkumar LS (2007) Potentiation of glutamatergic synaptic transmission by
protein kinase C-mediated sensitization of TRPV1 at the first sensory synapse. J Physiol
581:631-647.

Sjostrand D, Carlsson J, Paratcha G, Persson B, Ibanez CF (2007) Disruption of the
GDNF binding site in NCAM dissociates ligand binding and homophilic cell adhesion. J
Biol Chem 282:12734-12740.

Skofitsch G, Jacobowitz DM (1985) Calcitonin gene-related peptide coexists with
substance P in capsaicin sensitive neurons and sensory ganglia of the rat. Peptides
6:747-754.

Slack S, Battaglia A, Cibert-Goton V, Gavazzi | (2008) EphrinB2 induces tyrosine
phosphorylation of NR2B via Src-family kinases during inflammatory hyperalgesia.
Neuroscience 156:175-183.

Sluka KA, Rees H, Chen PS, Tsuruoka M, Willis WD (1997) Capsaicin-induced
sensitization of primate spinothalamic tract cells is prevented by a protein kinase C
inhibitor. Brain Res 772:82-86.

Soler RM, Dolcet X, Encinas M, Egea J, Bayascas JR, Comella JX (1999) Receptors of
the glial cell line-derived neurotrophic factor family of neurotrophic factors signal cell
survival through the phosphatidylinositol 3-kinase pathway in spinal cord motoneurons. J
Neurosci 19:9160-9169.

Southall MD, Michael RL, Vasko MR (1998) Intrathecal NSAIDS attenuate inflammation-
induced neuropeptide release from rat spinal cord slices. Pain 78:39-48.

Southall MD, Vasko MR (2000) Prostaglandin E(2)-mediated sensitization of rat sensory
neurons is not altered by nerve growth factor. Neurosci Lett 287:33-36.

Spector WG (1958) Substances which affect capillary permeability. Pharmacol Rev
10:475-505.

Stein AT, Ufret-Vincenty CA, Hua L, Santana LF, Gordon SE (2006) Phosphoinositide 3-
kinase binds to TRPV1 and mediates NGF-stimulated TRPV1 trafficking to the plasma
membrane. J Gen Physiol 128:509-522.

Such G, Jancso G (1986) Axonal effects of capsaicin: an electrophysiological study.
Acta Physiol Hung 67:53-63.

Sun R, Yan J, Willis WD (2007) Activation of protein kinase B/Akt in the periphery
contributes to pain behavior induced by capsaicin in rats. Neuroscience 144:286-294.

184



Szallasi A, Blumberg PM (1990) Specific binding of resiniferatoxin, an ultrapotent
capsaicin analog, by dorsal root ganglion membranes. Brain Res 524:106-111.

Szolcsanyi J, Anton F, Reeh PW, Handwerker HO (1988) Selective excitation by
capsaicin of mechano-heat sensitive nociceptors in rat skin. Brain Res 446:262-268.

Tahira T, Ishizaka Y, Itoh F, Sugimura T, Nagao M (1990) Characterization of ret proto-
oncogene mMRNAs encoding two isoforms of the protein product in a human
neuroblastoma cell line. Oncogene 5:97-102.

Tahira T, Ishizaka Y, Sugimura T, Nagao M (1988) Expression of proto-ret mRNA in
embryonic and adult rat tissues. Biochem Biophys Res Commun 153:1290-1295.

Takahashi M, Buma Y, Iwamoto T, Inaguma Y, lkeda H, Hiai H (1988) Cloning and
expression of the ret proto-oncogene encoding a tyrosine kinase with two potential
transmembrane domains. Oncogene 3:571-578.

Takahashi M, Buma Y, Taniguchi M (1991) Identification of the ret proto-oncogene
products in neuroblastoma and leukemia cells. Oncogene 6:297-301.

Takahashi M, Cooper GM (1987) ret transforming gene encodes a fusion protein
homologous to tyrosine kinases. Mol Cell Biol 7:1378-1385.

