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1 Summary

Pain is one of the largest health problems, andagigitic options are still insufficient. More
effective treatment of pain requires the understandf cellular mechanisms underlying pain and
sensitization. While electrophysiological propestad nociceptive neurons have been investigated
intensively, still little is known about the intrgtular mechanisms mediating pain sensitization in
nociceptive neurons.

Besides inflammatory mediators, neurotransmittes growth factors, also the steroid hormone
estrogen is known to influence pain. Estrogen-ddeen sex differences in pain are well
established in humans and in animals, but the Wyidgrsignaling mechanisms are so far not
described. The aim of this study was to identify #strogen receptor which mediates estrogen-
induced PKE translocation in nociceptive neurons, to analygealing mechanisms downstream
of PKCe and to investigate signal integration in primagpsory neurons.

In my thesis estrogen was used as a stimulus taifgenew signaling pathways in nociceptive
neurons. | found estrogen and agonists of the restebgen receptor GPR30 to cause rapid £KC
translocation in a subgroup of primary nociceptieairons. This PKE€activation was dependent
on adenylyl cyclase and was restricted to neurasitipe for the subgroup markers IB4 and
TRPV1. In contrast, no PKtranslocation was detected in response to agooidtse classical
estrogen receptors BRand ERB. In behavioral experiments performed in rats ancemGPR30
agonists as well as estrogen induced robust mewdiasensitization. The observed cellular and
behavioral effects mirrored effects induced by Gtgin coupled receptor activating inflammatory
mediators. This suggests a first physiological fiomcfor the novel estrogen receptor GPR30 and
indicates a potential role for estrogen as inflanmmamodulator of nociception.

The investigation of downstream effects of RK&ttivation using computational, biochemical,
cell biological as well as behavioral approachekcated the TRPV1-microtubule complex as a
novel target of PKE signaling towards mechanical sensitization. kB¥idiated phos-
phorylation of TRPV1 at serine 800 modulates theeraction between TRPV1 and the
microtubule cytoskeleton and thereby controls reglive signaling upon PKdCactivation.
Surprisingly, the observed effect was independétiieion channel functionality of TRPV1, as it
also occurred in presence of the channel blockeRBX and in cells expressing only a TRPV1
fragment which does not form a functional chaniélus, TRPV1 serves as a signaling scaffold
in PKCe-dependent mechanical sensitization, a functionepeddent of its ion channel
conductivity.

Epinephrine and estrogen signaling converged on&PHB9 analyzing how these convergent
signals are computed by the nociceptive neuromyvalrendogenous inhibitory signaling pathway
was identified. While estrogen normally induces s#&ration, estrogen can also context-
dependently abolish sensitization. The switch betwihese two opposing signaling cascades is
set by a C&-dependent mechanism. The inhibition of sensitiziggaling through G rises is

not specific for estrogen alone, as it was alsoeotesl for the inflammatory mediator
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isoproterenol. The reversal of ongoing and passiieation through a nociceptive stimulus
indicates a new grade of complexity for signalingctmanisms regulating nociception.

Taken together, this thesis demonstrates thatgestracts as an important regulator of nociceptive
signaling. The identification of novel sensitiziag well as desensitizing signaling mechanisms
up- and downstream of PKk@pens new prospects for the development of anakyésrgeting
intracellular signaling mediators and for the immment of pain therapy, e.g. in gender-
dependent pain disorders and cancer therapy-induaied



2 Zusammenfassung

Schmerz ist ein zentrales medizinisches Problem.t@rapeutischen Mdglichkeiten sind jedoch
noch immer sehr begrenzt. Ein Grund dafir ist dasureichende Verstéandnis der zellularen
Mechanismen, die Schmerz und gesteigerter Sem&itifHyperalgesie) zugrunde liegen.
Wahrend die elektrophysiologischen Eigenschafterzizeptiver Neuronen bereits gut
charakterisiert sind, sind intrazellulare Signalevegsher kaum beschrieben. Neben Entziindungs-
mediatoren, Neurotransmittern und Wachstumsfaktbesinflussen auch Steroidhormone wie z.
B. Ostrogen das Schmerzempfinden. Obwohl Gesclsectdrschiede in der Schmerz-
wahrnehmung bei Menschen und in zahlreichen Tieethed beschrieben sind, sind die
molekularen Ursachen bisher weitgehend unbekannt.

In dieser Arbeit wurde Ostrogen verwendet, um nBigmalwege in nozizeptiven Neuronen zu
identifizieren. Ostrogen fiihrt in sensorischen Neen, ebenso wie entzindliche Mediatoren,
innerhalb kurzer Zeit zur Translokation der Prot&imase C epsilon (PK& zur Plasma-
membran. Wahrend Agonisten des neuartigen OstrBgaeptors GPR30 ebenfalls eine schnelle
PKCe-Aktivierung hervorriefen, konnte keine PKTranslokation beobachtet werden, wenn die
Neuronen mit spezifischen Agonisten firr die klagdsi® Ostrogen-Rezeptoren &Rnd ERB
behandelt wurden. Die schnelle P&@ktivierung nach der Behandlung mit Ostrogen, GPR3
Agonisten bzw. Entziindungsmediatoren war spezifi$éh eine Subgruppe sensorischer
Neuronen, die das Isolektin B4 binden und den Ilkaral TRPV1 exprimieren. In
Verhaltensexperimenten mit Ratten und Mausen imatezidie Applikation von Ostrogen oder
GPR30 Agonisten mechanische Hyperalgesie. Damitededie hier vorgestellten Ergebnisse
darauf hin, dass Ostrogen ahnlich wie entziindlietegliatoren Schmerzsignalwege moduliert,
und legen so eine erste physiologische Funktiondéiir neuartigen Ostrogen-Rezeptor GPR30
nahe.

In weiteren Untersuchungen wurde der TRPV1-MikratitBomplex als neuesdownstream
target von PKG in mechanischer Hyperalgesie identifiziert. RiK@rmittelte Phosphorylierung
des Serin 800 von TRPV1 verandert den TRPV1-MikvoluKomplex, indem es eine Bindung
der Mikrotubuli an TRPV1 verhindert und so nozizept Signalwege beeinflusst. Der
beschriebene Effekt konnte weder durch den lonalahibitor 5’I-RTX noch durch die
Expression eines TRPV1-Fragments anstelle von WildiRPV1 blockiert werden. Damit zeigt
die hier beschriebene Funktion von TRPV1 als Sigratittler in mechanischer Sensitivierung
eine neue Rolle fur TRP Kandle in Signaltransdulgweegen, zusatzlich zu ihrer lonenkanal-
Funktionalitat.

Die sensitivierenden Signalwege von Epinephrin Qstrogen konvergieren in der Aktivierung
von PKG:. Die Analyse der Signalverarbeitung solcher kogeater Signalwege zeigte einen
neuen, autoinhibitorischen Signalweg in nozizeptiveleuronen. Wahrend Ostrogen in
Abwesenheit anderer Schmerzsignale B¥Bhangige Sensitivierung hervorruft, kann Ostrogen
in Verbindung mit anderen nozizpetiven Signalen ha@chmerzsignalwege inhibieren. Die
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Regulation dieser entgegengesetzten Signalmechanismolgt Uber ein G&Signal. Die C4'-
abhéangige Inhibition nozizeptiver Signale ist nispezifisch fiir Ostrogen, sondern kann auch fiir
andere nozizeptive Stimuli beobachtet werden, dienfalls PKE-abhangige Sensitivierug
hervorrufen. Die Inhibition eines Schmerzsignalsctiueinen eigentlich Schmerz auslosenden
Stimulus deutet auf einen neuen Grad von Komplekiid, der der Regulation von Schmerz-
signalen zugrunde liegt.

Zusammengefasst zeigt diese Arbeit, dass Ostrogiedel Regulation von Schmerzsignalwegen
eine wichtige Rolle spielt. Die Identifizierung so sensitivierender als auch inhibitorischer
Signalmechanismen deutet auf intrazellulare Medggtdin, die als potentielle Angriffspunkte
fur die Entwicklung neuer Schmerzmedikamente diekénnten, und ertffnet dabei neue
Perspektiven flir eine verbesserte SchmerztherapieB. bei der Behandlung geschlechts-
spezifischer Schmerzen oder bei Chemotherapie-iadam Schmerz.



3 Introduction

Pain is defined by the International Associationtfee Study of Pain (IASP) as “an unpleasant
sensory and emotional experience associated witlalagr potential tissue damage” (Loeser and
Treede, 2008). The sensation of pain alerts huraadsanimals to a variety of noxious stimuli
and triggers protective responses. Therefore pasation is essential for the survival and well
being of an organism. While acute pain functionsaasvarning system, activation of pain
signaling pathways often also results in long tagtincreased pain sensitivity. In a sensitized
state, normally innocuous stimuli like light touoh pleasant warmth are perceived as painful, a
phenomenon called allodynia, and normally noxiotisidi induce greater pain responses, a
phenomenon referred to as hyperalgesia (Loeseilee®te, 2008). Sensitization is a significant
clinical problem, especially in respect of the gasing number of patients suffering from chronic
pain syndromes including cancer pain, postherpeticalgia or peripheral neuropathies.

The successful treatment of pain requires the iieation of exogenous and endogenous
substances acting on nociceptive neurons and thel&dge of signaling mechanisms underlying
pain sensitization. While pain signaling is mostlyestigated by analyzing electrophysiological
properties of nociceptive neurons and characteyizm channels as transducer of nociceptive
stimuli, the knowledge of intracellular signalingeaihanisms involved in sensitization is only
emerging.

3.1 Primary sensory neurons

Primary sensory neurons connect the innervatedetisach as skin, muscles or inner organs with
the central nervous system. The peripheral enditigeoprimary neuron detects stimuli and action
potentials are generated. These action potentralstransmitted along the primary neuron to

interneurons in the spinal cord. In turn, spinatdcoeurons forward the signal to the brain

(Fig. 1).

Pain is a complex process, involving the periphanal the central nervous system. While noxious
stimuli are detected by peripheral neurons, algmitive and emotional aspects contribute to the
perception of pain. In contrast to the central nas/system (CNS) phenomenon “pain”, the term
nociception describes the process by which intéinsemal, mechanical or chemical stimuli are

detected by the peripheral nervous system (Loas@iTaeede, 2008). Already in 1906, Charles
Sherrington postulated the existence of “nocicegitowhich are distinct from sensory neurons

detecting non-nociceptive stimuli such as lightctowor pleasant warmth (Sherrington, 1906).
Electrophysiological studies indeed identified sepsneurons which are activated only in

response to noxious heat, strong pressure and/drabyful chemicals, but not by innocuous

temperatures or light touch (Julius and Basbaurd1 20
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The cell bodies of primary nociceptive neuronslaoated in the dorsal root ganglia (DRG) and
in the trigeminal ganglia (TG). Primary afferentunens have a unique morphology. They are
pseudo-unipolar structures with no distinct biocloaindifference between the peripheral and
central nerve terminals. Therefore these neuronsead and receive signals from both terminals
(Basbaum and Jessell, 2000).

DRG and TG consist of various types of primary sepsieurons which can be assigned to
different subgroups based on their anatomical andtional characteristics (Julius and Basbaum,
2001).

According to morphological and functional propestisensory neurons can be divided infyy A
Ad and C fibers. A fibers are myelinated, rapidly conducting fiberkielh normally detect
innocuous stimuli like light touch or pleasant wémmapplied to skin, muscles or jointss Abers
are lightly myelinated fibers that built one groapnociceptive neurons. The diameters & A
fibers are smaller compared tg Aibers and their conduction velocity is slower.fiBers are
unmyelinated, small diameter fibers with slow coctthn velocities. Most of the C fibers are
polymodal and respond to nociceptive mechanicatntlal and chemical stimuli (Perl, 2007).

Neuronal subgroups are also differentiated baseti@characteristic expression of ion channels.
Heat sensitive neurons express the transient m@ceuttential vanilloid channel 1 (TRPV1),
whereas the detection of cold temperatures is agsdcwith the expression and activation of
TRPMS8, another ion channel of the transient reaemotential (TRP) family. An acidic
environment, like during inflammatory conditions aiter tissue injury, is detected by neurons
expressing acid sensing ion channels (ASICs), aRBAL expressing neurons are activated in
response to various chemical irritants (Julius Basbaum, 2001).

Subpopulations of nociceptive neurons can be furthgtinguished by their ability to release
neuropeptides like Substance P and calcitonin-gefeted peptide (CGRP) or to bind the
isolectin B4 (1B4) fromGriffonia ssimplicifolia (Silverman and Kruger, 1988) which interacts with
a splice variant of an extracellular matrix proteersican (Bogen et al., 2005). If a specific
subgroup of sensory neurons detects estrogen @r aitx steroid hormones leading to an
alteration of nociception, is unknown.
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Tissue Damage/
Inflammation

Epithelium Primary Sensory Neuron Spinal Brain
Cord

Fig. 1: Sensitization of the primary nociceptive naron. About 75 % of primary sensory neurons function as
detectors for nociceptive stimuli as so called oeptors. Their peripheral endings innervate skinsctes or
inner organs, where they detect nociceptive sigrighe cell bodies of nociceptive neurons are latatethe
dorsal root ganglia or in the trigeminal gangliadahe central termini connect the peripheral neum the
interneuron in the spinal cord. From there, nodivepsignals are forwarded to the brain, wheresesation of
pain is generated. Tissue damage and/or inflammatsults in the increased responsiveness of nuidiee
neurons (adapted from Hucho and Levine, 2007; @nIR008).

3.2 Estrogen in pain and nociception

3.2.1 Sex differences in pain and nociception

A wide variety of endogenous substances influepe@s. Inflammatory mediators, growth factors
and cytokines, but also gonadal steroid hormone® Heeen shown to modulate nociception
(Hucho and Levine, 2007). Gender and sex-hormolageck differences in pain and nociception
are documented in humans as well as in animal rmg@débisi et al., 2009; Coyle et al., 1996;
Fillingim and Ness, 2000; Mogil et al., 1997; Mogtl al., 2000; Unruh, 1996). In humans, pain
thresholds and pain tolerance are in general lawevomen than in men independent of the
modality of the nociceptive stimulus, i.e. heaggaure or nociceptive chemicals (Chesterton et
al., 2003; Craft et al., 2004; Craft, 2007; Frotakt 2004; Sarlani et al., 2003). Chronic pain
conditions such as fibromyalgia, migraine as wsltemporomandibular joint disorders are more
prevalent in women compared to men and sex hormplasa central role (Berkley, 1997;
Unruh, 1996). Accordingly, studies indicate thae tfemale menstrual cycle influences the
sensitivity, thresholds and tolerance to pain (Hapiand Rollman, 1998; Riley et al., 1999). Also
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after cross-hormone administration as in transdexea and woman, changes in pain perception
are reported (Aloisi et al., 2007).

In animal models, sex differences are documentdxhgeline nociceptive thresholds as well as in
the response to nociceptive stimuli and in the ce¢fief analgesics. Female rats show lower
baseline nociceptive thresholds for mechanicaldition compared to male animals (Khasar et
al., 2005). On the other hand, the inflammatory iated epinephrine induces stronger
sensitization in male than in female rats in amogen-dependent manner (Khasar et al., 2005).
Dina et al. reported the involvement of differeetend messengers in male and female rats in
epinephrine signaling towards mechanical sensitizaDina et al., 2001b). While in male rats
epinephrine induces PKA-, ERK- and P#&@ependent mechanical hyperalgesia, in female rats
PKA and PKG do not contribute to epinephrine-induced sengitra Using gonadectomy
and/or estrogen replacement it was shown that gmtrodetermines the coupling of the
inflammatory mediator to the intracellular signglinascades (Dina et al., 2001b; Hucho et al.,
2006).

3.2.2 Pain modulation by estrogen

Estrogen and other sex hormones modulate pain thyenting the central as well as the
peripheral nervous system. Direct action on thaoaptive neurons and indirect actions via e.g.
the cardiovascular or the immune system have bderaribed. In the CNS estrogen alters pain
sensitivity by modulating the activity of GABA remers (Gu et al., 1999; Kelly et al., 1999;
McCarthy et al., 2002; Qiu et al., 2003). Estrogéso influences the action of opioid analgesics
by controlling the expression @&fand p opioid receptors in the spinal cord (Al@sial., 2005;
Liu and Gintzler, 2000).

In the periphery, a number of estrogen effects oniaeptive neurons have been described.
Estrogen regulates the mRNA expression of trkA pii8 receptors in DRG neurons which
mediate NGF signaling and contribute to NGF-indusewisitization (Sohrabiji et al., 1994; Woolf,
1996). Expression levels of the nociceptive seamedsengers PKA and PK@re also affected
by estrogen (Ansonoff and Etgen, 1998; Kelly et 4B99). Besides of controlling protein
expression, estrogen directly activates nociceigealing pathways in primary sensory neurons.
Estrogen activates the MAP kinase ERK in TG neuroesulting in increased facial allodynia
(Liverman et al., 2009). In cultured TG neurongragen increased the cAMP production in
response to PGE2 and the inositol phosphate aceationl in response to bradykinin
(Fehrenbacher et al., 2009). In DRG neurons derir@d male rats, estrogen activates RKE
absence of other nociceptive stimuli, and estroggplication induces PK&dependent
hyperalgesia in male rats (Hucho et al., 2006)tl@nother hand, estrogen inhibits the activation
of PKCe normally induced by thp-adrenergic agonist isoproterenol (Hucho et al0620

Nevertheless, how estrogen controls signaling payiswn primary nociceptive neurons is so far
not known.
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3.2.3 The steroid hormone estrogen

Estrogen (1B-estradiol, E2) is the main estrogenic hormone dan-pregnant woman between
menarche and menopause. It belongs to the fam#yenbid hormones that include progesterone,
testosterone, glucocorticoids and mineralcorticoldke all steroids, estrogen is derived from
cholesterol and finally synthesized by aromatizatb testosterone (Bulun, 2000; Prossnitz et al.,
2008a).

For a long time, estrogen was considered as aypfaelale sex hormone, primary synthesized in
the ovaries. Today it is known, that estrogen edpced in many other tissues such as brain, bone
marrow, adipose tissue and skin in both sexes @maahd Lichtensteiger, 1994; Nawata et al.,
1995; Sebastian and Bulun, 2001; Shozu et al.,)2@08matase expression is described in DRG
neurons (Schaeffer et al.,, 2010) and in the spioatl, where signals of primary nociceptive
neurons are transduced to the CNS (Evrard and &alth 2004). Besides of its function in
reproductive organs, estrogen plays an importalet iro nonreproductive systems such as the
cardiovascular, nervous and skeletal system (Pitassinal., 2008b; Toran-Allerand et al., 1999;
Toran-Allerand, 2004).

3.2.4 Classical estrogen signaling

The classical mechanism of estrogen action is thastriptional regulation of target genes
(Acconica et al., 2006). Like all steroid hormonestrogen is able to enter the cell, where it binds
to intracellular estrogen receptors (ERs) that megplto the steroid hormone family of nuclear
receptors (Mangelsdorf and Evans, 1995; Mangelsdorél.,, 1995). Two classical estrogen
receptors (ERs) are described: the estrogen recalpba (ER) and the estrogen receptor beta
(ERB). ERx and EB are highly homologous in their DNA- and ligand-iimy domains, but lack
relative homology in their transcriptional actiwatidomains (Kuiper et al., 1997). In absence of a
ligand, ERs are localized in the cytoplasm andh& mucleus, where heat-shock proteins and
immunophilins keep the receptors in an inactivef@onation (Zhang and Trudeau, 2006). Upon
estrogen binding, inactivating proteins dissocitem the receptors, ERs dimerize and
cytoplasmic receptors translocate into the nucledrgre they bind to specific estrogen response
elements (ERES) located in the promoters of taggaes. Subsequent, ERs modulate target gene
expression by interaction with multiple coactivatand corepressors (Klein-Hitpass et al., 1986;
Zhang and Trudeau, 2006). Additionally, ERs infleetranscriptional activity by transcriptional
crosstalk, e.g. by binding to other transcriptiantérs such as AP-1 or Sp-1 (Castro-Rivera et al.,
2001; Gaub et al., 1990; Gottlicher et al., 1998)is genomic action of estrogen is sensitive to
transcriptional and translational inhibitors angitally takes several hours until the effect is
manifested (O'Lone et al., 2004).
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3.2.5 Non-classical estrogen signaling: Rapid effects argignaling via

membrane receptors

In addition to classical transcriptional actionstregen is known to induce rapid, non-genomic
signaling in various cell types. These effects asensitive towards transcriptional and
translational inhibitors and appear within secotwdminutes (Moriarty et al., 2006; Simoncini et
al., 2003). Rapid estrogen actions include thevatitin of protein kinases such as ERK, PKA,
PKC, Akt or PI3K, the production of the second neegers cAMP, cGMP and nitric oxide (NO)
as well as the modulation of ion channel activitg antracellular C& levels (Edwards, 2005; Gu
and Moss, 1996; Ho and Liao, 2002a; Ho and Lia®2B). These rapid effects are important in
physiological processes such as cardiovasculaegioh, bone preservation, cell proliferation,
neuroprotection and spermatogenesis (ManavathKantar, 2006).

Rapid, non-transcriptional estrogen signaling canntediated by classical ERs located in the
nucleus and in the cytoplasm or by membrane estrogeeptors. The presence of membrane
estrogen receptors has been postulated alreadyld®Pietras and Szego, but the precise nature
of membrane estrogen receptors is still under @effdietras and Szego, 1977). Studies using
membrane-impermeable ligands, overexpression sgsa@ch various antibodies indicate a plasma
membrane localization of the classical estrogerptrs ER and ER (Pappas et al., 1995;
Ropero et al., 2002; Watson et al., 2002) and séw&gnaling events are correlated with
membrane-associated ERnd ER (Razandi et al., 1999; Xu et al., 2008). Othedigtsi suggest
the existence of structurally different membranérogen receptors as membrane-associated
estrogen actions are described in cell types thattad express classical ERs (Zhang and Trudeau,
2006). The discovery of a seven transmembrane t@cejne G-protein coupled receptor 30
(GPR30), as a potential estrogen receptor openggasspectives for estrogen-initiated signaling
mechanisms by linking the steroid hormone estrogerlassical G-protein coupled receptor
(GPCR)-induced signaling cascades (Revankar 2@G05; Thomas et al., 2005).

3.2.6 The novel estrogen receptor GPR30

GPR30 was cloned as an orphan GPCR in the late h@9ve different groups using cDNA
from Burkitt's lymphoblasts (Owman et al., 1996), d8lls (Kvingedal and Smeland, 1997),
human endothelial cells (Takada et al., 1997), hugenomic DNA (Feng and Gregor, 1997) or
breast cancer cells lines (Carmeci et al., 199#rdtein coupled receptors represent the largest
class of seven transmembrane receptors that tremgstair signals via heterotrimeric G-proteins
which dissociate into &6and @y subunits upon ligand binding (Gether, 2000). Bamedeveral
studies indicating the involvement of heterotrirae®i-proteins in rapid estrogen signaling (Gu et
al., 1999; Nadal et al., 2000), Filardo et al. jded evidence for a role of GPR30 in estrogen
signaling by showing that GPR30 mediates estrogdnded ERK activation in cells lacking ER
and ER (Filardo et al., 2000). Further experiments inthdathat GPR30 also mediates estrogen-
induced adenylyl cyclase activation observed inn€eBative breast cancer cells. Interestingly, this
effect was not only observed in response to estrolget also after application of the estrogen
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receptor antagonists ICI 182,780 and tamoxifera(Bd, 2002; Filardo et al., 2002). In 2005, two
groups reported that estrogen indeed binds to gnals through GPR30 (Revankar et al., 2005;
Thomas et al., 2005). Thomas et al. reported thdihg of estrogen as well as the classical ER
antagonists ICI 182,780 and tamoxifen to the plasmeabrane of breast cancer cells expressing
GPR30, but lacking classical ERs. Additionally,ization of GPR30 resulted in the activation of
a Cous protein and increased adenylyl cyclase activitlyile agents inducing the uncoupling of
heterotrimeric G-proteins from GPCRs reduced thenbrane binding of estrogen. In a second
study, Revankar et al. showed that GPR30 activdiiorstrogen leads to €amobilization and
phosphatidylinositol-3,4,5-triphosphate productiasing transfected COS7 and SKBR3 breast
cancer cells as model systems. While Thomas eepbrted GPR30 expression at the plasma
membrane, Revankar and colleagues showed bindirigiatscent labeled estrogen to GPR30
localized in the endoplasmic reticulum.

Expression of GPR30 mRNA and protein is describedmiultiple tissues including the
reproductive, cardiovascular and nervous systerdicating that GPR30 expression is not
restricted to classical estrogen-responsive tis€Diee and Lee-Lundberg, 2009).

As several G-protein coupled receptors are involwvedociception, GPR30 might also be an
interesting candidate to mediate estrogen signatimgciceptive neurons.

3.2.7 Estrogen receptors in the nervous system

Classical estrogen receptors as well as the newegen receptor GPR30 have been shown to be
expressed in different pain-related areas of therakand peripheral nervous system in both,
males and females. In the CNS, E&d ER are expressed in the trigeminal brainstem complex
(trigeminal subnucleus caudalis) (Bereiter et 2005), in the hypothalamus, the amygdala, the
periaqueductal gray and the dorsal raphe nucletts ma difference between male and female
animals (Chaban and Micevych, 2005). GPR30 expressireported in the Islands of Calleja and
the striatum, in the paraventricular nucleus amdstippraoptic nucleus of the hypothalamus and in
the hippocampus (Brailoiu et al., 2007). In theig®eral nervous system, ERand ER
expression has been shown in DRG and TG neuromslef and female rodents (Liverman et al.,
2009; Papka and Storey-Workley, 2002; Taleghamt.e1999). Thereby it is still controversial if
both classical ERs are expressed in the same reoran neighboring ones (Papka and Storey-
Workley, 2002; Taleghany et al., 1999). GPR30 mRaW protein expression was detected in rat
DRG neurons with no difference between both sexesia the outer layer of the spinal dorsal
horn (Takanami et al.). In TG, GPR30 expressiorerted in small diameter neurons that also
contained the C-fiber marker peripherin (Livermaale 2009).

The expression of classical ERs and GPR30 in @iffepain-related areas of the nervous system
suggests that estrogen can act directly on semsargons and thereby influences pain signaling.
But detailed descriptions about signaling eventsliated by the different ERs and the resulting

effects for signaling in nociceptive neurons aikmsissing.



INTRODUCTION 12

3.3  Signaling in nociceptive neurons

3.3.1 Signaling towards sensitization

In addition to physical stimuli like temperaturedapressure, also a broad variety of chemical
substances act on nociceptive neurons. Especialingl inflammation or tissue injury, many
extracellular mediators are released from activatediceptors and infiltrating cells. Non-
neuronal cells include mast cells, macrophagespbels, platelets, neutrophils, endothelial cells
and fibroblasts (Julius and Basbaum, 2001). Alletbgr these cells secrete diverse factors,
referred to as “inflammatory soup”. The inflammatsoup is composed of neurotransmitters like
serotonin and adrenaline, lipid compounds like taglandins, leukotrienes and endo-
cannabinoids, growth factors such as NGF and GDigkropeptides like CGRP and bradykinin,
hormones, cytokines and chemokines, as well aa@ltular proteases and protons. Plethora of
diverse molecules bind to various cell surface pars including GPCRSs, receptor tyrosine
kinases (RTKs) but also ion channels expressedhenperipheral terminals of nociceptive
neurons.

So far, research has concentrated on the idetitficaf receptors and ion channels responding to
nociceptive stimuli, while not much is known abautacellular signaling molecules involved in
sensitization (Fig. 2) (Basbaum et al., 2009; Huehd Levine, 2007; Meyer et al., 2008). In
electrophysiological and pain behavioral experirmgsinall molecules like cAMP and NO (Aley
et al., 1998; Chen and Levine, 1999), the protemades PKC, PKA and MAP kinases (Aley and
Levine, 1999; Aley et al., 2000; Obata et al., 20@8toskeletal components (Dina et al., 2003) as
well as the cation G4 have been reported to play a role in sensitizatiime first second
messenger described to be part of sensitizing kgngathways was cAMP. Application of
cAMP analoga induced strong sensitization towatdsigal stimuli (Ferreira et al., 1990; Kress
et al., 1996) and prostaglandin E2 (PGE2)-indueatkitization can be blocked by an inactive
cAMP analogon (Taiwo and Levine, 1991). PGE2-indusensitization not only depends on PKA
as a downstream target of CAMP signaling, but alsd®KC and ERK (Dina et al., 2001b). In
addition to PGE2, PKCs are activated in response k@adykinin, TN and
adrenaline/epinephrine (Cesare et al., 1999; Khatsat., 1999a; Parada et al., 2003). Not only
cytoplasmic proteins, also structural proteins magole in nociceptive signaling. In behavioral
experiments, PK&dependent mechanical hyperalgesia was affectedrbylteration of the
microtubule cytoskeleton. Interestingly, the mickmile cytoskeleton only plays a role in P&C
dependent hyperalgesia, while PKA-dependent seasdn is not affected indicating a second
messenger-dependent influence (Dina et al., 2003).

Second messenger signaling results in the activasromodification of effector molecules. In
sensory neurons, TRP ion channels, ASICs and wlgaged sodium channels are described as
effectors of sensitizing signaling. Activation dkR and PKC lead to phosphorylation of the TRP
ion channels TRPV1 and TRPAL, resulting in chargfetheir ion channel properties (Bhave et
al., 2003; Jeske et al., 2008; Liu et al., 2004;nt&di et al., 2004; Wang et al., 2008).
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Additionally, PKA-/PKC-dependent sensitization irelated with the sensitization of
tetrodotoxin-resistent (TTX-R) sodium channels N&/@Akopian et al., 1999; Fitzgerald et al.,
1999; Gold et al., 1998). The sensitization shifie voltage-dependence of TTX-R sodium
channel activation in the direction of hyperpolatian. Therefore, a reduced extend of membrane
depolarization is sufficient to initiate an actipotential.

The knowledge about the intracellular signaling hiaery underlying mechanical and/or thermal
sensitization is still only emerging. While mangssical pain-related ligands and their receptors
are well characterized, only a few intracellulagnsiling components are identified yet. To
understand the cellular mechanisms underlying season, it will be necessary to characterize
nociceptive signaling cascades and identify thehaesms by which these multiple signals are
computed. In addition it is important to concerdgratot only on the already established
nociceptive stimuli, but also to include furthegrgaling components such as sex steroid hormones
that have been shown to modulate nociception.

Histamine Bradykinin ADNF Liids
Serotonin NGF ATP
. o TRP —— H Eectranan
Epinephrine channels RTKs cstregen
7 TNFa
Prostaglandins ' n ' TNFRs
GPCRs -
/,_/’C? Na~* 5 -
cAMP Ca™
Epac K
PKA PKC ERK JNK _
\\ S
TRP — . non;selective
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Fig. 2: Diversity of signaling in nociceptive neuras. Especially during inflammation, a broad varietiy o
extracellular mediators acts on primary nociceptieeirons and induces sensitization. Such mediatohsde
neurotransmitters, lipid compounds, growth factorsuropeptides, cytokines and chemokines, protoms a
steroid hormones. These diverse stimuli bind tdecéit cell surface receptors including GPCRs, ptre
tyrosine kinases or ion channels which in turn leadhe activation of intracellular signaling cadea. While
multiple nociceptive stimuli and their receptoryédeen identified, only a few intracellular sighglmediators
such as the protein kinases PKA, RKahd ERK are described (adapted from Hucho andneev007). GPCR,
G-protein coupled receptor; RTK, receptor tyrodiirase; TNFR, tumor necrosis factor receptor; TR&noel,
transient receptor potential ion channel.
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3.3.2 The protein kinase C epsilon: An important second mssenger in
pain signaling

One of the best characterized intracellular sigigatomponents in sensitization is the epsilon
isoform of the protein kinase C (PKC PKCs represent a family of ubiquitously expréesse
phospholipid-dependent serine/threonine kinaseswhee discovered as €aand phospholipid-
activated kinases (Takai et al., 1979). RKiaelongs to the class of novel PKCs which are
activated by DAG, which in contrast to classical@®Kare independent of €a

PKCe contains four conserved domains (C1-C4) whichtgpécal for PKCs: the cysteine-rich
phospholipid binding region (Cl1), a “C2 like” regicthat serves as docking site for the
intracellular scaffold protein receptor for actedtkinases (RACK) and the catalytic domain
consisting of the ATP binding site (C3) and thes$tdie binding site (C4). In an inactive state, an
autoinhibitory pseudosubstrate domain adjacenhé& @1 region blocks the catalytic domain,
while a “pseudo RACK sequence” occupies the RACKdlig site (Mochly-Rosen et al., 1991;
Schechtman and Mochly-Rosen, 2001). Interactioh wait activator leads to the phosphorylation
of T566 (activation loop), T710 (turn motif) and 297 (hydrophobic motif). These
phosphorylations initiate the activation procesakenthe kinase fully responsive to its agonists
and protect the enzyme against proteolytic cleavage degradation. Subsequently, RKC
translocates to a target membrane. There, theatiten with DAG and RACK stabilizes the
kinase in an open and “active” conformation, rasglin the phosphorylation of target proteins
(Fig. 3) (Van Kolen et al., 2007).
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Fig. 3: Schematic representation of the molecular Bthanism of PKG activation. In the inactive state, the
autoinhibitory pseudosubstrate domaifsj blocks the catalytic domain and the “pseudo RAgeluence” (C2
domain) occupies the RACK binding site. The fitsipsin the activation process is the phosphorylatibT566,
T710 and S729, initiated by the interaction of RKW@th an activator (1). These phosphorylations m#ie
kinase fully responsive to its agonists. SubsedyemKCe translocates to a target membrane (2). The
interaction with DAG and RACK stabilizes the kinasean open and active conformation, resultinghia t
phosphorylation of target proteins (3) (modifiedrfr Van Kolen et al., 2007).

Several studies using PK®nock out mice and/or PK&nhibitor peptides suggest a key role for
PKCe in pain signaling pathways. PK@oes not contribute to the baseline nociceptivestiold
(Khasar et al., 1999a). Instead, RKi€ described as an important second messengeodelmof
inflammatory pain (Khasar et al., 1999a; Numazalale 2002; Sweitzer et al., 2004a; Sweitzer
et al., 2004b), chronic alcoholism-induced hypezalg (Dina et al., 2000), peripheral
neuropathies like diabetes (Joseph and Levine, [0&3d chemotherapy-induced pain (Dina et
al., 2001a; Joseph and Levine, 2003a). Recentlyy A&t al. showed that also the establishment
and persistence of chronic hyperalgesia (hyperalgesning) is PKG-dependent. This form of
sensitization occurs after recovery from an inflaation and lasts for several weeks (Aley et al.,
2000; Joseph et al., 2003).

PKCe is expressed in more than 90 % of small diametGMeurons in the soma as well as in
processes and nerve endings, suggesting a funotigmmary nociceptive neurons (Khasar et al.,
1999a). As PKE is also widely expressed in the central nervoistesy, centrally as well as
peripherally expressed PKQould contribute to pain phenotypes (Khasar etl&899a; Saito et
al., 1993).

In DRG neurons, the inflammatory mediator bradykifias been shown to induce RPKC
translocation to the plasma membrane (Cesare ,e1299) and to activate the protein kinase
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(Chuang et al., 2001). This effect is mediated by G-protein coupled receptor BK2 and
phospholipase C (PLC) (Burgess et al., 1989a; Bgrge al., 1989b). Patch-clamp recordings
showed that application of bradykinin induces sersion of DRG neurons in a PK&@ependent
manner (Cesare et al., 1999). Also the inflammatorgdiator epinephrine induces P#&C
dependent sensitization in pain behavioral exparim@Khasar et al., 1999a; Parada et al., 2003).
In 2005, Hucho et al. described a detailed siggapathway for epinephrine-induced PKC
activation in DRG neurons: Binding of epinephringhep2-adrenergic receptor leads - viacn
coupled mechanism- to activation of the adenylyllase. Surprisingly, activation of PKA is not
important for PKE activation. Instead, the signal is mediated bydA&IP-activated exchange
factor Epac that activates the phospholipases CDawthich in turn leads to the translocation of
PKCe to the plasma membrane. This translocation isicéstl to B4 positive neurons, indicating
a first mechanism specific for IB4 positive neur@dsicho et al., 2005).

One way, by which PKE modulates nociception, is via the modulation af hannels. The
vanilloid receptor TRPV1 is described as a targetPECe-phosphorylation in nociceptive
neurons (Gold et al., 1998; Khasar et al., 1999and4di et al., 2006); and the reported
interaction of PKE with the N-type voltage-dependent calcium chamsigjgests that also
calcium channels are targeted by RK&gnaling (Chen et al., 2006). Further investiyadi have

to clarify the role of the identified Pk&ltargets in nociceptive neurons and demonstratetwhi
other components and signaling cascades are inyailvehe transduction and maintenance of
PKCe signals towards sensitization.

3.3.3 The ion channel TRPV1

The best characterized PK@arget in nociceptive neurons is the ion chani@PV1. TRPV1 is
the first described mammalian TRP channel and dexstified by expression cloning in search for
receptors that respond with a robust'daflux to the vanilloid capsaicin, the hot compduof

red chili peppers. The receptor was initially nanoagbsaicin receptor or vanilloid receptor 1
(VR1) (Caterina et al., 1997). Sequence analyssvsld similarities to other members of the TRP
channel family, such as six-transmembrane helioéscellular N- and C-terminal domains and
ankyrin repeats in the N-terminal part of the cler(frig. 4). Therefore, the capsaicin receptor
served as the founding member of the vanilloid aoify of TRP channels (TRPV). TRP
channels were first describedDmosophila melanogaster, where mutations itrp genes lead to a
transient voltage response to continuous light @djn1977; Montell et al., 1985). Based on
sequence homology to this light-sensitive ion clehmm the photoreceptors @frosophila, TRP
channels have been identified in almost all eukasy@and are associated with diverse functions
including chemo- and mechanosensation (Damann,e2G08), taste, temperature sensation and
the detection of nociceptive stimuli (Clapham, 2003ke other TRP channels, TRPV1 forms
tetramers that build the functional ion channelPWR functions as a non-selective cation channel
with a high prevalence for €aover other divalent cations, but no differentiatibetween
monovalent cations (Caterina et al., 1997; Hellwtgal., 2005; Venkatachalam and Montell,
2007).
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Fig. 4: TRPV1 as a member of the TRP superfamilyTRP ion channels share the common features of six
transmembrane helices, cation permeability andrgingadegree of sequence homology. Several TRPreisn
contain ankyrin repeats in the N-terminal regiod/ana TRP domain located C-terminal to the tramabrane
segments. The mammalian TRP channels TRPM6 and TR&itain an atypical kinase domain in the C-
terminal region. Exemplary members of mammalian TiB®P channels are represented; TRPV1, the first
member of the vanilloid group; the canonical TRPPTR; TRPAL, a member of the ankyrin TRPs; TRPM7, a
melastatin TRP family member (adapted from Venkatom and Montell, 2007).

In addition to capsaicin, TRPVL1 is also activatgdhigh temperatures (>43°C) (Caterina et al.,
1997), protons (Jordt et al., 2000) and differemagienous or exogenous chemical ligands. Many
of the chemical stimuli are natural compounds idiclg the endocannabinoid anandamide
(Zygmunt et al., 1999), the topical analgesic caondXu et al., 2005), the pungent compounds
present in black pepper (piperine), garlic (alljcjMcNamara et al., 2005) and ginger (gingerol)
(lwasaki et al., 2006) and the most potent TRPVAn& Resinfera toxin (RTX) from the plant
Euphorbia resinfera (Caterina et al., 1997). Other substances have $fg@vn to sensitize the ion
channel, i.e. lowering the activation threshold potentiate the response to activating stimuli. In
fact, low pH >5.9, as observed in injured tissaduces a shift of the thermal activation threshold
of TRPV1 (Caterina et al., 1997). SensitizatiomBPV1 is also observed in response to ethanol
(Trevisani et al., 2002), nicotine (Liu et al., 20@everal cytokines (Zhang et al., 2005a) and afte
PLC-induced cleavage of PIP2 (Chuang et al., 2001).

TRPV1 is expressed in a subgroup of small and mediize DRG neurons that function as
nociceptors. There, TRPV1 serves as an acute paisos by detecting various noxious stimuli
such as noxious heat and inflammatory mediatoes pilotons, bradykinin and NGF. Therefore,
TRPV1 can be defined as a polymodal nocitransd{(Ratapoutian et al., 2009). In addition to its
function as a detector for nociceptive stimuli, MRPis involved in signaling leading to pain
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sensitization, where the contribution of TRPV1 &ahhyperalgesia is well established (Amadesi
et al., 2004; Pogatzki-Zahn et al., 2005; Zhuara.e2004).

Inflammation and tissue injury alter TRPV1 expressiand function via multiple signaling
mechanism including transcriptional regulation, tpasslational modification and altered
trafficking (Ji et al., 2002; Zhang et al., 2002ttu and Oxford, 2007). Especially the processes
of phosphorylation, dephosphorylation and rephosgation are associated with functional
changes of the ion channel (Mandadi et al., 2086yeral kinases that play an important role in
nociceptive signaling pathways are reported to phosg/late TRPV1. PKA has been shown to
phosphorylate the serine residue 116 located in Nheerminal region of TRPV1. This
phosphorylation blocks capsaicin-induced dephogphtion, resulting in an inhibition of the
normally observed desensitization after capsaia@atinent (Bhave et al., 2002). PKC mediated
phosphorylation is associated with the reversatagfsaicin-induced desensitization. Mandadi et
al. showed that PK&€mediated phosphorylation of serine 800 in the iGeal region of TRPV1

is responsible for the restoration of TRPV1 funcd#lity after desensitization (Mandadi et al.,
2006). Interestingly, TRPV1 is so far primarily assmted with heat sensitization, but PK@ays
also an important role in the sensitization agamethanical stimuli. The direct regulation of
TRPV1 by PKG therefore points out open questions about thetifumal relationship of PKE
and TRPV1 in nociception. The involvement of TRPWito signaling towards mechanical
sensitization is not clear yet. And the signalingctmanism which regulates the contribution of
TRPV1 to PKG signaling is not understood. The fact, that vasionflammatory mediators
modulate TRPV1 via activation of the same proteinagkes, e.g. MAP kinases and RKC
(Mandadi et al., 2006) renders TRPV1 a potenti@grator of diverse inflammatory signals.

TRPV1 with its large intracellular C- and N-termlinagions is part of a complex signaling
network. Not only protein kinases modify TRPV1, lalgo other proteins interact with TRPV1
and thereby modulate its function. Direct interactwith TRPV1 has been shown only for a few
proteins. One example is the*Cainding protein calmodulin, where two binding siie the N-
and C-terminal region of TRPV1 are described. Nuakaet al. reported a calmodulin binding
site in the C-terminal region of TRPV1 which is knoto be involved in the desensitization of
the ion channel (Numazaki et al., 2003). AdditibnaRosenbaum et al. showed a?Gdependent
binding of calmodulin to the amino acids 189 to 2&2the N-terminal part of TRPV1.
Calmodulin binding to this N-terminal region regadltin a decreased channel-open probability
(Rosenbaum et al., 2004).

The anchoring protein 150 (AKAP 150) immunopreafes with TRPV1. Functional analysis
indicated that AKAP150 is an important mediator Ri¢A- and PKG@-mediated phosphorylation
of TRPV1, acting as a scaffold between activatedgim kinases and the ion channel TRPV1 at
the plasma membrane (Jeske et al., 2008; Jeske 20@0; Schnizler et al., 2008).

Recently, also tubulin, the major compound of theratubule cytoskeleton, was shown to bind
directly to TRPV1 (Goswami et al., 2004). By dedetimapping, two binding sites were identified
in the C-terminal region of TRPV1. One binding sgdocated between amino acid 771 and 797.
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This binding region is in close vicinity to othemgulatory sites such as the PKghosphorylation
site at serine 800 (Fig. 5). Activation of TRPV uk#ed in the rapid disassembly of microtubule
filaments, suggesting that the microtubule cytosta acts as a downstream effector of TRPV1
activation (Goswami et al., 2006). But the functibmole of the microtubule cytoskeleton in
TRPV1 signaling towards sensitization is not ungerd. Interestingly, behavioral experiments
showed the involvement of the microtubule cytoskelanto PKG-mediated sensitization (Dina
et al., 2003). If this microtubule-dependence ofCe#nediated hyperalgesia is associated with
TRPV1, is unknown.

Electrophysiological properties of the ion chanddkPV1 are well characterized, but the
knowledge about TRPV1 as a component of signalettpygays in nociceptive neurons is still
sparse. The investigation of modifications, intémac partners and signaling cascades concen-
trated on the effect of the ion channel functiagatif TRPV1, while the impact on intracellular
signaling processes is still not known.
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Fig. 5: Schematic representation of the TRPV1-C teninus. The tubulin binding sites (blue cylinders) are in
close vicinity to known interaction and regulataites of the TRPV1-C terminus. Upper row: phospladign
sites and responsive kinases. Lower row: tetraratoiz domain and protein-protein interaction region
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4 Aim

Pain is a significant health problem. Electrophlggiccal properties of peripheral “pain” neurons,
the nociceptors, have been investigated intensiv@lgvertheless, the knowledge about
intracellular signaling cascades inducing nocicepémsitization (hyperalgesia) is only emerging.

Gender differences of pain in humans and in animatlels suggest sex steroid hormones to
modulate nociception. How they act on nociceptieeirons and if they use similar signaling

components as classical sensitizing substancesptisknown. Of intense recent interest in

estrogen research is the characterization of ftsbgen signaling which is potentially mediated

by novel estrogen receptors different fromoEdhd ER.

This thesis aims to characterize the role of thxesseroid hormone estrogen in nociception and its
signaling mechanisms in nociceptive neurons. Inmaational, biochemical, cell biological and
behavioral experiments | addressed the followingeghquestions using a model of PKC
dependent mechanical sensitization:

1. Which receptor and receptor-initiated signalingceale mediates estrogen signaling toward
PKCe activation in nociceptive neurons and in the afffma

2. Is one known PKE€ substrate, the ion channel TRPV1, involved in acggn-induced
nociceptor sensitization? And more specificallyesi@strogen-induced PK@ctivation alter
the TRPV1-microtubule complex and thereby contesub mechanical sensitization?

3. Estrogen signaling converges with other nocicepsirmuli onto PKE. How are estrogen
signals and the multiple physiological signals gnéted in the primary nociceptive neuron?

The understanding of pain signaling mechanismssisemial for the development of novel
analgesics. It is important to concentrate not amyestablished nociceptive stimuli, but also to
investigate the role of novel substances modulatowception such as sex steroid hormones. The
knowledge of signaling mechanisms underlying esnegiediated modulation of nociception
might help to explain sex differences in varioughpdisorders and might open perspectives for
novel pain therapies.
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5 Materials

5.1  Antibodies and related compounds

5.1.1 Primary antibodies

anti-PKG rabbit, polyclonal 1I9G The anti-PKCantibody was a
kind gift from R. Messing from
the University of California
San Francisco (UCSF).

anti-PKG goat, polyclonal IgG Santa Cruz
anti-TRPV1, C-terminal region rabbit, polyclonafdg Alomone
anti-TRPV1, N-terminal region rabbit, polyclonaldg Dianova
anti-tyrosinated tubulin rat, monoclonal IgG, cloriel-2 Abcam
anti-alpha-tubulin mouse, monoclonal 1gG, clone M1 Sigma
anti-beta-tubulin mouse, monoclonal 1gG, clone D66 Sigma
anti-MBP mouse, monoclonal 1IgG2a NEB

5.1.2 Secondary antibodies

Antibodies for fluorescence microscopy:

FITC-labeled goat anti-rabbit IgG Dianova
Alexa 488-labeled goat anti-rabbit IgG Invitrogen
Alexa 488-labeled chicken anti-rabbit IgG Invitroge
Alexa 594-labeled goat anti-rat IgG Invitrogen
Alexa 594-labeled goat anti-mouse 1gG Invitrogen
Alexa 594-labeled chicken anti-mouse IgG Invitrogen

HRP-coupled antibodies for Western Blot:
HRP-coupled goat anti-rabbit IgG PIERCE
HRP-coupled goat anti-mouse 1gG PIERCE
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5.1.3 Fluorescent dyes and related compounds

FURA-2-AM: The membrane-permeable ratiometric calcium dye F2R¥M was purchased
from Invitrogen.