Takahashi M, Ritz J, Cooper GM (1985) Activation of a novel human transforming gene,
ret, by DNA rearrangement. Cell 42:581-588.

Tansey MG, Baloh RH, Milbrandt J, Johnson EM, Jr. (2000) GFRalpha-mediated
localization of RET to lipid rafts is required for effective downstream signaling,
differentiation, and neuronal survival. Neuron 25:611-623.

Thomas SM, DeMarco M, D'Arcangelo G, Halegoua S, Brugge JS (1992) Ras is
essential for nerve growth factor- and phorbol ester-induced tyrosine phosphorylation of
MAP kinases. Cell 68:1031-1040.

Thompson J, Doxakis E, Pinon LG, Strachan P, Buj-Bello A, Wyatt S, Buchman VL,
Davies AM (1998) GFRalpha-4, a new GDNF family receptor. Mol Cell Neurosci 11:117-
126.

Tisdale EJ, Artalejo CR (2006) Src-dependent aprotein kinase C iota/lambda
(aPKCiota/lambda) tyrosine phosphorylation is required for aPKCiota/lambda
association with Rab2 and glyceraldehyde-3-phosphate dehydrogenase on pre-golgi
intermediates. J Biol Chem 281:8436-8442.

Toh CC, Lee TS, Kiang AK (1955) The pharmacological actions of capsaicin and
analogues. Br J Pharmacol Chemother 10:175-182.

185



Traub RJ, Allen B, Humphrey E, Ruda MA (1990) Analysis of calcitonin gene-related
peptide-like immunoreactivity in the cat dorsal spinal cord and dorsal root ganglia
provide evidence for a multisegmental projection of nociceptive C-fiber primary afferents.
J Comp Neurol 302:562-574.

Treanor JJ, Goodman L, de SF, Stone DM, Poulsen KT, Beck CD, Gray C, Armanini
MP, Pollock RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davies AM,
Asai N, Takahashi M, Vandlen R, Henderson CE, Rosenthal A (1996) Characterization
of a multicomponent receptor for GDNF. Nature 382:80-83.

Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA, Grigoriou M, Kilkenny C,
Salazar-Grueso E, Pachnis V, Arumae U (1996) Functional receptor for GDNF encoded
by the c-ret proto-oncogene. Nature 381:785-789.

Trupp M, Raynoschek C, Belluardo N, Ibanez CF (1998) Multiple GPl-anchored
receptors control GDNF-dependent and independent activation of the c-Ret receptor
tyrosine kinase. Mol Cell Neurosci 11:47-63.

Trupp M, Scott R, Whittemore SR, Ibanez CF (1999) Ret-dependent and -independent
mechanisms of glial cell line-derived neurotrophic factor signaling in neuronal cells. J
Biol Chem 274:20885-20894.

Tsui-Pierchala BA, Ahrens RC, Crowder RJ, Milbrandt J, Johnson EM, Jr. (2002) The
long and short isoforms of Ret function as independent signaling complexes. J Biol
Chem 277:34618-34625.

Turner H, Cantrell DA (1997) Distinct Ras effector pathways are involved in Fc epsilon
R1 regulation of the transcriptional activity of EIk-1 and NFAT in mast cells. J Exp Med
185:43-53.

Tzabazis AZ, Pirc G, Votta-Velis E, Wilson SP, Laurito CE, Yeomans DC (2007)
Antihyperalgesic effect of a recombinant herpes virus encoding antisense for calcitonin
gene-related peptide. Anesthesiology 106:1196-1203.

Vassilieva EV, Gerner-Smidt K, lvanov Al, Nusrat A (2008) Lipid rafts mediate
internalization of beta1-integrin in migrating intestinal epithelial cells. Am J Physiol
Gastrointest Liver Physiol 295:G965-G976.