TRITC-labeled 1B4: TRITC-labeled isolectin fromBandeiraea simplicifolia (IB4) was
purchasedrom Sigma.

52 Animals and cell lines

52.1 Animals

Rats: All animals were housed in a controlled environmemtler a 12 h light : dark cycle. Food
and water were available ad libitum.

Behavioral experiments were preformed on male $@-dgpwley rats purchased from Charles
River Laboratories, Hollister, CA, USA. Care an@ w$ animals conformed to National Institutes
of Health guidelines. The UCSF Committee on AnirRasearch approved the experimental
protocols.

For cellular studies adult male Sprague-Dawley vagse purchased from Harlan Winkelmann,
Borchen, Germany. Care and use of animals weredardance with the European Communities
Council Directive of 24 November 1986 (86/609/EE@Y were approved by the LaGeSo, Berlin,
Germany.

Mice: Mice behavioral experiments were performed with7BI56J mice bred at Charité-
Universitatsmedizin Berlin, Campus Benjamin FramklAnimals were housed in a controlled
environment with a 12 h light : dark cycle and fomadd water were available ad libitum. All
animal experiments were approved by the local antey@ committee LaGeSo, Berlin, Germany.

5.2.2 Celllines

F-11: Fusion cell line of embryonic rat DRG neurons dahd mouse glia blastoma cell line
N18TG2 (Plakita et al., 1985).

5.3  Vectors, constructs and proteins

Tubulin-Cherry: the m-cherry fused tubulin construct was a kirftifgpm R. Y. Tsien from the
University of California San Diego (UCSD).
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GFP-TRPV1: the construct contains rat TRPV1 cloned into a&B.1-GFP vector and was a
gift from Dr. R. Jahnel from the group of F. Huciiahe FU Berlin.

pPcDNAS.1 TRPV1-AN: the construct was kindly provided by Dr. R. Jalrain the group of F.
Hucho at the FU Berlin. It contains the transmemébreegion of rat TRPV1 as well as the C-
terminal cytosplasmic region (amino acid 421 t0)838

GFP-TRPV1 S800A:the GFP-TRPV1 S800A construct was kindly provitgdMV. Tominaga
from the National Institute for Physiological Sases, Okazaki, Japan.

MBP-TRPV1-C-terminus: the construct containing the cytoplasmic C-termirggion of rat
TRPV1 (amino acid 681 to 838) in the pMALc2x vecwas cloned by Dr. R. Jahnel from the
group of F. Hucho at the FU Berlin.

MBP-lacZ: the construct was purchased from NEB.
pMalc2x: the expression vector was purchased from NEB.
pmCherryC1: the vector was purchased from Clontech.

PKCe: purified PKG was purchased from Invitrogen.

54 Primers and oligonucleotides

Primers
Product Species Sequence Product Size
(mRNA)
GPR30 Rat 5-ATGAATTCGACTACAGTGGCGAGTCGTTTGT-3 172 bp
5-ATGAATTCGACTACAGTGGCGAGTCGTTTGT-3
ERa Rat 5-AATTCTGACAATCGACGCCAG-3' 345 bp
5-GTGCTTCAACATTCTCCCTCCTC-3'
ERB Rat 5-TTCCCGGCAGCACCAGTAACC-3' 262 bp
5-TCCCTCTTTGCGTTTGGACTA-3'
GAPDH Rat 5-CGTTGTGGATCTGACATGC-3' 248 bp

5-TCCCTCTTTGCGTTTGGACTA-3'
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Oligodeoxynucleotides

Target Species Seqguence
antisense againstTRPV1 Rat 5'-CAT GTC ATG ACG GTB&3'
mismatch* Rat 5-CAT GT ATG AGC GTT GAG-3'

*mismatches are highlighted in bold

5.5 Media, sera and supplements

Neurobasal A: Basal Neurobasal A Medium without Phenol Red wasclmsed from
Invitrogen.

MEM with GlutaMAX: Minimum Essential Medium (MEM) liquid containing @aMAX
(L-Alanyl-L-Glutamine) was purchased from Invitroge

Ham F-12: nutrient mixture was purchased from Sigma.

Opti-MEM: Opti-MEM | reduced-serum medium, Phenol Red free piarchased from
Invitrogen.

FBS: fetal bovine serum was purchased from Invitrogen.
NDS: normal donkey serum was purchased from Dianova.
NGS: normal goat serum was purchased from Dianova.

B27: the serum-free supplement B27 for Neurobasal A omedias purchased from Invitrogen.
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5.6 Buffers

10 x PCR buffer
100 mM Tris/HCI

500 mM KClI

TAE buffer
40 mM Tris

5 mM Na-acetate
1 mM EDTA

6 x DNA Loading buffer
15 % Ficoll (in H20)

0.25 % Xylene Cyanol FF

Hank’s balanced salt solution with Phenol Red (HBSSS
5.33 mM KCI

0.44 mM KHPO,
4.17 mM NaHCGO;
138 mM NacCl

0.34 mM NaHPQ,
5.56 mM D-Glucose
10 mM Phenol Red

Hank’s balanced salt solution without Phenol Red (BSS)
5.33 mM KCI

0.44 mM KHPO,
4.17 mM NaHCOs
138 mM NacCl

0.34 mM NaHPQO,
5.56 mM D-Glucose

DPBS
200 mg/I KCI

200 mg/l KHPO,

8 g/l NaCl

2.16 g/l NaHPO4 x 7 HO
1 g/l Glucose

36 mg/l Sodium Pyruvate
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Permeabilization buffer
50 mM PIPES, pH 6.8

1 mM EGTA

0.2 mM MgC}

10 % (v/v) Glycerol

50 pg/ml Digitonin

1 x Complete protease inhibitor cocktalil

PEM-S

50 mM PIPES, pH 6.8
1 mMEGTA

0.2 mM MgC}

100 mM NacCl

Lipid mix

10 mM Hepes, pH 7.4

200 pg/ml phosphatidylserine
20 pg/ml diacylglycerol

6 x Laemmli buffer
65 mM Tris/HCI, pH 6.8

3 % (w/v) SDS

30 % (v/v) Glycin

5 % (v/v) 2-Mercaptoethanol
4 mg/ml Bromphenol blue

4 mg/ml Pyronin G

Electrophoresis buffer
24.8 mM Tris

250 mM Glycin
0.2 % (w/v) SDS

5 x blotting buffer
200 mM Gilycin

250 mM Tris
0.2 % (v/v) Tween-20
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5.7 Drugs and chemicals

Agarose

Adenosine 5triphosphate disodium salt (APS)
Ammonium persulfate (APS)

Amylose resin

Aqua ad iniectabilia

Bisindolylmaleimde | hydrochloride (BIM)
Bovine serum albumin

Bromphenol Blue

Calciumchloride

Chloroform, p.a.

Collagenase P

Destilled water

4’,6’-Diamidino-2phenylindole dihydrochloride (DAPI

Digitonin

DMSO (dimethylsulfoxide)
DPN (2,3-bis(4-hydroxyphenyl)-propionitrile)
DTT (Dithiothreitol)

EDTA

EGTA

ESCA (8-CPT-2"-O-Me-cAMP)
Ethanol

17-B-estradiol, water soluble
Ficoll 400

Fluoromount-G™

G-1

Glutamate

L-Glutamine

HCI (acidic acid) 32%, p.a.
HCI (acidic acid) 1N

ICI 182,780

Invitrogen
Sigma
Biorad
NEB
Baxter
Calbiochem
Sigma
Serva
Merck
Merck
Roche
Bio Whittaker
Serva
Sigma
Sigma
Tosri
Serva
Merck
Merck
Calbiochem
Merck
Sigma

Serva

Southern Biotech

Calbiochem
Sigma
Sigma
Merck
Merck

Tocris
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5’-iodine resinfera toxin (5'-RTX)
(-)-Isoproterenol hydrochloride
Laminin

Magnesiumsulfat heptahydrat
D-(+)-Maltose monohydrate
Mangan (II) chlorid tetrahydrat
MDL-12,330A hydrochloride
B-Mercaptoethanol

Methanol, p.a.

MgSQO,

Nocodazole (NDZ)

Non-fat milk powder

Paclitaxel (Taxol, TAX)
Poly-L-Ornithine hydrochloride
Paraformaldehyde (PFA)
PEM-S

Penicillin/Streptomycin

Phorbol 12-myristate 13-acetate (PMA)

PIPES
PKCe inhibitory peptide eV1-2

PPT (4,4',4”-(4-Propyl-[1H]-pyrazole-1,3,5-triyhisphenol)

Rotiphorese Gel 30 Acrylamid
Ryanodine
SDS (sodium dodecyl sulfate)
Sigmacote

Sucrose

TEMED (N,N,N',N'-Tetramethylethylenediamin)
Tris(hydroxymethyl)-aminomethan p.a. (Tris)

TritonX-100
Trypsin/EDTA (cell splitting)

Sigma
Sigma
Invitrogen
Serva
Sigma
Sigma
Calbiochem
Sigma
Merck
Serva
Sigma
Sucofin
Sigma
Sigma
Sigma
Sigma
Cambrex
Sigma
Sigma
Calbiochem
Tocris
Roth
Calbiochem
Sigma
Sigma
Invitrogen
Invigen
Merck
Sigma

Clonetix
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Trypsin (for DRG preparation) Worthington Biochealic
Corporation

Tween 20 Sigma

Xylene Cyanol FF Sigma

5.8 Kits and markers

Lipofectamine™ 2000 Transfection Reagent Invitrogen
PLUS™ Reagent Invitrogen
SuperScript™ [l First Strand Synthesis SuperMix vitirogen
NucleoSpin® RNA/Protein Macherey-Nagel
PageRuler™, Prestained Protein Ladder Fermentas
100 bp DNA Ladder NEB

Complete™ protease inhibitor cocktail Roche

ECL™ Western blotting Detection Reagent Amersham

5.9 Laboratory equipment

Agagel Maxi gel electrophoresis Biometra

Cell counter CASY® Model DT Schéarfe System
Centrifuge EBA 12 Hettich Centrifuges
Centrifuge ROTANTA T 4402 Hettich Centrifuges
Centrifuge SORVALL® RC-5B, rotors SS-34; GSA DuPbrstruments
Cleanbench CA/R6E Clean Air

Cryostar Cryostat HM560 MICROM International
E.A.S.Y WIN 32 gel documentation Herolab

Forceps, fine (130 mm) FineScienceTools
Forceps, curved (145 mm) FineScienceTools
Incubator C24 New Brunswick Scientific
ND-1000 spectrophotometer NanoDrop Technologies
PCR PTC-250 MJ Research, Inc

pH Meter 766 Knick
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Phosphorimager STORM 820
Power Supplier

Rongeur

Scale BP2100

Scale BP61

Scalpel

Scissors

Sonopuls Homogenisator HD 2070
Steri-Cycle C@-Incubator 381

Thermo mixer

TRANS-Blot® SD semi-dry transfer cell

Vortex Genie 1

5.10 Microscopes

GMI
BioRad
FineScienceTools
Sartorius
Sartorius
FineScienceTools
FineScienceTools
BANDELIN electronics
Thermo Forma

IKAMAG RC+ IKA
Labortechnik

BioRad

Scientific industries

Leica DM IREZ2: inverted microscope equipped with a cooled CCDearanfrom Hamamatsu
Photonics

AxioObserver Z1: inverted microscope equipped with the Incubator3dl, with temperature
and CQ controller and a Zeiss AxioCam MRm camera

Zeiss Axioplan 2:epifluorescence microscope

Zeiss LSM 510 Meta:inverted laser scanning microscope, equipped aitholed CCD camera
from Hamamatsu Photonics

BD Pathway 855 High-Content Bioimager: equipped with a live temperature and L£O
controlled live cell chamber, liquid handling andaoled CCD camera
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5.11 Software

Imaging Software

Image J, NIH

Simple PCI, Hamamatsu Photonics, Version 6.4
LSM Image Examiner, Version 4.2, Zeiss
Axiovision, Version 4.6, Zeiss

Attovision, BD

Statistic Software
GraphPad Prism, Version 4.03
Microsoft Excel
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6 Methods

6.1 General methods

6.1.1 RNA extraction and purification

RNA extraction and purification from rat DRG as was F-11 cells was done following the
NucleoSpin RNAProtein Kit Protocol. In short, RNA of disruptedllsevas bound to silica gel
columns. Bound RNA was washed and eluted from tb&nmns. To minimize DNA
contamination, a second DNase digestion was peedrnTherefore the eluted RNA was
incubated with 1 pl RQ1 DNase for 15 min at 37°GlARwas precipitated with 0.1 volume of
3 M NaAcetat and 2.5 volume of EtOH for 20 min 30°C. Samples were centrifuged with
21.000 x g for 10 min at 4°C, the supernatant veasoved, samples were washed with 200 pl
70 % EtOH, centrifuged with 21.000 x g for 10 min4dC, the supernatant was removed and
samples were dried at 42°C. RNA was resuspend&Niase free water and RNA purification
was controlled by agarose gel electrophoresis ugir®f)% agarose gel. The eluate was shock
frozen in liquid nitrogen and stored at -80°C.

For RNA extraction from DRG all 12 DRGs (L1 to L&ere prepared and desheathed as
described below. DRG were pooled and the tissueheasgenized in liquid nitrogen with pestle
and mortar. For RNA extraction from F-11 cells)eatst two 9.2 cfdishes with confluent F-11
cells were used for RNA extraction.

6.1.2 RT-PCR

10 x PCR buffer: 100 mM  Tris/HCI, pH 8.3
500 mM KCI

cDNA synthesis

To generate cDNA, 2 ug of total RNA were appliedSaperscript Il First-Strand Synthesis
Super Mix. Negative controls were preformed with,@Hnstead of the Superscript Il enzyme.
Samples were incubated at 25°C for 10 min, followgdncubation at 50°C for 30 min and 85°C
for 5 min. Samples were cooled on ice and the RW/Aplate was destroyed by RNase H
digestion at 37°C for 20 min. Produced cDNA wasesdat -20°C.

PCR

Polymerase chain reaction was preformed to chezlexipression of GPR30, estrogen receptor
and estrogen receptprtranscripts in RNA preparation from rat DRG aslvesl F-11 cells using
exon spanning primers if possible. To avoid contetions, all pipetting was done with filter tips
under a sterile hood. In control samples, watevekas negative controls of the cDNA synthesis
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was used instead of cDNA templates. The followingnprs were used for the amplification of
estrogen receptor transcripts and GAPDH as a dontro

Tab. 1: RT-PCR primers.

Product | Species| Sequence Product Size
(mMRNA)
GPR30 Rat 5-ATGAATTCGACTACAGTGGCGAGTCGTTTGT-3’ 172 bp

5-ATGAATTCGACTACAGTGGCGAGTCGTTTGT-3

ERa Rat 5-AATTCTGACAATCGACGCCAG-3' 345 bp
5-GTGCTTCAACATTCTCCCTCCTC-3'

ERB Rat 5-TTCCCGGCAGCACCAGTAACC-3' 262 bp
5-TCCCTCTTTGCGTTTGGACTA-3'

GAPDH Rat 5-CGTTGTGGATCTGACATGC-3' 248 bp
5-TCCCTCTTTGCGTTTGGACTA-3'

The PCR reaction mixture was composed as follows:

Template cDNA 2 pul
Primer forward (10 pM) 1l
Primer reverse (10 uM) 1l
10x PCR Buffer 5 pul
MgCl, (25 mM) 5pul
dNTPs (10 mM each) 0.6 pl
Taq polymerase (20 U/ul) 0.4 pul
H,0 ad iniectabilita 35 ul

The reaction was performed with the following paub

Initiation 2 min 94°C
Denaturation 30 sec 94°

Annealing 30 sec 58°€ 35 cycles
Elongation 60 sec 72°

Extension 10 min 72°C

Expression of estrogen receptor transcripts was$yzeth on a 2 % agarose gel performing an
agarose gel electrophoresis.
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6.1.3

Agarose gel electrophoresis

6 x DNA loading buffer:

TAE buffer:

40 mM
5mM
1 mM

15%
0.25%

Tris
Na-acetate
EDTA

Ficoll (in HO)
Xylene cyanol FF

To produce a gel, agarose was weighed and dissotv@AE bufer by boiling in a microwave.
To visualize the DNA, 0.5 Jiml ethidiumbromide was incorporated into the geheTsample
together with the respective volume of 6 x DNA |wad bufer was loaded onto the gel.
Electrophoresis was performed with the electridferength of 10 Yem for about 1 h and gels
were analyzed using a Herolab gel documentatiotesysThe size of DNA fragments was
estimated by comparison with the 100 bp DNA Lad®dles (Gene Ruler).

6.2

6.2.1

Cell biological methods

Primary rat DRG cultures

Neurobasal A medium:

complete Neurobasal A

medium:

MEM + GlutaMAX ™
Hank’s balanced salt

solution (HBSS):

DPBS

without
without

+0.25 uM

+0.5mM
+ 2 % (vIv)
+1 % (viv)

5.33 mM
0.44 mM
4.17 mM
138 mM
0.34 mM
5.56 mM

10 mM

200 mg/l
200 mg/Il
8 gl
2.16 g/l
19/

36 mgl/l

Phenol Red
L-Glutamine

L-glutamate
L-glutamine

B27 supplement
Penicillin/Streptomycin

KCI

KHPO,
NaHCQ
NacCl
NaHPO,
D-Glucose
Phenol Red

KCI

KHRPQO,

NaCl

NaHPQ, x 7 H,O
Glucose

Sodium Pyruvate
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Preparation of cover slips and coating

For immunofluorescence analysis DRG neurons weeelesk on laminin/polyornithine coated
glass cover slips or 96-well plates.

Glass cover slips for primary DRG cultures wereppred as follows: Cover slips were immersed
in chloroform : methanol (2 : 1, v/v) for 20 minRT and completely dried by incubation at 50°C.
Dried cover slips were incubated in 20 % sulfur@dafor 20 min at RT. Sulfuric acid was
removed by thoroughly washing with gBl, followed by incubation with 0.1 N sodium hydroi

at RT for 5 min. Sodium hydroxide was again remobgdvashing with dBxO and cover slips
were stored in pure ethanol.

Before use cover slips were flamed and coated wdalyornithine (0.1 mg/ml) and laminin
(5 pg/ml) for 2 h at RT. 96-well plates were coated similar manner.

DRG dissection

Cellular experiments were preformed on male Sprdawsley rats (200-300 g). Animals were
killed by CG intoxication. The hair on the back was removed #dredskin was cut along the
spine using a scalpel. Tissue, muscles and tenderesremoved from the lumbar vertebrae L1 to
L6 using Rongeur forceps. Starting with L1, thengpicord and the DRG were exposed by
removing articular processes, lamina, pedicles @adsverse processes. DRG were carefully
separated using curved tweezers, dissected aretistotlMEM until the end of the preparation.
DRG of L2 to L6 were prepared in the same way.

Desheating

Before dissociation, surrounding tissue, the thascular skin layer and free nerve ends of the
DRG were removed under a surgical microscope ustiragght tweezers. Desheathed DRG were
pooled and stored in fresh MEM.

Dissociation and culture

Desheathed DRGs were incubated with collagenase=(0.1 U/ml) in 5 ml MEM for 1 h at
37°C, transferred into 2.5ml Hank's BSS with EDTH.c. =0.025 %) and trypsin
(f.c. =470 U/ml) and incubated for 8 min at 37°Typsin digestion was blocked by adding
10 mM MgSQ. The supernatant was discarded and DRGs wereatetliin 1.25 ml MEM with a
fire polished and silicone coated pasteur pipeytslowly pipetting them 10 times up and down.
Undissociated tissue was allowed to sediment. Tpersatant was transferred to a separate tube
and 1.25 ml of new medium was added to the undsattissue. This procedure of separation
was repeated 3 times triturating 2 times with atdRaspipette with a wider and 2 times with a
smaller opening. The collected and pooled supemhatare centrifuged at 100 x g for 5 min at
RT. The pellet was washed with 1 ml Neurobasal Alioma supplemented with 2 % (v/v) B27,
0.5 mM L-glutamine, 25 uM L-glutamate and penioilitreptomycin 100 U/ml. Cells were
centrifuged again (100 x g, 5 min, RT), the supemiawas discarded and cells resuspended in
1 ml complete Neurobasal A medium by pipetting ib@es up and down with the wide opening
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Pasteur pipette. The volume of Neurobasal A mediua® adjusted to the experimental conditions
and cells were plated onto laminin/polyornithineatsal surfaces as follows: 500 pl cell

suspension/well in a 24-well plate (0.5 DRG/culju&® pl cell suspension/well in a 96-well plate

(0.5 DRG/culture). Cells were allowed to adhererzyibation over night at 37 C, 5 % €O

For calcium imaging with the flow through systenlisevere filtered using a 40 um nylon cell
strainer to remove undissociated cells and nerwinga after dissociation. The strainer was
wetted with 0.5 ml complemented Neurobasal A medidissociated cells were applied and the
strainer was washed 3 times with 0.5 ml complenteiNeurobasal A medium. Centrifugation
was done as described above and cells were sesddbps” containing 25 pl cell suspension on
cover slips in 40 mm cell culture dishes. Cellsavaitowed to adhere by incubation at 37°C, 5 %
CO; for ~2 h before adding additional 2 ml supplemédnteurobasal A medium.

6.2.2 PKCge translocation assay

Translocation to a target membrane is one essestdal in the activation process of PKCs. In
DRG neurons, thB-adrenergic agonist isoproterenol as well as the&t hormone estrogen, two
substances known to induce P&@ependent mechanical sensitization, have been rshiiow
induce PKGE translocation to the plasma membrane within 3®Q@sec (Hucho et al., 2005;
Hucho et al., 2006). Therefore the translocatiorth® plasma membrane can be used as a
correlate for the activation of Pk@n DRG neurons.

Stimulation of DRG cultures

To investigate the involvement of estrogen recepitoisignaling process leading to the activation
of PKCe in DRG neurons, overnight cultures of primary DR@urons in 24-well plates were
treated with the specific estrogen receptor(ERx) agonist PPT (stock solution = 50 mM,
f.c.=1nM and 10 nM), the estrogen receiaiERB) agonist DPN (stock solution = 50 mM,
f. c. =10 nM and 100 nM), the GPR30 agonist Gtads solution = 10 mM, f. c. = 100 nM) and
the mixed ER/ERB antagonist, but GPR30 agonist ICI 182,780 (stookut®n =20 mM,
f.c.=1uM). As control, cells were stimulated thwithe B-adrenergic receptor agonist
isoproterenol in a final concentration of 1 uM BBS). To ensure a homogenous dispersion of
the stimulants, 250 pl out of 500 pl medium weraoeed, mixed thoroughly with the respective
agonist, and added back to the same culture. @gltwere incubated with the stimulant for the
indicated time between 30 sec and 15 min, the meduwas removed and cultures were washed
once with PBS followed by fixation with 4 % parafwaldehyde (PFA) for 10 min at RT. PFA
was removed and cultures were washed once with PBS.

To test the involvement of the adenylyl cyclasestrogen-induced PKgranslocation overnight
DRG cultures were incubated with the adenylyl cgelanhibitor MDL-12,330A hydrochloride
(stock solution =5 mM in PBS, f. c. = 50 uM) prir stimulation. Again, 250 ul out of 500 pl
medium were removed, mixed with the inhibitor amfdled back to culture. Cultures were pre-
incubated with the inhibitor for 30 min at 37° C¥%6CQ.. Afterwards cultures were stimulated as
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described above. Negative controls were alwaydddealike but without the addition of any
reagent.

Stock solutions of PPT, DPN and G-1 were dissolved00 % DMSO (final concentration of
DMSO on cells = 0.2 %). 1B-estradiol, isoproterenol and MDL-12,330A hydrocide were
dissolved in PBS.

Immunocytochemistry of DRG cultures

Paraformaldehyde-fixed cells were permeabilizedinpubation for 10 min with 0.1 % Triton
X-100 at RT, followed by three washes with 0.1 %288 PBS (5 min, RT). For the following
incubation steps until mounting onto microscopyesi cultures were transferred into a dark wet
chamber. After block of unspecific binding sitesibgubation with 5 % BSA/10 % normal goat
serum in PBS for 1 h at RT, the cultures were piol&h primary antibodies against PKC
(1:12000) in 1% BSA in PBS overnight at 4°C, wedtthree times (1 % BSA in PBS, 5 min,
RT), and incubated with secondary antibodies forat RT, followed by three washing steps with
PBS, again 5 min each at RT. The cultures were meduwith Fluoromount-G containing
0.5 pg/ml DAPI.

For quantification of PKE€translocation FITC-coupled antiserum (goat artbrg was used in a
final concentration of 1 :500. For confocal imapiAlexa-488-labeled chicken anti-rabbit 1gG
(1 : 10.000) was used instead of FITC-coupled antis.

For detection of IB4-positive neurons, TRITC-couplesolectin B4 (f. c. = 0.4 pg/ml) was
incubated together with the secondary antibody BS Fsupplemented with 100 uM CagCl
100 uM MgC} and 100 uM MnGlfor 1 h at RT. Afterwards cultures were washe@ehtimes

with supplemented PBS (5 min, RT) and mounted asrdeed above.

For TRPV1 detection unspecific binding sites welecked with 5 % BSA/10 % normal donkey
serum in PBS for 1 h at RT. Cultures were probeth wiolyclonal antiserum against the C-
terminal region of TRPV1 (1 : 200, in PBS) for AhRT and processed as described above. As a
secondary antibody chicken anti-rabbit Alexa 594 wsed.

For double staining of PK&and TRPV1, unspecific binding sites were blockethg 5 %
BSA/10 % normal donkey serum in PBS and RK¥as detected using a goat anti-RKabtibody
(1 : 1000). Both primary as well as both secondentybodies were incubated together.

Evaluation of PKCg translocation

PKCe localization was evaluated with a Zeiss Axioplami2zroscope, using a 63 x oil-immersion
objective. 50 neurons per culture were randomlgctetl and PKElocalization was determined.
Data were plotted as mean percentage of transhocedlls per evaluated culture + standard error
of means (SEM) based on the number of evaluatemires! All counting was done in blind
manner. All treatments have been repeated with DRB@ons from different rats on at least two
separate days.
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Confocal images of representative cells were takemn inverted Zeiss LSM 510 Meta with a
63 x oil-objective. To analyze the cellular distriion of PKG;, fluorescence intensity profiles
were plotted along a line scan through the cellmedbrane intensities were compared to overall
intensities of the same cell using the NIH imaging§ware Image J.

6.2.3 Calcium imaging

One way to visualize changes in the intracellulaiciom concentration is the use of calcium
sensitive dyes, e.g. the polyamino carboxylic &ida-2. Fura-2 is a ratiometric fluorescent dye
which binds calcium ions with a Kd of 0.14 uM. R&as excited at 340 nm and 380 nm of light
and the ratio of the emission at 510 nm is directlyrelated to the amount of free calcium within
a cell.

To investigate if treatment of DRG neurons with ioos stimuli including estrogen/G-1 induce

changes in the intracellular calcium level, ratidmeecalcium imaging was performed with the

membrane permeable derivate of Fura-2, the Fureefsaymethyl ester (Fura-2-AM). In contrast

to Fura-2, Fura-2-AM is able to cross the cellutembrane. Within the cell, cellular esterases
remove the acetoxymethyl group regenerating Fura-2.

Flow-through system

Overnight cultures of rat DRG neurons were incuthatgh 1 uM Fura-2-AM for 30 min at 37°C,
5% CQ in Neurobasal A medium. Afterwards Fura-2-AM wasnoved by washing 3 times
10 min with medium at 37°C, 5 % GQCultures on cover slips were transferred to aalvmiild

live cell chamber, covered with medium and placatbdhe microscope. A field of view was
selected and the flow-through system was adjustedlase vicinity to the cells of interest.
Baseline images were taken for 1 min before theamese to the application of isoproterenol
(1 M, 1 min) was recorded. Isoproterenol was rezddwy adding medium for 5 min. Afterwards
the viability of the cells was tested by recordihg response to 30 mM KCI. Calcium imaging
was preformed with an inverted Leica DM IRE2 micaase equipped with a cooled CCD camera
and the imaging software Simple PCI version 6.4nfH@atsu Photonics). Paired images of
340 nm and 380 nm excitation wavelength were takemy 2 seconds. For evaluation the number
of isoproterenol responsive cells was estimata@letionship to all cells showing stable baseline
recordings as well as calcium influx in respons&@ application.
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Tab. 2: Imaging and pipetting protocol for the flow-through Ca®* imaging system.

Imaging Protocol

Pipetting Protocol

1 min (baseline)

medium flow

1 min (drug)

drug flow

5 min (wash out)

medium flow

30 sec (KCI)

KClI flow

2,5 min (wash out)

medium flow

High-content Microscope

For the investigation of estrogen/G-1-induced cadtiinflux in DRG neurons, a high content
automated microscope (Bioimager, BD) equipped witive cell chamber and a liquid handling
system was used. Overnight cultures of DRG neulian96-well plates were loaded with
Fura-2-AM. Therefore, 10 pl out of 50 pl medium weemoved, mixed with 1 pl Fura-2-AM
(f.c. =1 pM)) and added back to the same cultGrdtures were incubated with Fura-2-AM for
30 min at 37 C. Fura-2-AM was removed by washingn®s for 10 min with supplemented
Neurobasal A medium. 96-well plates were placed the live cell chamber of the microscope
(37 C, 5% CQ and a field of view was selected in the first lwélfter the adjustment of the
exposure times for both channels, the automatedsunement was started. For a detailed
description of the imaging and pipetting protoce¢ §ab. 3. In general, cultures were imaged for
15 sec as baselines measurement, before 5 pul mediuehicle was added to control the reaction
of the cells to mechanical pressure induced bypipetting itself. This step was followed by
ratiometric imaging for about 30 sec. Next, 5 pul bff-estradiol (f.c.=10nM) or G-1
(f. c. =10 nM or 100 nM) was added and images wenlected for 60 sec. To control the
viability of the cells, 5 pl KCI (f. c. = 30 mM) vgaadded and images were taken for additional
about 40 sec. 1-estradiol was dissolved in Neurobasal A mediuni, @-DMSO/Neurobasal A
medium with a final concentration of 0.2 % DMSOtaué.

To ensure similar conditions, not more than 8 cakun a 96-well plate were loaded at the same
time and imaged sequentially. The field of view YXposition), the focus (Z-position) and the
exposure time for each channel was adjusted marfoalall wells.

Paired images were taken almost every 2 sec arduealinflux was evaluated using the
Bioimager software Attovision and Simple PCI, versb.4. As described above, the percentage
of neurons showing calcium influx in response tepigstradiol or G-1 was calculated based on
all neurons showing calcium influx in response © K
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Tab. 3: C&" imaging protocol for the high content microscope.

Imaging Protocol Pipetting Protocol

Start Imaging

'

15 sec (baseline)

l <+—— 5 plvehicle, 1 pl/sec
30 sec (vehicle response)

l <«—— 5uplstimulant, 1 ul/sec
60 sec (drug response)

¢ <«——— 5ulKCl, 1 pl/isec
40 sec (KCl response)

¢ <«——— 50l PFA, 1 plisec

Stop Imaging

6.2.4 Combined assay: Calcium imaging and evaluation of Ce

translocation in the same cell

To investigate if calcium influx and PKQranslocation in response to different stimuli wcm

the same neurons, calcium imaging was coupled e¢o"BiKCe translocation Assay” using an
automated high content microscope (Bioimager, BiD}he first part of this experiment, calcium
imaging was performed as described above (Calcmaging, high content microscope). After
stimulation with 178 estradiol, G-1 or isoproterenol, cells were imaf@d40 sec. Instead of
adding KCI as a second stimulus, cells were fixgédding 8 % PFA (f. c. = 4 %) directly to the
cultures using the liquid handling system of theiBiager. Cultures were incubated with PFA for
10 min at 37°C. Plates were taken out of the intabahamber, PFA was removed and cultures
were washed with PBS.

In the second part of the experiment, RK§taining was performed following the protocol
described in the corresponding paragraph (Immuoctgmistry). After incubation with the
secondary antibody, cultures were washed 3 tim#ds RBS for 10 min at RT and cultures were
stored in PBS for imaging. To evaluate the RK@calization, plates were put back in the
Bioimager. Images were taken at the same x-y posgelected for the calcium imaging in the
first part of the experiment. Actual fluorescentages were compared with the last frame of the
calcium imaging series and the x-y-positions weenually corrected if necessary. Images were
taken using a 20 x objective at the Bioimager nsicope. PKE localization of cells showing
calcium influx after stimulation was evaluated biptpng fluorescence intensity profiles, and
membrane intensities were compared to overall giiess of the same cell using the NIH imaging
software Image J. For comparison, RKlGcalization of cells which did not show an ingeaf
intracellular calcium after stimulation was analyzdike.
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Tab. 4: C&* imaging setup for the analysis of C# influx and PKCg translocation.

Imaging Protocol Pipetting Protocol

Start Imaging

'

15 sec (baseline)
l <«——— 5ylvehicle, 1 plisec
30 sec (vehicle response)
l <«——— 5yl stimulant, 1 pl/sec

40 sec (drug response)

l <«—— 50l PFA, 1 plisec
Stop Imaging

6.2.5 Primary mouse DRG cultures

complete Neurobasal A
medium: +0.25 uM L-glutamate

+0.5mM L-glutamine
+ 2 % (viv) B27 supplement
+1 % (v/iv) Penicillin/Streptomycin
MEM + GlutaMAX ™

Hank’s balanced salt
solution (HBSS) 533 mM KClI

0.44 mM KHPOy

4.17mM NaHCQ

138 mM NaCl

0.34 mM NaHPOy

5.56 mM D-Glucose
10 MM Phenol Red

DPBS: 200 mg/l KCI
200 mg/l KHPOy
8 g/l NaCl
2.16 g/l NaHPOy x 7 H20
1g/l Glucose
36 mg/l Sodium Pyruvate



M ETHODS 42

Coating

Primary mouse DRG neurons were plated onto polylun@/laminin coated surfaces. For
coating, glass or plastic surfaces were incubati#id @v1 mg/ml polyornithine in PBS over night
at 4°C. The polyornithine was completely removed aarfaces were air dried for at least 2 h at
RT. Dried surfaces were incubated with 2 pg/ml famin PBS for 2-4 h at RT. Laminin was
removed, surfaces were washed 2 x with PBS anddstorPBS at RT until cells were plated.

DRG dissection and desheathing

DRG from the lumbar vertebra L1 to L6 of adult mafece were prepared following the
preparation protocol for rat DRG neurons. Afterganation, surrounding tissue, the thin vascular
skin layer and free nerve ends of the DRG were wemhainder a surgical microscope using
straight tweezers.

Dissociation and Culture

Cells were dissociated following the protocol déssil for rat DRG cultures. Collagenase
treatment was done in a volume of 1 ml for 1 h&C3(f. c. = 0.1 U/ml collagenase) and trypsin
digestion was also performed in a final volume oflL(f. c. = 470 U/ml trypsin). Cells were
seeded in a density of 0.5 DRG/culture as a “diadiB0 pl cell suspension. Cells were allowed to
adhere by incubation for 2 h at 37°C, 5 %,Cld case of seeding cells on 25 mm glass cover
slips, 2 ml completed Neurobasal A medium was addegtwards. Cells were cultured for 3-5
days at 37°C, 5 %CO

6.2.6 Live cell imaging of DRG cultures

DRG cultures with an established neurite networkemaesed to show destabilization of the
microtubule cytoskeleton in response to estrogeh/Gherefore DRG from adult male rats or
mice were prepared as described above, cells vemded into 24 well-plates (0.5 DRG/well)
coated with laminin/polyornithine and cells weraltared for 3-5 days in complemented
Neurobasal A medium in absence of additional grdatiors. Before imaging culture plates were
placed into the incubation chamber of the live calhging system (Zeiss observer Z.1 equipped
with the incubator XL with temperature and £éontroller, 37°C, 5 % C£) at least 4 h prior to
the experiment. DIC images were taken (1 frame/ragipg a 20 x far distance objective and
imaging started at least 30 min before the firdtstance was added to show neurite stability in
absence of noxious stimuli. For addition of a stusu50 pl out of 500 pl were removed from the
well, mixed with 5 pl of the stimulant and carejulhdded back into the well. To exclude
morphological changes in response to mechanicabkpre induced by the addition of the stimulus
or in response to the vehicle substance itselfyvdtecle (PBS or 0.2 % DMSO) was added and
images were taken for at least 1 h (1 image/mia)iky a stable system, estrogen (1 nM) or G-1
(10 nM) was added carefully to the culture and imggvas continued for at least 1 h (DIC,
1 frame/min). Alteration of the cytoskeleton wagsed¢éed by analyzing morphological changes
including cell retraction, growth cone retractiondavaricosity formation. The system was
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equipped with a Zeiss AxioCam MRm camera. Data wamalyzed with Zeiss Axiovision
version 4.6 and the LSM image examiner softwarepeimments were repeated on at least 4
different days with different animals.

6.2.7 F-11 cell culture

F-11 cells were cultured in Ham’'s F-12 medium (frogen) supplemented with 15 % fetal
bovine serum (FBS), 1 % Penicilin/Streptomycin arsl% L-glutamine.

6.2.8 Transfection of F-11 cells

To analyze the estrogen/G-1-induced and TRPV1-dégpenalteration of the microtubule
cytoskeleton F-11 cells were transiently transfatgth different TRPV1 constructs (TRPV1-
GFP, TRPV1-S800A-GFP or TRPXN) or the empty vectors using Lipofectamine 2000 te
Lipofectamine Plus Reagent (Invitrogen) followirge tprovided protocol. For live cell imaging
cells were co-transfected with TRPV1-GFP constratd m-Cherry-tubulin or only with m-
Cherry-tubulin for control experiments. All expeents were performed approximately 48 h after
transfection.

6.2.9 Analysis ofin situ cytoskeleton of F-11 cells

Hank's balanced salt
solution (HBSS): 533 mM KCl

0.44 mM  KHPO,

4.17mM NaHCQ
138 mM NaCl

0.34 mM NaHPOs

5.56 mM D-Glucose
without Phenol Red

Permeabilization buffer: 50 mM PIPES, pH 6.8
1mM EGTA
0.2mM MgCly
10 % (v/v) glycerol
50 pg/ml  digitonin
complete™protease inhibitor cocktail

Stimulation of F-11 cells and preparation ofin situ cytoskeleton

To investigate the integrity of the microtubule askeleton after stimulation with estrogen/G-1,
transfected as well as non-transfected F-11 cefise ireated with estrogen/G-1 and thesitu
cytoskeleton was prepared.

For that purpose, cells were seeded on glass cslis in 24-well plates, transfected with
TRPV1-GFP, TRPVAN or TRPV1-S800A-GFP or control vectors and cultufer ~48 h.
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Medium was replaced by serum-free medium ~1 h bestimulation. Cells were stimulated for
1 min with either 1-estradiol (f.c.=1nM) or G-1 (f.c.=10nM),r olCl 182,780

(f. c. =100 nM). To analyze the influence of tba channel function of TRPV1 on the observed
morphological alterations, cells were pre-incubatedh the TRPV1 antagonist 5'1-RTX
(f. c. =1 pM) for 10 min at 37°C prior to stimulat with estrogen/G-1. To ensure homogeneous
dispersion of the stimulants, 500 pl out of 1 midmen was removed, mixed thoroughly with the
respective stimulant, and added back to the sartereuAll stock solutions of the respective
reagents were dissolved in 100 % DMSO (final cotregion for DMSO on cells = 0.2 %).
Buffer-controls were treated alike without addimy astimulus. After treatment cells were washed
once with HBSS buffer and a membrane permeabitimatuffer was added for 1 min at RT. The
buffer contained 50 mM PIPES, pH 6.8, 1 mM EGTA2 @M MgCh, 10 % v/v glycerol,
complete™ protease inhibitor cocktail and the dgget digitonin 50 pg/ml. Rapid extraction of
cells using this buffer permeabilizes the plasmamiane without influencing cellular
morphology which allows the analysis of stable siietal filaments (Lieuvin et al., 1994). The
permeabilization buffer was removed and cells vieed by adding 4 % PFA for 10 min at RT.
Cells were washed 3 x with 1 ml PBS and subsequenticessed for immunofluorescence
analysis.

Immunocytochemistry and analysis of cytoskeletal siictures

Paraformaldehyde-fixed cells were permeabilized ibgubation for 10 min with 0.1 %
Triton X-100 at RT, followed by three washes witthh @ BSA in PBS (10 min, RT).

Unspecific binding sites were blocked by incubatrath 5 % BSA/10 % normal goat serum for

1 h at RT, blocking solution was removed and oslise probed with primary antibodies against
TRPV1 and tubulin for 1 h at RT. The primary antlles were used in the following dilutions:

rabbit polyclonal anti-TRPV1 IgG (1 : 1000, alomorarected against C-terminal region of
TRPV1 or 1: 1000, Dianova, directed against theetinal region of TRPV1), rat monoclonal

anti-tyrosinated tubulin 1gG (Clone YL1-2, 1: 100Cells were washed three times with PBS
(10 min, RT) and incubated with secondary Alexa/A8&a 594-coupled antibodies (1 : 1000,
1 h RT). After three final washes (10 min, RT) selvere mounted with Fluoromount-G

(Southern Biotech/Biozol) containing DAPI (0.5 pgymConfocal images were taken on an
inverted Zeiss LSM 510 Meta with a 63 x objectived aanalyzed with the Zeiss LSM image
examiner software.
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6.2.10 Live cell imaging of F-11 cells

Hank’s balanced salt
solution (HBSS): 533 mM KClI

0.44 mM  KHPO,

4.17mM NaHCQ
138 mM NacCl

0.34 mM NaHPOs

5.56 mM D-Glucose
without Phenol Red

To analyze estrogen/G-1-induced morphological charg presence and absence of TRPV1, live
cell imaging of F-11 cells transiently transfecteith either only m-Cherry-tubulin or m-Cherry-
tubulin together with a TRPV1-GFP construct (wilgtyor TRPV1-S800A) was performed.
Therefore cells were seeded on 25 mm cover sligsstected using Lipofectamine as described
above and cultured for 36-48 h after transfectkor. imaging, cover slips were transferred into a
live cell chamber, covered with HBSS buffer and thamber was placed onto the microscope at
least 10 min before imaging started.

For treatment with estrogen/G-1 drugs were pretelilun 50 pl HBSS buffer and added onto the
culture during imaging with a final concentratioatlween 0.1 and 10 nM J¥estradiol and 1 to
100 nM G-1. 17B-estradiol dilutions were prepared in HBSS fromGauM stock solution in
HBSS, G-1 dilutions were prepared in 10 % DMSO/HB&S8n a 100 uM stock solution in
100 % DMSO. Images of cells expressing TRPV1 a$ agebdf non-TRPV1 expressing cells were
taken at least 10 min prior to estrogen/G-1 treatnfg frame/min) and imaging was continued
for at least 15 min after the stimulus was added.

To investigate the involvement of protein kinasegRKCs) into the observed morphological
changes, TRPV1-GFP expressing cells were seleetiedebthe PKC inhibitor BIM (f. c. =5 pM)
was applied and cells were incubated for 12 miarga estrogen/G-1 treatment.

Images were taken with an inverted Zeiss LSM 51GaMsonfocal microscope with a 63 x
objective in the red as well as the green charfeditionally bright field images were collected
for all time points. In case of cultures pre-trelatéth BIM, only bright field images are shown
due to the high autofluorescence of the inhibitortages were analyzed with the Zeiss LSM
image examiner software. All experiments were reggbat least 6 times.
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6.3 Biochemical and computational methods

6.3.1 Computational modeling

To investigate the possibility of tubulin and/orcnutubule binding to the C-terminal region of
TRPV1, computational modeling was performed by oaoperation partners G. Fernandez-
Ballester and X. Ferrer-Montiel. The tubulin stuwet used for the docking process was
1TUB.PDB, obtained by X-Ray diffraction at 3.7 Ascdution (Nogales et al., 1998). The TRPV1
C-terminal used for docking was detached from thé iuman TRPV1 channel previously
modeled (Fernandez-Ballester and Ferrer-Montied820Structure edition were made with Swiss
PDB viewer v3.7 (Guex and Peitsch, 1997) and WHA{WFend, 1990). The protein-protein
docking interaction prediction was accomplishedhwBRAMM-X v.1.2.0 (Tovchigrechko and
Vakser, 2006) using default conditions. Refinementshe orientation and optimization of the
side chains in protein complexes were carried ouivo steps: first, those residues making Van-
der-Waals clashes were selected and fitted withickQand Dirty” algorithms; second, models
were energy minimized (5 x 1000 steps of steepesteht and 5 x 1000 conjugate gradient,
cutoff of 10 A for non-bonded interactions) withsight Il (Biosym/MSI, Accelrys Software Inc.,
http://www.accelrys.con)/ Finally, the protein complexes were evaluateteims of energy with
FoldX (Guerois et al., 2002; Schymkowitz et al.p2pPat the CRG siteh{tp://foldx.crg.es The
molecular graphic representations were created aeddered with PyMOL v0.99rc2
(http://www.pymol.org.
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6.3.2 Tubulin binding assay

PEM-S: 50 mM PIPES, pH 6.8
1mM EGTA
0.2mM MgC}
100 MM NaCl
Lipid mix: 10 MM Hepes, pH 7.4

200 pg/ml Phosphatidylserine
20 pg/ml  Diacylglycerol

6 x Laemmli buffer: 65 mM Tris/HCI, pH 6.8
3% (w/v) SDS
30 % (v/iv) Glycin
5% (w/v) 2-Mercaptoethanol
4 mg/ml  Bromphenol blue
4 mg/ml  Pyronin G

Electrophoresis buffer: 24.8 mM Tris
192 mM  Glycerin
0.01 % (w/v) SDS

5 x Blotting buffer: 200 MM  Glycin
250 MM Tris
0.2 % (w/v) SDS

TBST: 25mM Tris
137 mM NacCl
27 mM KCI
0.1 % (viv) Tween-20

Blocking buffer: 5% Non-fat milk in TBST

The tubulin binding assay was performed by C. Goswa

To characterize the relationship between P#@diated phosphorylation of the TRPV1-C
terminus (TRPV1-Ct) and tubulin binding to the TRREt, tubulin-binding assays with
TRPV1-Ctin its phosphorylated as well as non-phosylated form were performed.

Tubulin binding

In the first part of the experiment the influencetobulin binding to TRPV1-Ct on PKE

mediated phosphorylation was tested. ThereforefipdrMBP-TRPV1-Ct and MBP-LacZ was
coupled to amylose beads and suspended in PEM{& {50 mM PIPES pH 6.8, 1 mM EGTA,
0.2 mM MgC} and 100 mM NacCl). Approximately 100 pl of this gession were incubated with
20 pg soluble tubulin purified from adult porcineim (200 pl from 100 pg/ml stock solution) for
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1h at RT. In control samples, 200 pl PEM-S buffegre added instead of tubulin. After
incubation, the amylose resin was washed 3 tim#s REM-S buffer (600 pl/each) and the RKC
phosphorylation assay was performed.

In vitro phosphorylation

For the in vitro phosphorylation assay a kinasetiea mixture was prepared containing MgCl
(22 ul from 1M stock), DTT (12 ul from 1M stock)ipid mix (phosphatidylserine
f. c. =200 pg/ml, diacylglycerol f.c.=20 pg/mm 10 mM HEPES (pH 7.4), 0.03 % Triton
X100; 80 ul from a 10 x stock), cold ATP (12 plrfrdlO0 mM stock) and 5 pl of hot ATRR32
with 10 pCi/ul). PBS was added to a final volumel60 ul. 20 pl of the reaction mixture were
applied in each tube and samples were complememitedl pl purified PKGE (Invitrogen) or
buffer in case of negative controls. The kinasetrea was performed for 1 h at RT. Afterwards
bound proteins were eluted with 10 mM maltose/PEMa8xed with Laemmli buffer and
incubated for 5 min at 95°C.