Viglietto G, Dolci S, Bruni P, Baldassarre G, Chiariotti L, Melillo RM, Salvatore G,
Chiappetta G, Sferratore F, Fusco A, Santoro M (2000) Glial cell line-derived
neutrotrophic factor and neurturin can act as paracrine growth factors stimulating DNA
synthesis of Ret-expressing spermatogonia. Int J Oncol 16:689-694.

Villegas SN, Njaine B, Linden R, Carri NG (2006) Glial-derived neurotrophic factor
(GDNF) prevents ethanol (EtOH) induced B92 glial cell death by both PI3K/AKT and
MEK/ERK signaling pathways. Brain Res Bull 71:116-126.

186



Vlahos CJ, Matter WF, Hui KY, Brown RF (1994) A specific inhibitor of
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
(LY294002). J Biol Chem 269:5241-5248.

von Boyen GB, Steinkamp M, Geerling |, Reinshagen M, Schafer KH, Adler G, Kirsch J
(2006) Proinflammatory cytokines induce neurotrophic factor expression in enteric glia: a
key to the regulation of epithelial apoptosis in Crohn's disease. Inflamm Bowel Dis
12:346-354.

Wahlestedt C, Beding B, Ekman R, Oksala O, Stjernschantz J, Hakanson R (1986)
Calcitonin gene-related peptide in the eye: release by sensory nerve stimulation and
effects associated with neurogenic inflammation. Regul Pept 16:107-115.

Wang S, Dai Y, Fukuoka T, Yamanaka H, Kobayashi K, Obata K, Cui X, Tominaga M,
Noguchi K (2008) Phospholipase C and protein kinase A mediate bradykinin
sensitization of TRPA1: a molecular mechanism of inflammatory pain. Brain 131:1241-
1251.

Wang S, Elitt CM, Malin SA, Albers KM (2008) Effects of the neurotrophic factor artemin
on sensory afferent development and sensitivity. Sheng Li Xue Bao 60:565-570.

Wang X, Baloh RH, Milbrandt J, Garcia KC (2006) Structure of artemin complexed with
its receptor GFRalpha3: convergent recognition of glial cell line-derived neurotrophic
factors. Structure 14:1083-1092.

Wang XQ, Yu SP (2005) Novel regulation of Na, K-ATPase by Src tyrosine kinases in
cortical neurons. J Neurochem 93:1515-1523.

Wanigasekara Y, Keast JR (2006) Nerve growth factor, glial cell line-derived
neurotrophic factor and neurturin prevent semaphorin 3A-mediated growth cone collapse
in adult sensory neurons. Neuroscience 142:369-379.

Watanabe T, Ichihara M, Hashimoto M, Shimono K, Shimoyama Y, Nagasaka T,
Murakumo Y, Murakami H, Sugiura H, Iwata H, Ishiguro N, Takahashi M (2002)
Characterization of gene expression induced by RET with MEN2A or MEN2B mutation.
Am J Pathol 161:249-256.

Watson A, Ensor E, Symes A, Winter J, Kendall G, Latchman D (1995) A minimal CGRP
gene promoter is inducible by nerve growth factor in adult rat dorsal root ganglion
neurons but not in PC12 phaeochromocytoma cells. Eur J Neurosci 7:394-400.

Wegierski T, Lewandrowski U, Muller B, Sickmann A, Walz G (2008) Tyrosine
phosphorylation modulates the activity of TRPV4 in response to defined stimuli. J Biol
Chem.

187



Weihe E, Nohr D, Millan MJ, Stein C, Muller S, Gramsch C, Herz A (1988) Peptide
neuroanatomy of adjuvant-induced arthritic inflammation in rat. Agents Actions 25:255-
259.

Welk E, Petsche U, Fleischer E, Handwerker HO (1983) Altered excitability of afferent C-
fibres of the rat distal to a nerve site exposed to capsaicin. Neurosci Lett 38:245-250.

Weskamp G, Otten U (1987) An enzyme-linked immunoassay for nerve growth factor
(NGF): a tool for studying regulatory mechanisms involved in NGF production in brain
and in peripheral tissues. J Neurochem 48:1779-1786.