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electapBis (SDS-PAGE) was used for the
separation of proteins according to their moleculaight. Using the Mini-PROTEAN™
Electrophoresis System (BIO-RAD), 10 % (w/v) acryide mini gels and 5 % stacking gels were
prepared. Denatured protein samples were loadea thet gel using a Hamilton syringe and
empty lanes were filled with an equal amount of laemmli buffer. PAGE was performed at
100 V for approximately 1 h until colored migratifsont had reached the bottom of the gel.

Tab. 5: Composition of SDS gels.

Separating gel Stacking gel

dH,O 1.9ml 1.1 ml
30 % Acrylamide 1.7 ml 330 pl
1.5 M Tris, pH 8.8 1.3 ml O
1.5 M Tris, pH 6.8 O 0.5 ml
10 % SDS 50 pl 20 pl
10 % APS 50 pl 20 ul
Temed 2 pl 2 ul
Total volume ~5ml ~2ml

Western Blot

Separated proteins were transferred from the SOSoga PVDF membrane (Millipore) by
semidry electro blotting. Therefore membranes watvated by incubation in methanol for
5 min at RT and rinsed with blotting buffer. Thetolvas assembled as follows: blotting paper
(BIO-RAD, dipped into blotting buffer), activatedembrane with gel on top, blotting paper
(BIO-RAD, dipped into blotting buffer). Proteins weetransferred by applying 2.5 mA/ém
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(~0.12 A/membrane) for 30 min. Membranes were faersd into an incubation chamber,
unspecific binding sites were blocked by incubatisith 5 % non-fat milk in TBST buffer
(25 mM Tris, 137 mM NaCl, 27 mM KCI, 0.1 % Tween)2for 1 h at RT while shaking.
Afterwards membranes were incubated with primaryibadies (anti-MBP, NEB and and-
tubulin (Sigma), each 1 :1000) for 1 h at RT, veasI3 x with TBST at RT (10 min each) and
subsequently incubated with horseradish peroxidasgigated anti-mouse and anti-rabbit
antibodies (Amersham Bioscience) for 1 h at RT aishaking. After three final washes with
TBST (10 min each), the ECL detection system (Ammens Biosciences) was used to detect
tubulin and TRPV1-Ct.

Detection of phosphorylation

PKCe-mediated phosphorylation of the TRPV1-C terminusaswmonitored with the
Phosphorlmager STORM 820.

Reverse Experiment

In the second part of the experiment was investtydt PKC:-mediated phosphorylation of the
TRPV1-Ct influences tubulin binding to the C-teralimegion of TRPV1. Therefore the vitro
phosphorylation step was performed first, folloviigthe tubulin binding experiment.

For thein vitro phosphorylation assay MBP-TRPV1-Ct or MBP-LacZ dedpo amylose resin
were used as phosphorylation template. 100 ul mplate suspension were incubated with the
kinase reaction mixture containing MgQlL2 pl from 1 M stock solution), DTT (1.5 pl from
0.1 M stock solution), 1.5 pl Lipid Mix, 15 pl coldTP (0.01 M), 1.5 ul hot ATPyP32 with

10 pCi/ul) and 4 pl purified PKL(Invitrogen) or PEM-S in case of controls for Jah RT.
Samples were washed 3 x with PEM-S (800 pl eacHh) sabsequently incubated with 20 pg
tubulin (20 pl from 100 pg/ml solution) for 1 h RIT. Samples were washed again 3 x with
PEM-S (600 pl/each), the buffer was completely resdousing a Hamilton syringe and bound
proteins were eluted with 10 mM maltose/PEM-S. Sampvere separated on a SDS gel and
phosphorylation of TRPV1-Ct and tubulin binding wemalyzed as described above.

6.4 Pain behavioral experiments

6.4.1 Testing of the mechanical nociceptive threshold ithe rat

All pain behavioral experiments in rats were perfed by Olayinka A. Dina in the lab of
Jon D. Levine at the UCSF.

Quantification of the nociceptive flexion reflex

Experiments were performed with adult male Spragaedey rats with a weight between 250 g
and 300 g and all experiments were performed atsdme time of the day. The nociceptive
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flexion reflex was quantified using the Randalli®el paw pressure device (Analgesymeter,
Stoelting, Wood Dale, IL, USA) which applies a kmly increasing mechanical force to the
dorsum of the hindpaw of a rat. During the expenitmihe paw rests on a Teflon platform.
Therefore the paw can easily be withdrawn withagry. The nociceptive mechanical threshold
was defined as the force in grams at which thevititdrew its paw. In the week preceding the
experiments, rats were familiarized with the testmocedure at 5 min-intervals for a period of
1 h per day for 3 days. On the day of the expertmieaseline paw withdrawal threshold was
defined as the mean of six readings before tesitageere injected. Each paw was treated as an
independent measure and each experiment was pedama separate group of rats.

Test substances were injected intradermally inodibrsal surface of the hindpaw in a volume of

2.5 pl. The onset of mechanical hyperalgesalready statistically significant after 2 minh&sar

et al., 1999b) mirroring the cellular results. Paithdrawal thresholds were determined 30 min

after application of the test substance as the noéahree independent measurements, a time
point where the maximal response reached a plafd¢sieffect of each drug is expressed as the
percentage change of the baseline nociceptivehbiegsvhich was calculated as follows:

(threshold in presence of the test agent — bastlmneshold)/baseline threshold x 100.
This transformation was done to normalize basehnesholds of individual rats in one group.

G-1 and ICI 182,780 were dissolved to stock sohgiof 10 mg/ml in 100 % DMSO. Further

dilutions were done in PBS. For dose-response sufiyelO, 100 and 1000 ng of G-1 or
ICI 182,780 were injected in a final volume of b For further analysis, G-1 was used in a final
concentration of 1 pg/2.5 ml and ICI 182,780 imnalfconcentration of 100 ng/2.5 pl.

PKCe-dependence of G-1/ICI 182,780-induced mechanicarssitization

To investigate the involvement of PKGnto G-1- and ICI 182,780-induced mechanical
hyperalgesia, PK€was blocked using the PK@nhibitor peptidecV1-2 (€V1-2) (Johnson et al.,
1996). Because it is less membrane-permeable timjscof the PKE inhibitor were always
preceded by administration of 2.5 pl of distilledter in the same syringe, separated by a small
air bubble, to produce a hypo-osmotic shock, thersthancing cell membrane permeability to
the drug (Khasar et al., 1995; Khasar et al., 1988asar et al., 1999b). The PK@hibitor was
injected 30 min prior to injection of G-1 or ICI2880 and the mechanical nociceptive threshold
was measured 30 min after application of G-1/1C2,Z80. The influence ofV1-2 injections
itself was tested in control animals treated oniyhwihe PKG inhibitor peptide.

Influence of microtubule alternating drugs on G-1-nduced mechanical sensitization

To investigate the influence of the microtubule osikieleton on G-1-induced mechanical
hyperalgesia, microtubule structure was alteredapplication of the microtubule disruptor
nocodazole or the microtubule stabilizing agent olaMicrotubule alternating drugs were
injected intradermally into the dorsum of the hiadp30 min prior to G-1 injection (1 pg/2.5 pl
PBS from a 10 mg/ml stock solution in 100 % DMST)e mechanical nociceptive threshold was
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tested 30 min after the last injection. Nocodazawstes dissolved in 10 % DMSO with a final

concentration of DMSO <1 %. Injection was done vétfinal concentration of 1 pg/2.5 pl. Taxol
(1 mg/ml) was formulated at a concentration of ¥mign a vehicle comprising absolute ethanol
and Cremophor EL (Dina et al., 2001a). Final Tecmhcentration of 1 pug/2.5 ul was made in
normal saline-diluted Cremophor vehicle.

To evaluate if an alteration of the microtubule oskieleton itself influences the mechanical
nociceptive threshold, animals were treated witltodazole or Taxol and the nociceptive
threshold was determined 30 min after injectiomadrotubule alternating drugs.

Downregulation of TRPV1

One method to down-regulate the expression of proten DRG neurons of adult rats is the
intrathecally administration of antisense oligodgmcleotides (ODNs) daily over three days
(Alessandri-Haber et al., 2003; Dina et al., 2(0D#ya et al., 2005; Joseph et al., 2007; Malik-Hall
et al., 2005).

To reduce the expression of TRPV1 the 18-mer args€@DN with the sequence 5-CAT GTC
ATG ACG GTT AGG-3' directed against a unique segeeof rat TRPV1 was used which has
been shown to down-regulate TRP¥1vivo (Christoph et al., 2006). As a control, an ODN
corresponding to the TRPV1 antisense with six basesnatched was created. The mismatch
ODN had the following sequence 5-CATCE ATG AGC GTT GAG-3' (Christoph et al., 2006)
mismatches are denoted in bold).

Lyophilized ODNs were reconstituted in nucleasefe9 % NaCl to a concentration of 10 pug/ul
and stored at —20 °C. A dose of 4§ TRPV1 antisense or mismatch ODN was intrathecally
administered in a volume of 20 once daily over 3 days. Prior to each injecti@asrwere
anaesthetized with 2.5 % isoflurane containing exygdODNs were injected by using a 30-gauge
needle inserted intrathecally on the midline betwte fifth and sixth lumbar vertebrae.

The nociceptive flexion reflex was quantified inraals treated with TRPV1 as well as mismatch
ODNSs to control the effect of the ODN treatmenglitand of the down-regulation of TRPV1 on

the mechanical nociceptive threshold. Injectionmo€rotubule alternating agents and G-1 was
done as described above and the nociceptive flesalax was measured 30 min after the last
injection. In all experiments involving rats treéte&ith TRPV1 antisense ODNs, mismatch ODN
treated animals as well as wild type animals weetllas a control.

Sequential stimulation

To check the effect of two independent drugs batucing PKGE-dependent mechanical
hyperalgesia, G-1 and the Epac activator ESCA {8h(drophenylthio)-2'-O-methyl-cAMP)
were injected consecutively. Therefore, a 10 mggitock solution of G-1 dissolved in 100 %
DMSO was prepared and G-1 was intradermally ingeatea final dilution of 1, 10, 100 and
1000 ng in 2.5 pl PBS 30 min prior to the applimatof ESCA (1 pg/2.5 pl PBS) and the effect
on the nociceptive flexion reflex was evaluatedn80 after ESCA application. To test if the
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order of injections is important for the observéi@a both substances were also applied in the
reverse order (1. injection: ESCA with a concemdrabf 1 ug/2.5 ul PBS, 2. injection: G-1 with
concentrations of 1, 10, 100 and 1000 ng in 2.BB$). Additionally to G-1 and ESCA, also the
effect of sequential injection of estrogen (10@2gi1l) and ESCA (6.3 pg/2.5 pul), isoproterenol
(L pg/2.5pul) and ESCA (6.3 png/2.5 ul) as well amnodine (1 pg/2.5ul) and ESCA
(6.3 ug/l2.5 ul) was analyzed. The second injectivas always applied 30 min after
administration of the first stimulus and measurenoérihe nociceptive threshold was performed
30 min after the second injection. As controls, firg or the second injection of a stimulus was
replaced by the injection of the respective vehicle

To analyze the effect of an intracellular?Case on PKE-dependent mechanical hyperalgesia,
the nociceptive flexion reflex was analyzed 30 mafiter intradermal injection of 1 pug/2.5 pul
ryanodine into the hindpaw of adult male rats.

6.4.2 Testing of the mechanical nociceptive threshold ithe mouse

Testing of the mechanical nociceptive thresholochioe was performed by Dominika Labuz in the
group of Halina Machelska-Stein at the Charité-@rsitatsmedizin Berlin, Campus Benjamin
Franklin.

Adult male mice with a weight between 25 and 30egevhabituated to test cages with a wire
mesh bottom daily starting 6 days prior to behalidesting. The mechanical nociceptive
threshold was tested using calibrated von Freynfiats (Stoelting). Filaments were applied to the
plantar surface of the hindpaws using the up-dovethod. Testing began using a 3.9 mN hair
(0.4 g). If the animal withdrew the paw, the weakair was applied. In case of no withdrawal,
the next-stronger hair was applied. The maximumbemof applications was 6-9, and the cut-off
was 39.2 mN (4 g).

To investigate the influence of estrogen as weakson the mechanical nociceptive threshold, 1,
10, 100 and 1000 ng estrogen (in PBS) or G-1 (indG)were injected subcutaneously into the
plantar surface of the hindpaw and von Frey testiag performed 15, 30, 45, 60 and 120 min
after injection. Additionally, the basal nocicegtithreshold of each animal was determined prior
to estrogen/G-1 injection. Control animals wereated alike but only vehicle instead of
estrogen/G-1 was injected. Experiments were peddrmith at least 3 different animals for each
condition.

6.5  Statistical analysis

All statistical comparisons were made with one-vamyovas followed by Dunnett's test for
comparisons with one control value, or the TukeyKer post hoc test for multiple comparisons,
respectively. p < 0.05 was considered statisticgatipificant.
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7 Results

In my thesis, | characterized the role of estrogemociception on a molecular, cellular and
behavioral level. In the first part, | used a phacwiogical approach to identify the estrogen
receptor which mediates estrogen actions in primagiceptive neurons (7.1). In the second part
| focused on the characterization of downstreamnesvef estrogen-induced PKGignaling.
Specifically, the role of the TRPV1-microtubule qaex in estrogen-induced mechanical
sensitization was analyzed by structural modelind & biochemical, cellular and behavioral
experiments (7.2). Finally, finding estrogen asIwad epinephrine to converge on PKG
addressed in the third part of this thesis the tipre®f signal integration in the primary sensory
neuron. Thereby, a new desensitizing branch of £&@naling was identified which interferes
with subsequent sensitizing signals (7.3).

7.1 GPR30 agonists induce mechanical hyperalgesia

A large number of endogenous substances have heamgo induce mechanical hyperalgesia in
rats. Intradermal injection of ti2-adrenergic agonist isoproterenol results in @aeiction of the
mechanical nociceptive threshold by ~40 %. Thisssemg effect is mediated by the epsilon
isoform of the protein kinase C as pretreatment wie PKG-inhibitor peptidesV1-2 abolishes
the effect completely (Fig. 6 A). Nevertheless, th@lecular and cellular mechanisms underlying
sensitization are mostly elusive.

Recently, | assisted in a study describing theogtdrormone estrogen to induce PK@e=pendent
mechanical hyperalgesia comparable to inflammanoegiators (Fig. 6 B) (Hucho et al., 2006).
Similar to epinephrine we found estrogen to acéatly on the nociceptive neuron itself. Both
induced the translocation of PK@om the cytoplasm to the plasma membrane (FigTfag first
aim of my thesis was to identify the estrogen rémewhich mediates the rapid translocation of
PKCe in DRG neurons.
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Fig. 6: The steroid hormone estrogen induces PK&dependent mechanical hyperalgesia similar to the
inflammatory mediator isoproterenol. Injection of the p2-adrenergic receptor agonist isoproterenol
(1 pg/2.5 ul) as well as injection of estrogen (b@(R.5 ul) in the hindpaw of male rats producedmamical
hyperalgesia in the same magnitude measured 3QCaftém injection (reduction of nociceptive threshold
isoproterenol 31.2 1.3 % (A), estrogen 3241.7 % (B)). Both, estrogen as well as isoproterénduced
reduction in threshold was abolished by preinjectbthe PKG-inhibitor peptidecsV1-2 (1 pg in 2.5 pl) 30 min
prior to estrogen/isoproterenol application (A 8)d Neither injection of the vehicle, nor injectiof the PKG
inhibitor peptide&V1-2 nor the combination of both affected the medta nociceptive threshold (C).
Measurements of the nociceptive threshold wereopmefd with the Randall-Selitto paw pressure device.
**n < 0.001 for estrogen/isoproterenol comparects$trogen/isoproterenol + PiKK@nhibitor peptide, error bars
represent SEM.

7.1.1  Agonists of ERx and ERp do not lead to rapid PKCe translocation

in DRG neurons

The translocation to a cell membrane is an esdesiga in the activation process of PKCs. In
DRG neurons immunocytochemical detection of RKA the plasma membrane is a sensitive
surrogate measurement of P&K@&ctivation (Cesare et al., 1999; Hucho et al.,520Recently,
Tim Hucho observed estrogen to cause PK@&nslocation in about 15 % of DRG neurons. The
translocation was transient peaking after 90 set r@turning to baseline levels after 5 min
stimulation (Fig. 7 B). Rapid, non- transcriptionastrogen actions can be mediated by the
classical estrogen receptors €Bnd ER (Manavathi and Kumar, 2006). Both receptors have
been shown to be expressed in subpopulations of DB@ons (Papka and Storey-Workley,
2002; Taleghany et al., 1999). | tested if ERnd/or ER mediate estrogen-induced PXC
translocation in primary sensory neurons. DissediddRG neurons were treated with thedER
specific agonist PPT as well as the [E$pecific agonist DPN and neurons were evaluated fo
PKCe translocation.
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Fig. 7: Isoproterenol as well as estrogen inducespid PKCe translocation in a subset of rat DRG neurons.
(A) Immunofluorescence analysis of PK@istribution in DRG neurons. Confocal images stowytoplasmic
localization of PKE in untreated cells (left image). In contrast, ipation with isoproterenol (1 uM, 30 sec)
induced PKE translocation to the plasma membrane in a subgodlRG neurons (right image). White lines
indicate the position of PKLCintensity histograms shown below. White lines 3.30. (B) Quantification of
neurons showing plasma membrane localization of £Ksdproterenol treatment (1 uM) for 30 sec resuite
PKCe translocation to the plasma membrane in 20209 % of neurons, decreasing after 90 sec 1.3 %
total neurons) and 5 min of incubation (£@.6 % total neurons). After 15 min of isoproteremeatment, no
significant change of PK&translocation was detected in comparison to utgdeeontrols (15 min isoproterenol
6.0 £ 1.4 % total neurons, negative controls #6.5 % total neurons)C) Confocal images show membrane
staining of PKGE after estrogen treatment (10 nM, 90 sec) in a g of DRG neurons (right image). In
contrast, no prevalent membrane staining was dateict vehicle treated controls (left image). WHitees
indicate the position of intensity measurementsashbelow. White lines = 30 unfD) Estrogen-induced PKeC
translocation to the plasma membrane after 90 8et2i9+ 1.2 % of all neurons. After longer exposures
translocation could not be detected (5 min estrah8e: 1.3 % total neurons, 15 min estrogen 236 % total
neurons, negative controls 34.8 % total neurons). PkQocalization was analyzed by immunofluorescence
microscopy (n = 6 cultures, ** p < 0.001 compared¢hicle controls). Error bars represent SEM.
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After treatment with the E&Rspecific agonist, PPT (1 nM) (Boulware et al., 200elks et al.,
2007) which has a 410-fold selectivity for &Rver ER, no PKG translocation was observed
30 sec to 5 min after stimulation. Also a 10-foittrease in the PPT concentration to a final
concentration of 10 nM did not result in a detelgd@KCe translocation (Fig. 8 A).

To test whether ERmediates estrogen-induced PKtCanslocation, over night cultures of DRG
neurons were treated with the potentpEdjonist DPN for 30 sec to 5 min. Stimulation wiih
and 100 nM DPN (Boulware et al., 2005; Jelks et20)07) did not induce any detectable RKC
translocation in comparison with negative cont(big. 8 B).

These cellular results indicate that neitheraE®r ER3 mediate rapid estrogen-induced RKC
translocation in primary sensory neurons.
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Fig. 8: Neither the ERa agonist PPT nor the ERp agonist DPN cause rapid PKE activation in primary
sensory neurons. (A) Treatment of dissociated DRG neurons with theofSRecific agonist PPT at
concentrations of 1 nM and 10 nM for the period36fsec to 5 min did not induce PK@anslocation to the
plasma membrane in a significant number of neucomspared to vehicle treated controls. Estrogenddeeells
served as a positive control (1&&.3 % neurons with translocatiofg) Incubation with 10 nM and 100 nM of
the ERB agonist DPN for time periods between 30 sec aminbdid not affect PKE localization in cultured
DRG neurons, while estrogen-induced RKanslocation in 15.% 2.2 % of neurons within 90 sec. PKC
localization was analyzed by immunofluorescencerasicopy (n = 6 cultures, ** p < 0.001 compared ¢bicle

controls). Error bars represent SEM.
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7.1.2 Inhibition of the adenylyl cyclase blocks estrogemduced PKCe

translocation

Epinephrine/isoproterenol induces PKé&xctivation mediated by ars coupled G-protein coupled
receptor (GPCR). To analyze if also estrogen-induBP&C: translocation is mediated by a
GPCR, DRG cultures were pre-incubated with an agergyclase (AC) inhibitor prior to
estrogen treatment. Similar to isoproterenol-induB&C: translocation, pre-incubation with the
cell-permeable AC inhibitor MDL-12,330A (50 uM, &@in) completely abolished estrogen-
induced translocation of PkQneurons with PKE translocation: estrogen = 12.0 £ 2.9 %, AC
inhibitor and estrogen = 3.0 £ 0.4 %; Fig. 9).
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Fig. 9: Inhibition of the adenylyl cyclase blocks strogen-induced PKG: translocation. In dissociated DRG
neurons pre-incubation with the adenylyl cyclaseCYAnhibitor MDL-12,330A (50 uM, 30 min) abolished
completely PKE translocation normally observed after treatmenthwilO nM estrogen for 90 sec
(estrogen 12.@& 2.9 % total neurons, MDL-12,330A + estrogen 8.4 % total neurons). The observed effect
was comparable to the inhibition of isoprotereriopM, 30 sec) induced PKGranslocation by MDL-12,330A
(isoproterenol 14.% 2.2 % total neurons, MDL-12,330A + isoprotereno? 81.5 % total neurons). PKC
localization was analyzed by immunofluorescencerasicopy (n = 6 cultures, ** p < 0.001 compared ¢bicle
controls). Error bars represent SEM.
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7.1.3 GPR30 mRNA is expressed in DRGs

In 2005, Revankar et al. published the orphan GRBER30 to bind estrogen and to act as a
membrane estrogen receptor. GPR30 has been reporteduple to the small G-proteus.
Finding estrogen-induced PKQGranslocation not to depend on &R but on adenylyl cyclase
activity suggests a GPCR such as GPR30 to be tlieatimg estrogen receptor. First the mRNA
expression of GPR30 in DRGs was examined. PerfgnainRT-PCR with GPR30 specific
primers from total RNA preparations of adult mad¢ DRG showed a clear band at the expected
size of 172 bp (Fig. 10). RNA from rat brain extraerved as positive control (Brailoiu et al.,
2007; Sakamoto et al., 2007).

w/o RT

Q
19
m)]

brain

o
N
I

bp
300
200

100

<4— GPR30

300
200

<4— GAPDH

Fig. 10: GPR30 mRNA is expressed in the DRGAnalysis of GPR30 mRNA expression in DRG and brain
extract derived from male rats by RT-PCR show arckand with the expected size of 172 bp in bothpdes.
Lane 1, DRG extract; lane 2, brain extract; lanee8¢tion without reverse transcriptase; lane 4emeontrol.

7.1.4 The GPR30 agonist G-1 causes rapid PK&translocation

Bologa et al. described in 2006 the first GPR3@#jeagonist, G-1 which is able to bind to and
activate GPR30 while not mediating signal transdadthrough ER and ER.

Thus, | used G-1 to investigate if GPR30 inducewaiion of PKG: in primary sensory neurons.
DRG neurons were treated with 100 nM G-1, a comagoh described to result in GPR30-
specific cellular responses in other systems (Atbagt al., 2007; Bologa et al., 2006; Brailoiu et
al., 2007). PKE€ intensity profiles from confocal images show aaclacrease in signal intensity
at the plasma membrane of G-1-stimulated cells emath with negative controls (Fig. 11 A).
Observable translocation peaked at 30 sec anchegtuo baseline levels after 60 sec (Fig. 11 B).
Stimulation for 30 sec resulted in a significantcrease of PKE translocating neurons
(17.3+ 3.0 % of total neurons). This effect is comparatlePKC: translocation observed in
response to estrogen (Fig. 7 D). To ensure, tlmbbserved G-1 effect is indeed mediated by a
GPCR, DRG cultures were pre-incubated with the @gkoyclase inhibitor MDL-12,330A prior

to G-1 treatment. As expected, in presence of tbenyyl cyclase inhibitor no PKEC
translocation was detected in response to G-1 {Hi(C).