Wiesenfeld-Hallin Z, Hokfelt T, Lundberg JM, Forssmann WG, Reinecke M, Tschopp FA,
Fischer JA (1984) Immunoreactive calcitonin gene-related peptide and substance P
coexist in sensory neurons to the spinal cord and interact in spinal behavioral responses
of the rat. Neurosci Lett 52:199-204.

Wood JN, Winter J, James IF, Rang HP, Yeats J, Bevan S (1988) Capsaicin-induced ion
fluxes in dorsal root ganglion cells in culture. J Neurosci 8:3208-3220.

Woodall AJ, Richards MA, Turner DJ, Fitzgerald EM (2008) Growth factors differentially
regulate neuronal Cav channels via ERK-dependent signalling. Cell Calcium 43:562-
575.

Woolf CJ, Chong MS, Rashdi TA (1985) Mapping increased glycogen phosphorylase
activity in dorsal root ganglia and in the spinal cord following peripheral stimuli. J Comp
Neurol 234:60-76.

Worby CA, Vega QC, Chao HH, Seasholtz AF, Thompson RC, Dixon JE (1998)
Identification and characterization of GFRalpha-3, a novel Co-receptor belonging to the
glial cell line-derived neurotrophic receptor family. J Biol Chem 273:3502-3508.

Worby CA, Vega QC, Zhao Y, Chao HH, Seasholtz AF, Dixon JE (1996) Glial cell line-
derived neurotrophic factor signals through the RET receptor and activates mitogen-
activated protein kinase. J Biol Chem 271:23619-23622.

Xing J, Kornhauser JM, Xia Z, Thiele EA, Greenberg ME (1998) Nerve growth factor
activates extracellular signal-regulated kinase and p38 mitogen-activated protein kinase
pathways to stimulate CREB serine 133 phosphorylation. Mol Cell Biol 18:1946-1955.

Xu GF, Lin B, Tanaka K, Dunn D, Wood D, Gesteland R, White R, Weiss R, Tamanoi F
(1990) The catalytic domain of the neurofibromatosis type 1 gene product stimulates ras
GTPase and complements ira mutants of S. cerevisiae. Cell 63:835-841.

Xu P, Hall AK (2007) Activin acts with nerve growth factor to regulate calcitonin gene-
related peptide mRNA in sensory neurons. Neuroscience 150:665-674.

188



Xue Q, Jong B, Chen T, Schumacher MA (2007) Transcription of rat TRPV1 utilizes a
dual promoter system that is positively regulated by nerve growth factor. J Neurochem
101:212-222.

Yamamoto M, Miki T, Tanaka N, Miya A, Shin E, Karakawa K, Kobayashi T, Tahira T,
Ishizaka Y, Itoh F, . (1991) Tight linkage of the ret proto-oncogene with the multiple
endocrine neoplasia type 2A locus. Jpn J Clin Oncol 21:149-152.

Yamamoto M, Sobue G, Yamamoto K, Terao S, Mitsuma T (1996) Expression of glial
cell line-derived growth factor mRNA in the spinal cord and muscle in amyotrophic lateral
sclerosis. Neurosci Lett 204:117-120.

Yang C, Hutto D, Sah DW (2006) Distribution of GDNF family receptor alpha3 and RET
in rat and human non-neural tissues. J Mol Histol 37:69-77.

Yang F, He X, Feng L, Mizuno K, Liu XW, Russell J, Xiong WC, Lu B (2001) PI-3 kinase
and IP3 are both necessary and sufficient to mediate NT3-induced synaptic potentiation.
Nat Neurosci 4:19-28.

Yang H, Bernanke JM, Naftel JP (2006) Immunocytochemical evidence that most
sensory neurons of the rat molar pulp express receptors for both glial cell line-derived
neurotrophic factor and nerve growth factor. Arch Oral Biol 51:69-78.