RESULTS 60

300

intensity (AU)
intensity (AU}
n
S

=)
=]

=)
of

0 10 20 30 10 20 30
distance (um) distance (pm)

vy)
O

25- 25+
*%k
S’“ 20 - 8’“ 204 *x
58 b 85 [
Ke) ::3 154 Ke) é 154
! ] ¥
=8 =8
85 104 s S 104
- 5-| | | | | | | | | | 1 - i
C T 1 L L L] 1 1 C '%I L] I%I
5 B Q QO 9o 9 £ 5 - -
£ £ & & » » E 2 (0] (0]
[e] o o o o o e} c +
o (] ()] [ep] © (o] [« —
o - = S
= 2 5 S 2
© S =
8 o = 1M G-1 £
c LIUJ) Cl)
<

Fig. 11: The GPR30 agonist G-1 induces PKEtranslocation in a subgroup of DRG neurons(A) Confocal
images of DRG neurons show PK@anslocation to the plasma membrane after treatwih the GPR30
agonist G-1 (100 nM, 30 sec, right image) compaoeethicle treated controls (left image). Intengitytograms
along the white lines indicate PK@istribution within the cell. White lines = 30 p(®8) Quantification of DRG
neurons showing PK&translocation to the plasma membrane after Gdtrtrent (1 M) for the indicated time.
While a plasma membrane staining of RK@as detected in a significant number of neurotar atimulation
with G-1 for 30 sec (17.8 3.0 % total neurons), plasma membrane stainingret to base line levels after
90 sec of stimulation (7.2 2.2 % total neurons, negative controls 8.7.6 % total neuronsjC) Pre-incubation
with the adenylyl cyclase inhibitor MDL-12,330A (B0, 30 min) blocked PKE translocation normally
induced by G-1 (100 nM, 30 sec) completely (G-10%62.8 % total neurons , MDL-12,330A + G-1 £D.8 %
total neurons), while MDL-12,330A itself did notffeaét PKG: localization. PKE localization was analyzed by
immunofluorescence microscopy (n=6 cultures, ® 0.001 compared to vehicle controls). Error bars

represent SEM.
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7.1.5 The ERo/ERp inhibitor ICI 182,780 induces PKCe translocation

G-1 was identified by its ability to activate GPRBGt not ER and ER. If it activates GPCRs
beyond GPR30, is not extensively investigated (Balet al., 2006). Thus, to corroborate the
involvement of GRP30, a second GRP30 agonist waiede Recently, the inhibitor of classical
estrogen receptors, ICl 182,780, has been reptotadtivate GPR30 in concentrations between
1 puM and 10 uM (Thomas et al., 2005). Treatment iitM ICI 182,780 for 30 sec resulted in
PKCe activation in a significant number of neurons 181.0 %). Similar to estrogen and G-1,
the translocation induced by ICI 182,780 was tramsand returned to baseline after 90 sec of
incubation (Fig. 12).

Taken together, these results indicate that estrogiiced translocation of PKGn sensory
neurons is not mediated by classical estrogen texeput by a GPCR such as GPR30.
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Fig. 12: The ERa/ERp antagonist and GPR30 agonist ICI 182,780 induceKE ¢ translocation in sensory
neurons. After incubation of cultured DRG neurons with tlERo/ERB antagonist and GPR30 agonist
ICI 182,780 (1 uM) for 30 or 60 sec PK@anslocation to the plasma membrane was detéctadsignificant
number of neurons (30 sec ICI 182,780 1810 % total neurons, 60 sec ICI 182,780 H 137 % total
neurons) compared to vehicle treated controls. rAlibeger incubation times (90 sec or 5 min), no RKC
translocation was observed (90 sec ICI 182,78G:t3.% % total neurons, 5 min ICI 182,780 %.2.3 % total
neurons). PKE localization was analyzed by immunofluorescencerosicopy (n =6 cultures, ** p < 0.001
compared to vehicle controls). Error bars repreSéiit.
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7.1.6 PKCge translocates in IB4-positive and TRPV1-expressinRG

neurons

PKCe translocation in response to sensitizing stimulchs as epinephrine/isoproterenol or
estrogen was detected in ~ 15-20 % of DRG neurbnis. suggests a mechanism specific for a
subpopulation of neurons. Isoproterenol was shanactivate PKE only in the subgroup of 1B4
positive neurons (Hucho et al., 2005). Thereforgas first evaluated if estrogen- as well as G-1-
induced PKE translocation also occurred in neurons bindingrédscently-labeled isolectin B4.
In cultures treated with estrogen or G-1, the nityjaf PKCe-translocating cells showed strong
IB4 staining. After estrogen treatment, 86.8 +% @f neurons showing Pkgranslocation were
positive for IB4. And in 85.3 £ 2.1 % of neuronwgling PKC: translocation in response to G-1
IB4 signals were detected (Fig. 13).
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Fig. 13: PKCg activation occurs in IB4-positive DRG neurons.(A) Confocal images of dissociated DRG
neurons stimulated with estrogen (10 nM, 90 sepeumanel) or G-1 (100 nM, 30 sec, lower panelasiia
membrane localization of PKkQOwvas detected almost exclusively in IB4-positivainoas (green, PKE red,
IB4). Scale bar = 10 unB) Quantification of PKE translocation to the plasma membrane after treatmih
estrogen (10 nM, 90 sec) or G-1 (100 nM, 30 seKC#translocation was detected in 1%.0.8 % (estrogen)
or 20.7£1.6 % (G-1) of total neurons. The majority of PK@anslocating neurons was positive for the
subgroup marker I1B4 (IB4 positive neurons: 86.8%% (estrogen), 85.3 + 2.1 % (G-1) of PK{tanslocating
neurons). PKE localization and 1B4 binding were analyzed by inmofluorescence microscopy. Error bars
represent SEM.

To analyze the responding DRG neurons in more Idéit& ion channel TRPV1 was used as a
second marker expressed in a subpopulation of eptiie@ neurons. To examine if estrogen and
G-1 cause PKE translocation in TRPV1 expressing nociceptive omsy double staining
experiments were performed using specific antitodgainst PK€and TRPV1. The analysis of



RESULTS 64

confocal images of cells showing PK@anslocation in response to estrogen (100 nMs€2),
G-1 (1 uM, 30 sec) or th@-adrenergic agonist isoproterenol (1 uM, 30 seckeaked clear
TRPV1 staining at the plasma membrane of PK@nslocating cells (Fig. 14 A). Indeed, the
majority of neurons showing PKQranslocation were also positive for TRPV1 (agstrogen
treatment 82.9 + 1.4 %, after G-1 treatment 7706%%, after treatment with th&adrenergic
agonist isoproterenol 87.5 + 2.1 %) (Fig. 14 B).

This result indicates that the neurons showing P¥énslocation in response to estrogen receptor
agonists as well as the inflammatory mediator istgzenol are indeed nociceptive neurons and
belong to the subgroup of IB4-positive and TRPV pressing cells.
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Fig. 14: PKCeg is activated in TRPV1-expressing DRG neurons(A) Confocal immunofluorescence
microscopy shows PKgtranslocation to the plasma membrane in respoosdifterent stimuli in TRPV1
expressing cells. In untreated controls, a cytopiasdistribution of PKE was observed (upper panel).
Treatment with isoproterenol, estrogen or G-1 irducapid PKE translocation to the plasma membrane in a
subpopulation of DRG neurons (lower panels). Doldibeling with antibodies directed against the ébannel
TRPV1 which is expressed in a subpopulation of ceive neurons, showed membranous antibody stpinin
neurons, where PK&ranslocation was detected. Intensity histografh®KiCe- and TRPV1-labeling are shown
in the diagrams on the right. White lines indictite position of the of intensity diagrams. GreeKCE, red,
TRPV1; white line = 30 um(B) Correlation of TRPV1 expression and membrane ipatibn of PKG in
response to different noxious stimuli. Neurons sihgwlasma membrane localization of PK@ere quantified
and TRPV1 expression was analyzed in neurons slgoRKC: translocation. Treatment with different noxious
stimuli resulted in an increase of neurons showr@nbrane staining for PKGas indicated in the white bars
(isoproterenol = 19.% 3.0 %, estrogen = 15452.3 %, G-1=17.@ 0.8 % of total neurons). In all cases, the
majority of cells with PKE translocation also showed strong membrane stainsigg TRPV1 specific
antibodies (grey bars) (isoproterenol = 87.5 £%,1estrogen =829+ 1.4 %, G-1=77.5+ 0.9 % efirons
showing PKE translocation). PK€localization and TRPV1 expression were analyzeihbyunofluorescence
microscopy. Error bars represent SEM.

7.1.7 GPR30 agonists induce PK&-dependent mechanical hyperalgesia
in the rat

Injection of estrogen into the hindpaw of male nagidly induces PK&dependent mechanical
hyperalgesia (Hucho et al., 2006). In DRG neur@IBR30 agonists induced PK@ctivation
similar to estrogen. Therefore, next it was ingeted if GPR30 activators mimic estrogen
actions also in the behavioral experiment and iaduechanical sensitization.
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In collaboration with Olayinka Dina of Jon D. Leeis laboratory, the nociceptive flexion reflex
was quantified using the Randall-Selitto paw presslevice. Increasing pressure to the dorsum
of the hindpaw is applied and the pressure, whendhretracts its paw, is taken as threshold for
mechanical pain. Injection of the GPR30 agonistt & well as ICI 182,780 intradermally into
the hindpaw of adult male rats evoked mechanic@ehalgesia in a concentration dependent
manner (1 to 1000 ng/2.5 pl vehicle). Injection Iohg G-1 or ICI 182,780 did not cause a
significant lowering of the mechanical nocicepttheeshold. In contrast, injection of 100 ng G-1
or ICI 182,780 resulted in a near-maximal reducbbthe nociceptive threshold by 3%®.7 %
(G-1) and 35.3% 2.2 % (ICI 182,780) (Fig. 15 A). The observed loweg of the nociceptive
threshold induced by G-1 and ICI 182,780 is comiplarao the effect observed in response to
estrogen (Fig. 15 A). As ICI 182,780 is an antagomf ERy and ER, the involvement of
classical ERs can be excluded also in the behdwogzeriment. Neither spontaneous pain nor
redness or swelling was observed.

In previous studies it was shown that estrogendgedusensitization is dependent on RKC
(Hucho et al., 2006) (Fig. 6). To test whether RKEinvolved in G-1 and ICI 182,780 induced
mechanical hyperalgesia, we blocked RKBy intradermal injection of the Pk&Gnhibitor
peptideeV1-2 (Johnson et al., 1996) 30 min prior to G-1©F 182,780 injection. Application of
the inhibitor itself did not affect the nociceptitlereshold. However, mechanical hyperalgesia
induced by G-1 or ICI 182,780 was completely alh@s by pretreatment with the PK@hibitor
peptide (Fig. 15 B).
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Fig. 15: GPR30 activators induce PKG-dependent mechanical hyperalgesia in rat§A) Injection of the
GPR30 activators G-1 (final concentration 1 to 16§®.5 ul) or ICI 182,780 (final concentration Qd

1000 ng/2.5 pl) into the hindpaw of male rats iretliconcentration dependent mechanical hyperalgesitar

to estrogen (final concentration 1 to 1000 ng) hwitmaximal decrease in nociceptive threshold dd£11.2 %

(G-1), 35.3£ 2.2 % (ICI 182,780) and 45222.2 % (estrogen)B) Blocking of PKG by intradermal injection
of 1 ug of the PKE inhibitor peptidesV1-2 prevented mechanical hyperalgesia normallyuded by the
subsequent injection of G-1 (100 ng/2.5 ul) or 182,780 (1 ug/2.5 ul) completely. The inhibitor pepeV1-2

itself did not affect the nociceptive threshold. adarements of the nociceptive threshold were pmefdrwith

the Randall-Selitto paw pressure device. ** p <00.for agonists compared to agonist + RKiahibitor peptide,
error bars represent SEM.
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7.1.8 G-1 induces mechanical hyperalgesia in the mouse

To substantiate the result of the rat behaviorglegrments, the G-1 effect on the mechanical
nociceptive threshold was tested also in a seasitiiz experiment in mice (collaboration
Dominika Labuz and Halina Machelska-Stein). Théne, mechanical nociceptive threshold was
determined using calibrated von Frey filaments Whiaere applied to the plantar surface of the
hindpaws.

Comparable to the effect observed in rats (Fig, 16 GPR30 agonist G-1 induced a
concentration dependent reduction of the nociceptiveshold 30 min after G-1 injection into the
hindpaw. While injection of 1 ng G-1 resulted indacrease of the nociceptive threshold by
53.7+ 2.9 %, injection of 100 ng G-1 caused a near-makineduction of the nociceptive
threshold by 93.% 2.6 % in comparison with baseline thresholds (E§A). Comparable to the
estrogen and G-1 effects in rat behavioral experi;meG-1 also mimicked the lowering of the
mechanical nociceptive threshold induced by estragenice (Fig. 16).



RESULTS 69

0 —A— G-1
] —W— Estrogen
_25_.

-50—

-75—

% Change in nociceptive threshold

-100—

[ | | 1
1 10 100 1000 ng

vehicle
Estrogen
vehicle

G-1

10

0
-10
-20 ~ J_ 1
-30
-40
-50
-60
-70
-80 - _— A1

-90 -~ il ok

% Change in nociceptive threshold

Fig. 16: The GPR30 agonist G-1 mimics estrogen-inded mechanical sensitization in micgA) Injection of

1 to 1000 ng estrogen or G-1 into the hindpaw ofenmaice resulted in the development of concentnatio
dependent mechanical sensitization 30 min afterctign. Maximal decrease in nociceptive threshaldse
observed after injection of 1000 ng estrogen (rédocby 90.4+ 3.1 %) or 100 ng G-1 (reduction by
93.1+ 2.6 %).(B) Injection of 10 ng estrogen or G-1 already indueedignificant reduction in nociceptive
threshold 30 min after application compared to elehtontrols (reduction of nociceptive thresholdnpared to
baseline thresholds: estrogen 78.8.9 %, vehicle estrogen 11+711.1 %, G-1 75.3 7.1 %, vehicle G-1
15.7+ 8.6 %). The mechanical nociceptive threshold wested using calibrated von Frey filaments.
** p < 0.001 for estrogen/G-1 compared to the retige vehicle controls, error bars represent SEM.

7.1.9 Summary part |

| showed that agonists of the novel estrogen rece@PR30 mimic estrogen actions on
nociceptive neurons. Estrogen as well as GPR30istgaraused rapid PKQranslocation to the

plasma membrane similar to the inflammatory mediafanephrine/isoproterenol. In contrast,
agonists of the classical estrogen receptorg &Rl ER induced no translocation. Corroborating
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an involvement of GPR30 as mediating receptor, £K&nslocation was dependent on adenylyl
cyclase activity. | further identified estrogenaat only on a subgroup of sensory neurons which
is labeled by the lectin 1B4 and expresses thecimemnel TRPVL1. | thereby identified a novel
estrogen responsive specific subgroup of nociceptisurons and crucial parts of the signaling
pathway toward PKEactivation. In behavioral experiments performedats and mice, GPR30
agonists as well as estrogen induced robust mezdiagensitization. This effect was comparable
to sensitization induced by established inflammatoediators, indicating the high potential of
estrogen to modulate nociceptive signaling. Theatfbf GPR30 agonists suggested thereby a
first biological role for the novel estrogen recap&EPR30.

7.2 Characterization of TRPV1 as a downstream mediatopf

estrogen signaling in nociceptive neurons

In the first part | characterized estrogen sigriaimnociceptive neurons towards the activation of
PKCe. But so far, nothing is known about the transmissof estrogen signals in nociceptive
neurons downstream of PK@ctivation.

One way to investigate signaling events of prokemases is the identification of their substrates.
The best described PKGubstrate involved in nociception is the vanillogteptor TRPV1.
Recently, tubulin as well as microtubules has b&®mwn to bind to the TRPV1-C terminus in
close vicinity to its PKE-specific phosphorylation site at serine 800 (Goswat al., 2007b;
Mandadi et al.,, 2006). As the microtubule cytostalecontributes specifically to PKE
dependent mechanical hyperalgesia (Dina et al.3)200analyzed in this part of my thesis the
estrogen-induced regulation of the TRPV1-microtebudomplex and its contribution to
mechanical sensitization.

7.2.1  Structural modeling indicates interference of PKG-mediated

phosphorylation and binding of the TRPV1-C terminusto tubulin

Biochemical experiments have been shown that mtadi well as microtubules directly bind to
the ion channel TRPV1 (Goswami et al., 2004). Onelibg site (aa 771 and aa 797) is localized
in close vicinity to the PKE&specific phosphorylation site at TRPV1-serine 8@g. 5).
Therefore it was explored if Pk&nediated phosphorylation interferes with tubulinding to
the TRPV1-C terminus (TRPV1-Ct) (Goswami et alQ20).

In 2008, Gregorio Fernandez-Ballester and Antomindf-Montiel postulated a three-dimensional
structure of TRPV1 by computational modeling (Fewez-Ballester and Ferrer-Montiel, 2008).
In collaboration with them this model was usednweestigate how tubulin or microtubules can
interact with the TRPV1-Ct and if Pk@nediated phosphorylation at serine 800 influersteh
an interaction.
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Essential for an interaction of two proteins istthiee surface area of both interaction partners
allows binding. The tubulin binding region of thd&RFPV1-Ct identified by deletion mapping
belongs to the globular region of TRPV1-Ct with @calated surface area of 81.7 s
conventional mammalian microtubules are composeBgbrotofilaments with a surface area of
490 nnf, it is very unlikely that whole microtubule filames fit properly on the surface of the
globular region. On the other hand, each tubulmetti has a size of 4.6 nm x 8.0 nm x 6.5 nm
(width, height and depth, respectively) (Nogaleslet1998). Thus, only soluble tubulin dimers
and/or tubulin dimers present at the tip of singletofilaments can fit into the groove formed by
the TRPV1-Ct surface.

In a random trial of possible tubulin-TRPV1 intefans obtained at GRAMM-X protein docking
web server (http://vakser.bioinformatics.ku.edwreses/gramm/grammx) with default optional
parameters (Tovchigrechko and Vakser, 2006), 15®DR00 possibilities showed an interaction
of tubulin dimers with TRPV1-Ct, indicating a higinobability for a direct interaction between
tubulin and the globular region of TRPV1-Ct.

In absence of tubulin, the serine 800 (S800) resmfuTRPV1 is solvent exposed and therefore
fully accessible to phosphorylation by PK@Fig. 17). Interestingly, many of the observed
interactions between tubulin and TRPV1 are centerethe PKE phosphorylation site at S800
of TRPVL1. Figure 17 shows an exemplary binding oonftion where the tubulin dimer directly
interacts with S800 through the formation of seivlagarogen bonds: S800 and R802 with D163
(B-tubulin), R797 with H406 (main chain;tubulin), and R802 with E97 (main chaimfubulin).
Thereby tubulin binding to TRPV1 renders the othseweasily accessible PK@hosphorylation
site at S800 inaccessible.

The space between S800 and TRPV1-bound tubulireig mited. Thus, the presence of a
phosphate group at the S800 position should digtupttubulin interaction with TRPV1. The
negatively charged phosphate group strongly clabb#és sterically as well as charge wise with
D163 of-tubulin and simultaneously repels the negativéigrged E411 od-tubulin.

Thus, these modeling data suggest a direct bindintubulin dimers or tips of microtubule
protofilaments to the globular region of the TRPEft,-while whole microtubule filaments are too
big to fit into the groove of the TRPV1-C terminadgion. Furthermore, the computational
modeling indicates that Pk&nediated phosphorylation of TRPV1-S800 interfevdth the
TRPV1-tubulin interaction.
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Fig. 17: Computational modeling indicates the intefierence of tubulin binding to TRPV1 and PKCe-
mediated phosphorylation of TRPV1 serine 800(A) and (B) Side view (A) and top (membrane) view (B) of
the interaction of soluble-tubulin (yellow) andB-tubulin (magenta) dimers with the tetrameric-TRPYAL
terminus (green). Position of S800 is indicatedabyws. Most of the computed interactions betwedmulin
and TRPV1 are centered similarly around S800 amdhe both theo- and B-tubulin interface.(C) and (D)
enlarged view of the tubulin-TRPV1 interaction 808 in the non-phosphorylated (C) and phosphorgléig
state. In C, the interaction is stabilized amortgert by R802 hydrogen bonds to D163 frpatubulin and E97
from a-tubulin and R797 hydrogen bonds to the backbonkEl4ff6 froma-tubulin) as well as by a hydrogen
bond between S800 to D163. In contrast, phosphtioylaf S800 by PKE clashes sterically with E411 as well
as repelling its negative charge. Hydrogen bonds rapresented in dotted green lines; atom clashes a
represented in dotted blue lines.
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7.2.2 Biochemical evidence for competition between PKE
phosphorylation and tubulin binding at the TRPV1-Ct

Based on the structural modeling data, next inoeH®mical experiment performed by Chandan
Goswami it was explored if 1) tubulin binding to FR1-Ct reduces PKE€mediated phos-
phorylation and 2) if phosphorylation of TRPV1-S8@8ults in a reduction of tubulin binding.

The PKG: phosphorylation of TRPV1-Ct fused to the maltoswlimg protein (MBP-TRPV1-Ct)
was analyzed in presence or absence of tubulinfi&utubulin was incubated with purified
MBP-TRPV1-Ct to allow the formation of a tubulin-PR1 complex before phosphorylation
with activated PKE€ was attempted. Tubulin binding to MBP-TRPV1-Ctulesd in reduced
PKCe-mediated phosphorylation of TRPV1 compared withutun-free controls (Fig. 18 A). This
result supports the computational prediction tbhutin association with TRPV1 hinders PK®©
access and phosphorylate TRPV1.

Structural modeling also predicted that a phospbedep at the S800 residue of TRPV1 interferes
with tubulin binding. To test this biochemicallyrst MBP-TRPV1-Ct was incubated with active
PKCe before tubulin was added. Comparing tubulin bigdim PKG-phosphorylated versus non-
phosphorylated TRPV1-Ct less tubulin was detectegbull down samples of phosphorylated
TRPV1 (Fig. 18 B).
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Fig. 18: Competition between PK&-mediated phosphorylation and tubulin binding to the TRPV1-Ct. (A)
Competition between tubulin binding and P&@ediated phosphorylation of TRPV1-Ct. Purified ulib was
incubated with MBP-TRPV1-Ct before PiK@vas allowed to phosphorylate TRPV1-Ct in a kinassay. Pre-
incubation with tubulin resulted in decreased RH@diated phosphorylation of TRPV1-Ct on an
autoradiogram compared to tubulin-free contrgB) PKCe-mediated phosphorylation of MBP-TRPV1-Ct
resulted in less tubulin binding compared to noongphorylated controls.
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7.2.3 mRNA of classical estrogen receptors and GPR30 igmessed in
F-11 cells

Computational as well as biochemical experimerdgcate that PK&mediated phosphorylation
of TRPV1 alters the interaction between the midsata cytoskeleton and TRPV1. TRPV1 has
been shown to stabilize as well as destabilize otutiules. In order to understand the con-
sequences of PKgnduced alteration of the TRPV1-tubulin interaation microtubule stability,
the effect of estrogen-induced PK@ctivation onto microtubule structures was analyna a
cellular level. As primary DRG neurons are a compleeterogeneous cellular system, DRG
neuron-derived F-11 cells are often used to stighyading events of primary sensory neurons. To
examine if F-11 cells are also suitable to studyatellular signaling pathways induced by
estrogen, the expression of estrogen receptoramagzed. Performing a RT-PCR analysis from
RNA preparations of F-11 cell lysates with speqtficners for ER, ER3 and GPR30 clear bands
with the expected sizes for all three estrogenptecs were detected (Fig. 19). Thus, F-11 cells
can be used to study estrogen signaling mediateddsgical ERs as well as signaling pathways
upon GPR30 activation.