Yoong LF, Peng ZN, Wan G, Too HP (2005) Tissue expression of alternatively spliced
GFRalpha1, NCAM and RET isoforms and the distinct functional consequence of ligand-
induced activation of GFRalpha1 isoforms. Brain Res Mol Brain Res 139:1-12.

Yoshimoto K, Tanaka C, Hamaguchi S, Kimura T, lwahana H, Miyauchi A, Itakura M
(1995) Tumor-specific mutations in the tyrosine kinase domain of the RET proto-
oncogene in pheochromocytomas of sporadic type. Endocr J 42:265-270.

Yu L, Yang F, Luo H, Liu FY, Han JS, Xing GG, Wan Y (2008) The role of TRPV1 in
different subtypes of dorsal root ganglion neurons in rat chronic inflammatory
nociception induced by complete Freund's adjuvant. Mol Pain 4:61.

Zhang X, Huang J, McNaughton PA (2005) NGF rapidly increases membrane
expression of TRPV1 heat-gated ion channels. EMBO J 24:4211-4223.

Zhang X, Li L, McNaughton PA (2008) Proinflammatory mediators modulate the heat-
activated ion channel TRPV1 via the scaffolding protein AKAP79/150. Neuron 59:450-
461.

Zhang YH, Nicol GD (2004) NGF-mediated sensitization of the excitability of rat sensory
neurons is prevented by a blocking antibody to the p75 neurotrophin receptor. Neurosci
Lett 366:187-192.

189



Zhu W, Oxford GS (2007) Phosphoinositide-3-kinase and mitogen activated protein
kinase signaling pathways mediate acute NGF sensitization of TRPV1. Mol Cell
Neurosci 34:689-700.

Zhuang ZY, Xu H, Clapham DE, Ji RR (2004) Phosphatidylinositol 3-kinase activates
ERK in primary sensory neurons and mediates inflammatory heat hyperalgesia through
TRPV1 sensitization. J Neurosci 24:8300-8309.

Zihimann KB, Ducray AD, Schaller B, Huber AW, Krebs SH, Andres RH, Seiler RW,
Meyer M, Widmer HR (2005) The GDNF family members neurturin, artemin and
persephin promote the morphological differentiation of cultured ventral mesencephalic
dopaminergic neurons. Brain Res Bull 68:42-53.

Zurn AD, Baetge EE, Hammang JP, Tan SA, Aebischer P (1994) Glial cell line-derived
neurotrophic factor (GDNF), a new neurotrophic factor for motoneurones. Neuroreport
6:113-118.

190



CURRICULUM VITAE

Brian S. Schmutzler

Education:

Indiana University, Indianapolis, IN

Ph.D. in Pharmacology ........covuiiiiiii e 2009
Dissertation: “Ret-dependent and Ret-independent mechanisms of
GFL-induced enhancement in the capsaicin stimulated-release of iCGRP

from sensory neurons

Indiana University School of Medicine, Indianapolis, IN
M.D. (iN PrOgreSS) v 2004-Present

Expected Graduation: June 2011

University of Notre Dame, Notre Dame, IN
B.A. Psychology, B.S. Science Pre-Professional Studies ............ 2004
o Eli Lilly Endowment Scholarship (4 Year Scholarship for Tuition,
Fees, and Books)
e Suma Cum Laude (College of Science and College of Arts and Letters)

e Psi Chi Psychology Honor Society

Honors, Awards, and Fellowships:

Society for Neuroscience Annual Meeting “Hot Topics™........... 2009



Judy Boyd White Award for Graduate Student........................ 2008
Research Presentations the Indiana University

School of Medicine Chapter of Sigma Xi

Invited Speaker; Children’s Tumor Foundation ....................... 2008
Annual Neurofibromatosis Conference

Indiana University School of Medicine Graduate School ......... 2008
Educational Enhancement Grant Travel Award

Central Society for Clinical Research (CSCR) ....................l. 2008
Midwest Trainee Travel Award