Fig. 19: mRNA of classical estrogen receptors as Was GPR30 is expressed in F-11 celRT-PCR analysis

of F-11 cell lysates shows the mRNA expressiorERdt, ER3 and GPR30. Clear bands with the expected size
were detected for ER(345 bp), ER (262 bp), GPR30 (172 bp). Lane 1, F-11 extracte |13, reaction without
reverse transcriptase; lane 3, water control.

7.2.4 Estrogen induces morphological changes in TRPV1 ergssing
F-11 cells

Cytoskeletal alterations often result in morphotadi changes. | first analyzed if estrogen
treatment leads to morphological changes in TRPXfiressing cells. As F-11 cells do not
express TRPV1 endogenously they were transfectdd WRPV1 fused to the green fluorescent
protein (TRPV1-GFP).
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In live cell imaging experiments, rapid morpholaichanges were observed in response to
estrogen (1 nM) in F-11 cells expressing TRPV1-@GR& tubulin-cherry. Morphological changes
included cell retraction, growth cone retractiom aricosity formation within 1 to 10 min after
estrogen application (Fig. 20 A).

To investigate if the observed effects were inddegendent on TRPV1, live cell imaging
experiments were performed with F-11 cells onlynsfacted with tubulin-cherry but lacking
expression of TRPV1. No similar morphological chesigvere observed (Fig. 20 B). Thus,
estrogen-induced morphological alterations are wigdgeat on TRPV1.
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Fig. 20: Estrogen induces morphological changes ia TRPV1-dependent manner.(A) A combination of
fluorescence and bright field live cell imagingtabulin-cherry and TRPV1-GFP expressing F-11 cgtiswed
rapid morphological changes including cell retracti growth cone retraction and varicosity formation
response to estrogen (10 nM) within 5 to 10 minp@uppanel). Enlarged area of the TRPV1-GFP andlitubu
cherry expressing cell shown in the upper pangbidRgrowth cone retraction and varicosity formatisiclearly
visible in response to estrogdB) In contrast to TRPV1-GFP expressing cells, nolainthanges were detected
in F-11 cells expressing only tubulin-cherry.
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7.2.5 Microtubules are destabilized by estrogen treatmenin a TRPV1-

dependent manner

Morphological changes can be induced by alteratiohsmicrotubules but also by other
cytoskeletal components. Therefore it was testedsifogen treatment results indeed in an
alteration of microtubule filaments as expectedmfrthe computational consideration. The
microtubule structure of estrogen-treated F-11 scelvas analyzed using confocal
immunofluorescence microscopy. To separate soluldbelin from filamentous microtubules,
cells were extracted with a digitonin-containingptanic buffer before fixation. Digitonin
permeabilizes the cell membrane without changirg déllular morphology. Thereby, soluble
cytoplasmic components such as soluble tubulin lbanremoved leaving behind the intact
polymeric cytoskeletal network and its associatextgins (Goswami et al., 2006; Lieuvin et al.,
1994). Microtubule structures were detected usimtgtabulin antibodies (YL1-2).

In unstimulated F-11 cells, a rich filamentous miabule network was observed independent of
TRPV1 expression. In contrast, application of egro (10 nM, 1 min) resulted in a rapid
destabilization of microtubules only in TRPV1-exgsimg cells. In these cells, microtubules no
longer appeared as smooth filaments. The remaimngunofluorescence signal was restricted to
the vicinity of the microtubule-organizing cent&imilar to the live cell imaging experiments the
rapid effect of estrogen was dependent on expresHid RPV1. Non-transfected and therefore
TRPV1 negative cells were not affected by estroggoosure and intact microtubule filaments
were observed all over the cells (Fig. 21 A).
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Fig. 21: The PKCe-phosphorylation site at S800 of TRPV1 is essentifbr estrogen-induced microtubule
destabilization. (A) Estrogen-induced microtubule destabilization inPMR expressing F-11 cells. After
treatment with 10 nM estrogen for 1 min cells werdracted with a digitonin containing buffer remuyi
soluble cytoplasmic components. Microtubule streetuwvas analyzed with confocal immunofluorescence
microscopy using anti-tubulin antibodies, TRPV1 mgsion was visualized with anti-TRPV1 antibodiks.
TRPV1 expressing cells, no filamentous microtubulese detected after estrogen treatment, while TRPV
negative cells showed normal microtubule netw@®j. The PKC inhibitor Bisindolylmaleimde | hydrochlde
(BIM) blocks estrogen-induced microtubule destahifion in TRPV1-expressing F-11 cells. In live é¢eihging
experiments incubation with BIM (@M) 12 min prior to estrogen application (1 nM) ibitéd morphological
changes normally observed in response to estrdgea.to the strong autofluorescence of BIM, fluoessmre
image of TRPV1-GFP and tubulin-cherry expressints agas taken before BIM application and imagingswa
continued in the bright field channel for at led6tmin (1 frame/min)(C) In cells expressing TRPV1-S800A-
GFP, a mutant lacking the PK@hosphorylation site, no microtubule destabilimativas observed in response
to estrogen. Analysis of TRPV1-S800A-GFP expressinlis after estrogen treatment (10 nM, 1 min) and
digitonin-extraction showed complete microtubullarfients after staining with anti-tubulin and anRHAV1
antibodies using fluorescence confocal microscopy.
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7.2.6 The PKCe phosphorylation site S800 is essential for estroge
induced rapid microtubule destabilization

The results presented above indicated that estrogeractivate PKEin DRG neurons (s. 7.1).
To investigate if also in F-11 cells the effect edtrogen is mediated by PKCcells were
incubated with the general PKC-inhibitor BIM pritw estrogen application. BIM blocks all
classical PKC isoforms as well as novel PKCs inclgdPKCe.

Pre-incubation with BIM (5 pM) alone for 12 min didt change the morphology of TRPV1-GFP
expressing F-11 cells (Fig. 21 A). But BIM aboligheompletely estrogen (1 nM) induced
morphological alterations in TRPV1 expressing Feglls indicating that PKCs are involved in
this process (Fig. 21 B).

F-11 cells express different PKC isoforms (Goswampublished data). In absence of a PKC
specific cell-permeable inhibitor TRPV1-S800A mutaras used to test if Pkds responsible
for estrogen-induced microtubule destabilizatiomme TTRPV1-S800A mutant lacks the PKC
specific phosphorylation site at serine 800, bilitistegrates into cellular membranes and forms
functional channels (Mandadi et al., 2006). In casttto cells expressing wild type TRPV1-GFP,
estrogen did not lead to microtubule destabilizatio TRPV1-S800A-GFP expressing cells.
Confocal immunofluorescence analysis of tubulinngtg showed clear microtubule networks
after estrogen treatment and digitonin extractkeg.(21 C).

7.2.7 Microtubule destabilization is independent of the RPV1 channel

function

Opening of the ion channel TRPV1 using the TRPVaAn&gs capsaicin or RTX results in rapid
disassembly of the microtubule cytoskeleton (Gosingtral., 2006). Thus, | explored if estrogen-
induced microtubule disassembly is also due to TREhannel opening. TRPV1-GFP transfected
F-11 cells were incubated with the TRPV1 channleibitor 5’I-RTX prior to estrogen treatment.
After digitonin-extraction the microtubule struaturwas analyzed by confocal immuno-
fluorescence microscopy using antibodies againstlito. Treatment with 1 uM 5’1-RTX for
30 min alone did not alter microtubule stabilityTRPV1 expressing cells. Surprisingly, estrogen
caused rapid disassembly of microtubules alsolla peetreated with 5’'I-RTX (Fig. 22 A).

To corroborate that estrogen-induced microtubulstadglization is indeed independent of the
TRPV1 channel function, we expressed a TRPV1 fragntleat lacks the entire N-terminal
cytoplasmic domain (TRPVAN). This truncated fragment was reported to loealzthe plasma
membrane but it lacks capsaicin-induced channeligct(Jung et al., 2002). TRPVAN
expressing cells also showed microtubule disassembiesponse to estrogen comparable to the
microtubule disassembly observed in cells exprgsiith length TRPV1 after estrogen treatment
(Fig. 22 B). Taken together, these data suggestesteogen-induced microtubule disassembly is
TRPV1-dependent. The data are also a first evidesica channel-independent function of
TRPVL1.
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Fig. 22: Estrogen-induced microtubule destabilizatin is independent of the TRPV1 channel function(A)
Microtubule destabilization could not be blockedhnvthe TRPV1 antagonist 5'1-RTX. Pretreatment ol F-
cells with 1uM 5'I-RTX for 30 min did not inhibit microtubule dgabilization induced by estrogen application
(10 nM, 1 min). After digitonin extraction loss d¢he microtubule network was detected using confocal
immunofluorescence microscopy in TRPV1 expresseits,cwhile no similar effects were observed in MRP
negative cells(B) Expression of the not channel forming N-terminaletion mutant of TRPV1 (TRPVAN) is
sufficient to mediate estrogen-induced microtubddstabilization. F-11 cells expressing TRPMI-showed
similar loss of microtubule filaments after estrogeeatment (10 nM, 1 min) followed by digitoninteaction.
Microtubule structure and TRPVAN expression was analyzed by confocal immunofluzerse microscopy
using specific antibodies against tyrosinated tmbamhd the C-terminal region of TRPV1.

7.2.8 The GPR30 agonist G-1 mimics estrogen effects in FY1

expressing F-11 cells

In the first part of this thesis | showed that agtmof the novel estrogen receptor GPR30 but not
of the classical estrogen receptorsoEdd ER result in PKE translocation. Thus, next it was
examined if similar to estrogen also the GPR30 mjofs-1 induces TRPV1-dependent
destabilization of the microtubule cytoskeleton.

The influence of the GPR30 agonist G-1 on the tallunorphology in cells co-expressing
tubulin-cherry and TRPV1-GFP was monitored in logdl imaging experiments. Comparable to
estrogen also in response to G-1 (100 nM) morphacddgchanges including cell retraction,
growth cone retraction and varicosity formation evebserved 2 to 10 min after application. F-11
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cells lacking TRPV1 expression showed no morphealgihanges (Fig. 23 A). And, G-1 actions
were not blocked by the TRPV1 channel inhibitorBTX (Fig. 23 B).
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Fig. 23: The GPR30 agonist G-1 mimics estrogen-inded morphological changes in TRPV1-expressing
F-11 cells.(A) In live cell imaging experiments using fluorescemonfocal microscopy the GPR30 agonist G-1
(100 nM) induced rapid morphological changes (ceftaction, growth cone retraction, varicosity fation)
within 2 to 10 min in TRPV1-GFP/tubulin cherry egpsing cells (upper panel), while no similar alieres
were detected in only tubulin cherry expressindscgbwer panel)(B) Morphological alterations described in
(A) could not be blocked by pre-incubation with fiRPV1 antagonist 5’1-RTX (&M, 30 min).
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As estrogen caused rapid destabilization of midnales, microtubule structure was analyzed by
immunofluorescence microscopy after G-1 treatmd@OnM, 1 min) followed by digitonin
extraction. Again, G-1 treatment resulted in debidd microtubules only in TRPV1-GFP
expressing cells, while no comparable destabibratvas observed in TRPV1-negative controls
(Fig. 24).

TRPV1 tubulin merge

(59

Fig. 24: G-1 induces destabilization of the microtoule cytoskeleton similar to estrogen.
Immunofluorescence analysis indicated a loss ofrohibule filaments in response to G-1 in TRPV1-GFP
expressing cells, while no similar changes wereatetl in TRPV1 negative cells. Cells were treatéth w
100 nM G-1 for 1 min followed by a digitonin extteom. Tubulin was visualized using specific antibesd
against tyrosinated tubulin (YL1-2).

To examine the involvement of PKCthe TRPV1-S800A-GFP mutant was expressed.
Comparable to estrogen effects, also G-1l-inducectatubule destabilization was blocked by
ablation of the PKE phosphorylation site at TRPV1-serine 800. Immuwnaiscence analysis of
the tubulin cytoskeleton showed complete microtaboétworks after G-1 treatment (10 nM,
1 min) and digitonin extraction (Fig. 25 A). Alsa live cell imaging experiments of TRPV1-
S800A-GFP expressing cells, no rapid varicosityriation was observed in response to G-1,
indicating no rapid microtubule disassembly in theslls (Fig. 25 B). However, even in TRPV1-
S800A-GFP expressing cells, where prior G-1 apptioadid not alter the microtubule cyto-
skeleton, rapid varicosity formation was inducedtiy TRPV1 channel opener RTX indicating
that the channel is still functional and that therotubules are in a state responsive to strong
destabilizing stimuli (Fig. 25 B). This observati@gain strengthens the argument that G-1-
induced varicosity formation is independent of TRPV1 channel function.

Taken together, these data indicate that the GRIg8@ist G-1 mimics estrogen effects on the
microtubule cytoskeleton via a signaling pathwaoiming PKC:s and TRPV1.
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A

TRPV1-S800A tubulin merge

G-1 (100 nM) RTX (1 uM)

TRPV1-S800A-GFP, tubulin-cherry, bright field

Fig. 25: G-1-induced microtubule destabilization dpends on serine 800 of TRPV1(A) In cells expressing a
TRPV1 mutant lacking the Pkphosphorylation site (TRPV1-S800A-GFP) no micrafebdestabilization was
observed in response to G-1. Analysis of TRPV1-88CGFP expressing cells after treatment with G-1
(100 nM, 1 min) followed by a digitonin extracti@mowed complete microtubule filaments after stajniith
anti-tubulin antibodies using fluorescence confanalroscopy. B) Fluorescence live cell imaging of F-11 cells
expressing TRPV1-S800A-GFP and tubulin-cherry ditl show varicosity formation within 10 min after G-
application (100 nM). In contrast, additional apption of the TRPV1 agonist RTX (M) induced varicosity
formation within 4 min.

7.2.9 Estrogen as well as G-1 causes rapid microtubulesissembly in a

subset of DRG neurons

To confirm the relevance of the described signalpaghway for nociceptive neurons, it was
examined if PKE activation by estrogen as well as G-1 can infleeribe microtubule
cytoskeleton of DRG neurons. Primary DRG neuronsewwepared from adult male rats and
cultured until an extensive neurite network waslglgthed. Live cell imaging showed varicosity
formation after stimulation with 10 nM estrogenl®0 nM G-1 within 5 to 15 min, indicating the
disassembly of microtubule filaments (Fig. 26). Hwer, not all neurons responded to this
treatment. As DRG neurons represent a highly hgé&reous system, responding neurons may
reflect a distinct subpopulation such as the TREXfiressing subpopulation of nociceptors.
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Estrogen (1 nM)

1

G-1 (10 nM)

I
5 :

Fig. 26: Estrogen as well as G-1 induces rapid vaosity formation in a subset of DRG neurons(A) Live

cell imaging of 4-5 day cultured rat DRG neuronswbd rapid varicosity formation in response to azgtn

(10 nM) within 5 to 15 min occurring only in a s@b®f neurons. First image show an overview; thieiong
images show the enlarged region (black rectan@) Similar to estrogen, treatment with the GPR30 &gjon
G-1 (100 nM) induced varicosity formation withinté 15 min in a subset of DRG neurons. First images
represent an overview; the following images shosvehlarged region (black rectangle).

7.2.10 The microtubule cytoskeleton contributes to G-1-indced

mechanical hyperalgesia in the rat

The microtubule network has been shown to be imaporfor epinephrine-induced PKC
dependent sensitization in rat behavioral expertmiéDina et al., 2003). Nocodazole-induced
microtubule destabilization resulted in abrogatiaf epinephrine-induced mechanical
hyperalgesia. The cellular analysis presented ahoweindicates that the cytoskeleton serves as a
downstream target of PKCsignaling in nociceptive neurons. Based on thasdinfgs, it was
addressed if cytoskeleton-dependence is a moreajgmeperty of PKE-dependent sensitization
beyond epinephrine-induced sensitization. Therefbreas tested if also estrogen/G-1-induced
sensitization is affected by modulators of the otgbule cytoskeleton.

The effect of microtubule active drugs on G-1-ineldienechanical hyperalgesia was examined in
collaboration with Olayinka Dina. Injection of Giitradermally into the hindpaw of adult male
rats evoked PK&dependent mechanical hyperalgesia (Fig. 27 A,adse Fig. 15) (Kuhn et al.,
2008). Intradermal injection of the microtubule t@édizing agent nocodazole on the dorsum of
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rat hindpaws 30 min before G-1 injection abolishedchanical hyperalgesia completely. In
contrast, injection of the microtubule stabiliziagent Taxol 30 min prior to the G-1 injection
showed rather the tendency to increase G-l-ind@gegtitization against mechanical stimuli
(Fig. 27 A). Thus, indeed, the microtubule cytoskeh contributes to G-1-induced sensitization
in a similar manner as observed in a model of ggirire-induced hyperalgesia (Dina et al.,
2003). This suggests that the involvement of therotilbule cytoskeleton in PKk&lependent
sensitization is a more general phenomenon andargpecific effect of a single nociceptive
stimulus.

Injection of nocodazole or Taxol alone did not aeffthe nociceptive threshold measured 30 min
after injection (Fig. 27 B). This observation inalies that neither the state (i.e. intact filament
versus disassembled dimer) nor the dynamics ofrtizeotubule cytoskeleton is responsible for
the development of mechanical hyperalgesia by tl@in. Moreover, it suggests that not
microtubule disassembly as such mediates the samgitsignal, but that the microtubule
cytoskeleton plays a central role only in the crnté PKCe-dependent signaling.
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Fig. 27: Alteration of the microtubule cytoskeletoninfluences G-1-induced mechanical sensitizatiorfA)
G-1 injection (1 pg/2.5 pl) into the hindpaw ofgahduced mechanical hyperalgesia 30 min afteriegtpin
(change of nociceptive threshold -37.9 + 1.4 %)plgation of the microtubule disrupting drug nocadi
(NDZ, 1pg in 2.5 pul PBS) 30 min prior to G-1 injien, abolished G-1-induced hyperalgesia completely
(change of nociceptive threshold 0.2 + 4.6 %), /fibxol injection (1 pg/ 2.5 pl) had no effect oft@nduced
reduction of the nociceptive threshold (change oticeptive threshold -48.3 £ 1.9 %}B) Nocodazole
(1 ng/2.5 ul) as well as Taxol (1 nug/2.5 pl) injestitself does not change the mechanical nocieeptireshold
30 min after application (change of nociceptiveetiiiold: nocodazole -0.2 + 3.9 %, Taxol -10.8 +%)1
Measurements of the nociceptive threshold in raevpreformed with the Randall-Selitto paw pressiaéce.
** pn < 0.001 for G-1 or nocodazole/Taxol + G-1lamment compared to vehicle controls; error barsesgnt
SEM.
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7.2.11 TRPV1 defines the influence of microtubule alternaing drugs onto

PKCe-dependent mechanical hyperalgesia

In the cellular system PKgLsignaling modulated the microtubule cytoskeletonai TRPV1-
dependent manner. Therefore it was addressed ifVIRB also involved in PK& and
microtubule-dependent pain sensitization in thenahi

To examine the influence of TRPV1, the effect af thicrotubule alternating drugs nocodazole
and Taxol on PK&dependent sensitization was tested after dowrmégol of TRPV1. In
collaboration with Olayinka A. Dina, antisense oligoxynucleotides (ODN) against mRNA of
TRPV1 which have been shown to down regulate TRREfMristoph et al., 2006), were
intrathecally injected into adult male rats daity & period of three days. Indeed, while in wild
type animals G-1-induced sensitization was increédse pretreatment with Taxol, in TRPV1-
knock down animals Taxol abolished G-1-induced isieation. Similarly, also the effect of
nocodazole on sensitization was inverted in absehd@RPV1. While G-1-induced sensitization
was abolished by nocodazole in normal male ratspa@zole had no effect on mechanical
sensitization in TRPV1 knock down animals (Fig.A8

Confirming results from TRPV1 knock out animalswihoegulation per se did not change the
induction of mechanical hyperalgesia: G-1 causeduction of the mechanical nociceptive

threshold by 37.8 + 1.4 % in naive rats, by 33183% in animals treated with mismatch ODN

and by 35.0+1.3% in rats treated with antise@®Ns against TRPV1 under normal

cytoskeletal conditions (Fig. 28 B). These resudtgggest that TRPV1 is not an essential
component of a linear signaling pathway toward iseasion. Instead, these findings indicate that
the dynamic TRPV1-microtubule interaction is a paftthe sensitization process, an aspect
observable by pharmacologically constraining theratubule dynamics.
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Fig. 28: TRPV1 defines the influence of microtubulalternating drugs onto PKCe-dependent mechanical
hyperalgesia. (A) Downregulation of TRPV1 reversed the effect of nuiobule alternating drugs on G-1
induced hyperalgesia. Application of nocodazolep@l2.5 pl) did not affect G-1l-induced sensitization
(application of 1 pg/2.5ul) in TRPV1 antisenseateel rats, while in rats treated with mismatch ODNs
hyperalgesia was abolished similar to naive aninfal&ange of nociceptive threshold: antisense TRPV1
-33.1 + 2.3 %, mismatch 1.5 £ 3.3 %, naive 0.2 6 % (s. graph B)). In contrast, pre-treatment \Witixol

(1 pg/2.5 ul) did not change the nociceptive tholislafter G-1 application in naive as well as misthaDDN
treated animals, while it abolished G-1-inducedsgémation in antisense TRPV1 ODN treated rats iigeaof
nociceptive threshold: antisense TRPV1 5.2 + 6,4fismatch-32.4 + 3.8 %, naive -48.27 + 1.91 (apbrB)).

(B) Downregulation of TRPV1 using antisense oligodemgteotides (ODN) as well as application of misrhatc
ODNs (40 pg in a volume of 20 pl once daily for &, intrathecally) did not change the induction of
mechanical hyperalgesia by G-1 compared to naitgee(change of threshold: antisense TRPV1 -35.(B+A,.
mismatch -33.8 £ 1.3 %, naive -37.8 +1.4 %). Measients of the nociceptive threshold in rats were
preformed with the Randall-Selitto paw pressureicev** p < 0.001 for nocodazole/Taxol + G-1 treatmh
compared to corresponding negative controls (Apdr treatment compared to corresponding negating s
(B); error bars represent SEM.
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7.2.12 Summary part Il

Structural modeling and biochemical experimentscaigd that PK&mediated phosphorylation
of TRPV1 serine 800 interferes with tubulin binditigthe TRPV1-C terminus. In DRG neuron
derived F-11 cells, treatment with estrogen or @&R30 agonist G-1 resulted in P¥&Cand
TRPV1-dependent microtubule destabilization andioedl morphological changes including cell
retraction, growth cone retraction and varicosityniation. The observed alterations were
independent of the TRPV1 channel function, as mitnade disassembly also occurred in the
presence of the potent TRPV1 channel blocker 5’KRas well as in cells expressing an N-
terminal deletion mutant of TRPV1 which does natrfa functional channel. While independent
of the channel function, a point mutation of theGQ2Kspecific phosphorylation site at serine 800
(TRPV1-S800A) attenuated destabilization of micbote filaments. In pain behavioral
experiments, G-1l-induced PK@ependent mechanical hyperalgesia was abolishedhby
microtubule destabilizer nocodazole while the ntigboile stabilizing agent Taxol had no effect.
In the absence of TRPV1 the effects of Taxol andodazole were inverted: Taxol abolished
PKCe-dependent mechanical hyperalgesia while nocoddmaeo effect.

These results support the suggestion that £K@htrols signaling in nociceptive neurons by
regulating the relationship between TRPV1 and thmilin cytoskeleton upon activation. Thus,
TRPV1 serves as a signaling intermediate in estragg@uced mechanical hyperalgesia, a
property unrelated to its ion channel function.

7.3 The dual role of estrogen: Identification of a Ca™-

dependent analgesic signaling branch

In part | and Il | characterized a linear signalpeghway in nociceptive neurons. | collected data
supporting the involvement of the novel estrogereptor GPR30, identified estrogen to activate
the G-proteinas upstream of PKE and described the interaction of TRPV1 with tubwas a
novel downstream target of PK@ estrogen-induced mechanical sensitization.drt pl | will

now leap from the linear pathway to signaling esenvolved in a cellular signal-computation
mechanism, dealing with the integration of multigeggnals. Under painful or sensitizing
conditions, i.e. during inflammation, many diffetenflammatory mediators are released from the
surrounding tissue. Thus, neurons are exposed tsinadusly as well as successively to a broad
variety of signaling mediators. To understand hawnpry neurons process multiple signals,
signaling events induced by repeated activatiothefPKG: signaling pathway were analyzed in
behavioral experiments and on the cellular level.