NIH F30 NRSA Fellowship, Submitted 8/2008 ........................ 2008
Priority Score 197

Children’s Tumor Foundation ..............coooiiiiiiii, 2007-2009
Young Investigator’'s Award Fellowship

Graduate Student Organization Travel Award......................... 2007
INGEN Scholarship for Indiana University ............ccooooeiiinnn. 2004-2006
School of Medicine MD/PhD Program

Indiana University School of Medicine...............coooooiiiiinnn. 2004-2005

Graduate School Scholarship

Teaching Experience:
Instructor — Physics - Medical College Admissions Test ............ 2004-2006

Responsible for all lesson planning and teaching



University of Notre Dame, Notre Dame, IN
Teaching Assistant for Sophomore Level ... 2002-2004
Biology Laboratory Course

Responsible for teaching and overseeing the laboratory techniques of the

students. Some test administration and grading duties.

Related Experience:

Indiana University School of Medicine, Indianapolis, IN

Combined Degree Student Committee, Co-President ............. 2007-Present
Act as a conduit of information from MD/PhD students to program directors
and vice versa. Started a monthly student seminar series, attend and give
input at MD/PhD program business meetings, organize volunteer and social

events.

American Physician Scientists Association (APSA)

Institutional Representative ..................... 2005-2009

Public Relations Committee and Membership Committee
Conveyed information from this student-run organization, which is focused
on MD/PhD programs and training, to the MD/PhD program at Indiana
University School of Medicine, as well as provided information to the national
MD/PhD community about Indiana University School of Medicine’s MD/PhD
program; | have also been responsible for helping with press releases and
information distribution, as well as contacting deans and students at schools
not yet members of APSA to inform them of the benefits of APSA

membership.



University of Notre Dame, Notre Dame, IN

Student Research Assistant ....................... 2002-2003
Worked with full-time laboratory members (Professors and Post-Doctoral
Fellows) to clone GAD 65 from frogs and investigated the interaction of soy

isoflavones with liver enzymes.

Indiana University School of Medicine

Research Assistant 2001-2003
Worked independently to genotype several hundred mice
in an attempt to correlate specific SNPs with compulsive

behaviors (phenotypic changes).
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Hingtgen CM, Roy SL, Schmutzler, BS. Stem cell factor and nerve growth factor
sensitize sensory neurons from wild-type and Nf1 haploinsufficient mice. Program No.
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NF1 and NF2 and Schwannomatosis; June 5-8, 2005; Aspen, CO.

Schmutzler BS, Roy SL, Hingtgen CM. Glial cell line-derived neurotrophic factor
(GDNF) and nerve growth factor (NGF) sensitize sensory neurons from wild-type and
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15 2007; Chicago, IL and NF International Annual Meeting; June 10-13, 2007; Park
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Schmutzler BS, Hingtgen CM. Glial cell line-derived neurotrophic factor (GDNF)
enhances stimulus-evoked neuropeptide release from isolated sensory neruons.
Presented at Society for Neuroscience Annual Meeting; November 3™-7", 2007; San

Diego, CA.

Schmutzler BS, Hingtgen CM. Glial cell line-derived neurotrophic factor (GDNF)
family ligands (GFLs) enhance the release of the neuropeptide CGRP.
Presented at Central Society for Clinical Research and AAP/ASCI Meetings;

April 24"-27™" 2008; Chicago, IL.

Schmutzler BS, Hingtgen CM. Glial cell line-derived neurotrophic factor (GDNF)
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Presented at the Gill Symposium for Neuroscience; May 21, 2008;

Bloomington, IN.

Schmutzler BS, Hingtgen CM. Glial cell line-derived neurotrophic factor (GDNF) family
ligands (GFLs) enhance the release of the neuropeptide CGRP via different intracellular
signaling pathways. Presented at Society for Neuroscience Annual Meeting; November

16", 2008; Washington, DC.

Schmutzler BS, Hingtgen CM. Glial cell line-derived neurotrophic factor (GDNF) family
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