In an experimental series performed in Tim HucHalsoratory it was shown, that a sensitizing
signaling pathway could not be activated a second is observed by lack of translocation of
PKCe in response to a second treatment of DRG cultufé® observed block of PKC
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translocation was rapid (<30 sec) and long las(#20 h). Further experiments indicated the

branching of the signaling cascade into a B¥€pendent sensitizing and an IP3-dependent
desensitizing pathway. In behavioral experimemggction of a second normally sensitizing

stimulus did not result in additional sensitizatidnstead, sequential administration of two

sensitizing stimuli reversed already establishedharical hyperalgesia (Fig. 29).

In the following part of my thesis | investigatetiet cellular mechanism underlying the
desensitizing/analgesic effect of estrogen. Therelycused on the role of €aas a second
messenger in the inhibitory branch of estrogenadigg in nociceptive neurons.
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Fig. 29: A second sensitizing stimulus reverses PK&lependent mechanical sensitization(A) Injection of
estrogen as well as the Epac-activator ESCA (6/3.5qul) or estrogen (100 ng/2.5 ul) intradermatito the
hindpaw of rats results after 30 min in robust naedbal hyperalgesia (reduction of nociceptive thodd
compared to vehicle controls: ESCA =32.1.7 %, Estrogen=3382.0%). Stimulation with the
pronociceptive Epac-activator ESCA 30 min aftercping estrogen stimulation reverses the estallishe
hyperalgesia completelyB) Mechanical sensitization induced by intradermgdtion of the GPR30 agonist
G-1 (1 pg/2.5 pl) into the hindpaws of male ratgasnpletely abolished after injection of the Epativator
ESCA (6.3 nug/2.5 pl) (reduction of nociceptive #ireld compared to vehicle controls: G-1 = 4226 %,
G-1 + ESCA = 1.4 2.4 %).(C) Similar to estrogen- and G-1-induced mechanicpkhgigesia, also mechanical
sensitization induced by the intradermal injectidrihe B-adrenergic agonist isoproterenol (1 pg/2.5 pb hie
hindpaw of male rats is abolished by a subsequgattion of the Epac-activator ESCA (6.3 pg/2.5which
normally induces PK&dependent mechanical sensitization if appliedal&mror bars indicate SEM.
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7.3.1 Estrogen induces C&' influx in a subset of DRG neurons

In vitro, nociceptive neurons can be switched from a seasdn responsive to a non-responsive
state. Further experiments indicate the branchinipeo PKG activating signaling cascade. One
branch, including PKE leads to mechanical sensitization. The other diramcluding IP3,
interferes with successive signaling events and thes potential to reverse mechanical
hyperalgesia. The involvement of IP3 indicated &t plays a role in the inhibitory branch of
the signaling cascade. If estrogen induce¥ €ignaling in nociceptive neurons, is unknown.

Therefore, | examined if estrogen treatment leada tise of intracellular G levels in DRG
neurons. In live cell calcium imaging experimenssng Fura-2 AM a rapid increase of intra-
cellular C&" concentration was observed in a subset of DRGomsurAt the end of the
recordings, responding and non-responding neurare tested for viability by a depolarizing
KCI pulse. 15.1 % of all viable DRG neurons showad increase in G& concentration in
response to estrogen (Fig. 30) (16 out of 106 me)roThis percentage is very similar to the
number of neurons showing PK@ctivation after estrogen treatment (Fig. 7 B).
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Fig. 30: Estrogen induces calcium influx in rat DRGneurons. Fura-2 based ratiometric calcium imaging
indicates calcium influx in response to estrogehr{1) in a subgroup of DRG neurons. Representataees of
responsive (red) and non-responsive (blue) DRG amsurare shown for cultures treated with estrogen.
Ratiometric images were taken ~2 sec. Black erimigcate the time point of the test pulse (mediuthg
stimulus and the control stimulus KCI.
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7.3.2 PKCze translocation occurs in neurons showing intracelllar Ca®*

rise in response to estrogen

PKCe translocation as well as intracellular®Cese occurs only in a subgroup of DRG neurons.
Experiments from our group suggested that thedethalar C&* signal is involved in the block of
subsequent PK&L translocation and the reversal of mechanical season. Therefore, |
investigated if the Carise occurs in the very same cells which transto®KG: in response to a
sensitizing stimulus. To analyze the subcellulaalization of PKG in neurons showing Ga
rise, live cell imaging has to be combined with immafluorescence analysis of fixed neurons. To
overcome the challenge to find the same cells romedt in calcium recordings again for
evaluation of PKE translocation, a combined assay was establisheeh @utomated high content
immunofluorescence microscope. There, the ideatific of the absolute coordinates of each cell
allowed us to perform both evaluations in the \sagne neuron.

Over night DRG cultures derived from adult males naere loaded with Fura-2 AM and changes
in intracellular C&" concentrations were monitored by taking pairedgesaexcited at 340 and
380 nm about every 2 sec until the end of the det imaging protocol. As DRG cultures are a
heterogeneous cell system including various medensitive neurons, a vehicle pulse was
applied after 15 sec baseline scan and cells sentutthis low level mechanical stimulation were
excluded from further analysis. Images were taken dnother 30 sec before the RKC
translocation inducing stimulus was applied. Celise fixed 40 sec after estrogen application
and PKG translocation was analyzed by immunofluorescencierascopy. Using this
combinatory approach PkQranslocation was observed in neurons also respgrd estrogen
with an increase of intracellular E€devels (Fig. 31). This suggests that, indeed, lsighaling
events take place in the same cells.
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Fig. 31: PKCe translocation occurs in neurons showing calcium iifux in response to estrogen.A)
Representative images of Fura2-loaded cells trewaiithl estrogen (10 nM). One responding and one non-
responding cells is shown. The 340/380 nm ratiolesn converted into false colors. Images werentakeut
every 2 sec (numbers underneath indicate the ribgpdrame). The treatment started with the sequmedented
frame. (B) After fixation and immunofluorescence labeling, @Ktranslocation to the plasma membrane was
detected in neurons with calcium influx (epifluarest images, 20 x objective). Intensity histograimg the
white lines are represented on the right.
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7.3.3 PKCe-activating substances initiate C&' signaling in DRG neurons

So far, all estrogen effects were mimicked by tsteogen receptor GPR30 agonist G-1 in cellular
and behavioral experiments. Thus, it was analyzatso rise of intracellular Gais initiated by
G-1. Performing C& imaging experiments, a rapid increase of the éeltalar C&" levels was
observed in ~19 % of DRG neurons (18 out of 95 mesirtotal number of viable neurons defined
by a KCI response) after application of 10 nM GFig(32 A). Similar to estrogen treated cells,

neurons responding with an increase of intracell@&* to G-1 treatment also showed P&C
translocation (Fig. 33).
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Fig. 32: The PKCe-activating stimuli G-1 and isoproterenol mimic estogen-induced calcium influx. Fura-2
based ratiometric calcium imaging shows calciuntuinin response to the GPR30 agonist G-1 (10 nMyels

as thep-adrenergic agonist isoproterenol in a subgroupBf5S neurons. Representative traces of responsive
(red) and non-responsive (blue) DRG neurons areistor cultures treated with G-1 (A) or isoprotese(B).
Ratiometric images were taken ~2 sec. Black erigcate the time point of the test pulse (mediuthg
stimulus and the control stimulus KCI.
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To generalize these results and to assure a signakechanism not only specific for estrogen and
estrogen receptor agonists, it was next examinegledtment with the3-adrenergic agonist
isoproterenol also induces a“Caise in DRG neurons. Calcium imaging experimersisgi the
protocol described above showed a rapid increasatiicellular C&' levels in a subgroup of
DRG neurons. The effect was comparable to changesreed in response to estrogen or G-1
Fig. 32 B, Fig. 33) (16.7 % neurons responding,oli8 of 100 neurons, total number of viable
neurons defined by KCI response). And again, inrowesi showing Ca rise, also PKE
translocation to the plasma membrane was obseRigd33).
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Fig. 33: G-1 and isoproterenol induce calcium infly and PKCe translocation in the same neurons(A)
Representative images of G-1- (10 nM, first paira#s) or isoproterenol-treated (1 pM, second péirows)

rat DRG neurons loaded with Fura-2 AM. One respogdind one non-responding cells is shown for every
treatment. The 340/380 nm ratio has been conventedfalse colors. Images were taken about evesgec2
(numbers underneath indicate the respective fraite.treatment started with the second presentedeii(B)
After fixation and immunofluorescence labeling, RKi€anslocation to the plasma membrane was detécted
neurons with calcium influx (epifluorescent imag2e,x objective). Intensity histograms along theitevines

are represented on the right.
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7.3.4 Intracellular Ca?" rise itself does not induce mechanical

sensitization

Cellular data indicated a branching of the sigmploascade in a Pk&ependent sensitizing
signal and a C&dependent signal controlling the signal transauciof following stimuli. To
verify that intracellular C rise is indeed a signaling branch independenthef echanical
sensitization event, it was examined if direct slmtion of C&" release through ryanodine
induces mechanical sensitization. Injection of ndine (1 png/2.5 pl) into the hindpaw of adult
male rats did not influence the mechanical nocieeghreshold (Fig. 34).

7.3.5 Ryanodine-induced C&" release reversed PK&dependent

mechanical sensitizationn vivo

Cellular experiments performed in Tim Hucho’s ladtory showed that the inhibitory branch of
the signaling cascade can be activated independeht sensitizing stimulus by inducing €a
release from intracellular stores. Therefore it waestigated if ryanodine administration reverses
mechanical hyperalgesia in sensitized rats, evemgtn ryanodine itself did not affect the
mechanical nociceptive threshold. In behavioral eexpents performed in Jon D. Levine’s
laboratory, rats were sensitized by injection @ HEpac activator ESCA in a concentration known
to induce mechanical hyperalgesia (6.3 ug/2.5After 30 min, when robust hyperalgesia was
detectable, ryanodine (1 png/2.5 pl) was injected the hindpaw of sensitized rats. Indeed, no
mechanical hyperalgesia was detectable 30 min gfé@rodine administration, indicating that the
inhibitory effect is indeed independent of the seregion event (Fig. 34).

As an elevation of intracellular €devels was able to reverse already establishedrhigesia, it
was also examined if ryanodine injection inhibitdldwing sensitizing signals and therefore
prevents the development of mechanical hyperalgédiar injection of ryanodine (1 pg/2.5 pl)
30 min prior to ESCA administration (6.3 png/2.5 jfjo the hindpaw of adult male rats no
mechanical sensitization was detectable measuredirB@fter ESCA injection (Fig. 34).

These results strengthen the hypothesis, that nhiitory effect observed after sequential
administration of sensitizing/nociceptive substanitebehavioral experiments is mediated by a
second branch of the signaling cascade which caacbeated independent of the sensitizing
event.
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Fig. 34: Ryanodine abolishes PK&dependent mechanical sensitizationStimulation of calcium release by
ryanodine injection (1 pg/2.5 ul) into the hindpafvadult male rats does not induce mechanical szatson.
On the other hand, ryanodine injection (1 pg/2)orplerses mechanical hyperalgesia induced by trecE
activator ESCA (6.3 ng/2.5 pl) in adult male ratdapendent of the order of application (changeoafageptive
threshold: ESCA =-35.94.1%, ryanodine + ESCA =5#82.2 %, ESCA + ryanodine = 2185.3 %).
** pn < 0.001, error bars represent SEM.

7.3.6  Summary part Il

| showed in this part of my thesis that?Cas a central second messenger mediating the
desensitizing/analgesic effect of estrogen. Estrogauses not only PKC activation in
nociceptive neurons; it additionally initiates®Caignaling in the very same cells. This dual role
of signaling is not an estrogen-specific phenomeiitowas also observed in response of other
nociceptive stimuli such as thgadrenergic receptor agonist isoproterenol. Paihaveral
experiments showed that €asignaling itself does not induce mechanical semagion. But
inducing C&" signaling independent of a nociceptive stimulusifjgction of ryanodine was
sufficient to abolish PK&dependent sensitization completely.

Together these results suggest that estrogen dwed obciceptive stimuli initiate two different
processes in the primary sensory neuron: on ond tiay cause PK&dependent mechanical
sensitization if no other sensitizing stimulus iegent. On the other hand, they activate &-Ca
dependent signaling process which controls thesthaction of following incoming signals and
thereby reverses sensitization.
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8 Discussion

Pain and nociception are increasingly well charastd on a behavioral and electrophysiological
level. Nevertheless, the description of the undeglymolecular mechanisms is often lagging
behind. Recently, we identified sex steroid hornsoas a new class of stimuli to act directly on
primary nociceptive neurons and to influence nquice (Hucho et al., 2006). Investigating the
underlying mechanism | found estrogen signaling asignaling induced by classical
inflammatory mediators and mediated by GPCRs toveme onto PKE (Cesare et al., 1999;
Hucho et al., 2005). Extending the knowledge almmwnstream effects of estrogen-induced
PKCe activation, | identified a novel aspect of seasity signaling: the ion channel independent
regulation of the TRPVI1-microtubule interaction. dArinally, investigating how multiple
convergent signals onto PKKGire computed in the cell resulted in the desanpof a novel
endogenous autoinhibitory signaling mechanism.

In the first part of the discussion | will refleater the G-protein coupled receptor, GPR30, as an
estrogen receptor in nociceptive signaling, discoggel functions for the vanilloid receptor
TRPV1, and describe a way, how the identified iitbily module could help to explain
contradictory effects of estrogen in nociception.

In the second part I will highlight new physiologidunctions for the “female hormone” estrogen,
suggest novel perspectives for pain treatment atrdduce a modular concept of signaling in
nociceptive neurons.

8.1 Estrogen-induced signaling mechanisms in nociceptv

neurons

8.1.1 GPR30: a mediator for estrogen actions in nocicepte neurons?

Currently there are three estrogen receptors destito mediate estrogen effects,ocEER3 and
GPR30. Which estrogen receptor mediates estroghre@d PKE translocation in nociceptive
neurons and mechanical sensitization is unknowhthkée receptors are expressed in primary
sensory neurons (Bennett et al., 2003; Fehrenbattar, 2009; Liverman et al., 2009; Papka and
Storey-Workley, 2002; Takanami et al., ; Taleghanwl., 1999). And all three are described to
mediate rapid estrogen effect.

My results indicate the involvement of GPR30 inr@gen-induced PKE activation and
hyperalgesia. Both GPR30 agonists, G-1 and ICI7E2, the latter of which is simultaneously an
antagonist of the HRERB, induce rapid PKE€activation in DRG neurons similar to estrogen. In
addition, estrogen and GPR30 agonists activatesHK@he same subset of DRG neurons which
bind not only to the isolectin B4, but also expréBPV1.
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Additional support for the role of GPR30 is derivieain the signaling cascades involved. GPCRs
are widely described as mediators for sensitiziggads in nociceptive neurons. In 2005, Hucho
et al. showed that stimulation of the coupled32-adrenergic receptor induces PKéctivation
via cCAMP signaling. Also GPR30 has been reportedeéocoupled to the small G-proteus
(Thomas et al., 2005) and thus to adenylyl cylclagmaling. And indeed, inhibition of the
adenylyl cyclase blocked estrogen-induced Pd€tivation.

But what might be the physiological relevance fapid estrogen effects in DRG neurons, which
is in our system induced by concentrations of ali@ufold above peak plasma levels detected in
male rats (Cornil et al., 2006)? One possible siemathat there are fast and/or locally restudcte
pulses of estrogen in painful situations, e.g.rdfgsue injury or during inflammation. High pulses
of local estrogen would open the possibility tofefiéntiate between ERERB mediated effects
and brief GPCR mediated actions. GPR30 is desctib&dve weaker estrogen-binding affinities
than the classical estrogen receptors. Thus themalovariation of plasma estrogen levels only
minimally affects GPR30. In contrast, a brief anddlly restricted high estrogen pulse would
rapidly activate GPR30 resulting in a fast sigmaliasponse. Indeed, there is increasing evidence
for local estrogen production in neuronal tissudse estrogen-producing enzyme aromatase is
expressed in several pain-related areas of theonersystem such as the DRG and the spinal
dorsal horn (Evrard and Balthazart, 2002; EvrardQ&2 Schaeffer et al., 2010). Recently,
Schaeffer et al. reported local estrogen synthesBRG neurons in a neuropathic pain model.
Sciatic nerve injury (chronic constriction injurCl) increased local estrogen production by
DRG neurons in comparison to naive or sham-openatsd This observation was accompanied
by decreased pain thresholds against thermal ak asemechanical stimuli in CCI animals
(Schaeffer et al., 2010). Thus, estrogen can beugexl in close vicinity to nociceptive neurons or
even by the nociceptive neurons themselves whigdhtmesult in high local estrogen levels, and
is therefore likely to modulate nociception, e.g. fapid activation of nociceptive signaling
cascades. Also in humans, aromatase activity amlaktrogen production seems to be associated
with nociception: So far, a number of patients witlatations in the aromatase gene have been
described. Besides of other severe symptoms inguolsteopenia and different forms of glucose-
intolerance and fertility impairment, affected patis suffer from estrogen-dependent pain
symptoms (Bulun, 2000; Carani et al., 1997; Madfeal., 2004, Zirilli et al., 2008).

But beyond the circumstantial evidence, is GPRa3lly¢he mediating estrogen receptor? GPR30
was first described to bind to and to be activaigdestrogen in 2005 (Revankar et al., 2005;
Thomas et al., 2005). A first GPR30 specific agowias developed in 2006 (Bologa et al., 2006).
Therefore, information about physiological funcsoof GPR30 as an estrogen receptor is only
emerging. In fact, our description of GPR30 aganistucing pain sensitizatidn vivo was the
first indication of a biological role for GPR30 (Kn et al., 2008). Recently, also Liverman et al.
correlated cellular data and pain behavioral expents, where G-1 mimics estrogen actions on
both levels: In trigeminal ganglion neurons, G-l as estrogen induced ERK activation and
both substances increased Complete Freund’'s Adjundaced sensitization (Liverman et al.,
2009). But using pharmacological approaches, incabe excluded that the observed estrogen
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effects are mediated by other, potentially evelh widentified, estrogen receptors. Thus, taking
the effectiveness of GPR30 agonists as prove feolwement of GPR30 as a mediator for
estrogen effects has to be taken with caution. Sargee even that GPR30 is not an estrogen
receptor in the first place (Langer et al., 200%oCet al., 2009). Beyond estrogen receptor
mediated actions, also the direct binding of estnotp PKCs has been reproted leading to an
alteration of PKC activity (Alzamora et al., 200Buch direct effects are often interpreted as a
side-effect of extremely high estrogen concentretion the micromolar range used in the
respective experiments (Langer et al., 2009). Nbe&rss, the adenylyl cyclase dependence
described here renders a direct effect of estrogelAKC: highly unlikely. Instead it suggests that
a GPCR such as GPR30 mediates the estrogen-indbik€d translocation in nociceptive
neurons.

Currently, all our results point toward GPR30 asediator for nociceptive signaling. Still, to
verify that indeed GPR30 is the receptor mediagisiyogen-induced sensitization, experiments on
animals after downregulation or knock out of GPRB0the peripheral nervous system are
required. On the base of my data, a supportivdtrissiikely. But even if such experiments would
disprove GPR30 as the mediating estrogen receti,would open an important question:
Which other receptor/GPCR mediates estrogen, G lah 182,780 signals in nociceptive
neurons in an adenylyl cyclase-dependent manneindndes PKE-dependent sensitization?

8.1.2 TRPV1 as a downstream mediator of estrogen

| described TRPV1 to be a target of rapid, non-g@noestrogen signaling. Functional
relationships between TRP channels and the sterorthone estrogen have been reported
previously. Estrogen can influence the expressiohRP channels (Tong et al., 2006) and, vice
versa, the activation of TRP channels can alterett@ession of estrogen receptors (Malagarie-
Cazenave et al., 2009). Additionally, estrogen hasn reported to modulate TRP channel
activity. Xu et al. showed that estrogen-treatmehtbits specifically capsaicin-induced TRPV1
activation in DRG neurons, while proton-inducedivadion was not affected by estrogen.
Interestingly, this effect could be mimicked amasthers by the ERERB antagonist/GPR30
agonist ICI 182,780. The signaling mechanism whinddiates these estrogen effects, is so far
unknown (Xu et al., 2009)

Signaling toward TRP channels has been nearly sxelly associated with modulation of the ion
conductivity of the channel. Accordingly, the irdhce of intracellular modifications of TRPV1

on its ion channel function is well characterizedcontrast, not much is known about the impact
of TRPV1 modifications on intracellular signalingithways. The estrogen-induced signaling
presented here resulted in TRPV1 signaling towan@tsotubules which was insensitive to the
TRPV1-channel blocker 5’1-IRTX. TRPV1 effects thaere not blocked by TRPV1 antagonists
have been described previously (Creppy et al., 260fimoto and Mori, 2004; Fujimoto et al.,

2006). In addition to the insensitivity to TRPV1tagonists, the TRPV1-dependent microtubule
destabilization presented here also occurred irptheence of an N-terminal deletion mutant of
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TRPV1 which does not form a functional channel @Janal., 2002). While the number of reports
about non-channel functions of voltage-gated ioanciels is increasing, this indicates the first
example of TRPV1 signaling that is independentian channel functionality.

Estrogen-induced alteration of microtubules invelwbe PKGE-specific phosphorylation site
S800 in the C-terminal region of TRPV1. Phosphdigtaat this position has also been shown to
influence the channel property: It leads to theemsgization of TRPV1 (Mandadi et al., 2006).
This raises the question if the ion channel fumctcan be regulated independent of the
microtubule cytoskeleton or if the observed micbotle destabilization is necessary for the
regulation of the ion channel activity.

In the signaling pathway presented here, estroges chot act directly on TRPVL1. Instead it
initiates an intracellular signaling mechanism tleaitds to the modulation of TRPV1. Thereby a
GPCR, most likely the novel estrogen receptor GRIE3@ivolved in the transduction of estrogen
signals towards TRPV1. TRPV1 has been described dewnstream target of other GPCRs
(Malin et al., 2008; Moriyama et al., 2003; Zhangle, 2007). Zhang et al. showed that activation
of the NK-1 receptor modulates TRPV1 activity, ptsting a signaling mechanism that involves
a GPCR, PLC and PK&IZhang et al., 2007). Finding different GPCRs ablenodulate TRPV1,

it will be interesting to examine if the activatiafi other GPCRs also affects the microtubule
cytoskeleton in a TRPV1-dependent manner.

8.1.3 Does TRPV1 act as a microtubule plus end trackingrptein?

Direct binding of tubulin as well as microtubules TRPV1 has been reported previously
(Goswami et al., 2004; Goswami et al., 2006; Goswatnal., 2007b). Computational modeling
now indicated that only tubulin dimers or tubulixpesed at the tips of microtubule
protofilaments fit into the binding pocket at th&HV1-Ct. Biochemical experiments showed a
higher preference fds-tubulin overa-tubulin to bind to the TRPV1-Ct (Goswami et aD0ZDb).
This prevalence indicates that TRPV1 binds to thes gnds of microtubules which terminate
their protofilaments witlf§-tubulin.

One important class of microtubule binding proteiméeracting with the plus ends of
microtubules is the group of plus-end tracking e (+TIPs). +TIPs are specialized
microtubule associated proteins (MAPS) that accateuit the plus ends of growing microtubules
(Honnappa et al., 2009; Schuyler and Pellman, 2@ pinding to growing microtubules, +TIPs
regulate microtubule dynamics, function as intriatat signaling molecules and control cell
shape and architecture. Several structurally ute@ltamilies of +TIPs have been described, such
as end binding proteins, cytoskeleton-associatetkfor glycine-rich proteins (CAP-Gly family)
and the family of proteins containing basic or senich sequences (Akhmanova and Steinmetz,
2008). The TRPV1-Ct has also several serine residune basic amino acids in the tubulin
binding regions (Goswami et al., 2007b). One furtttearacteristic of basic/serine-rich +TIPs is
their regulation via phosphorylation. As microtutsilare negatively charged, phosphorylation in
close vicinity to the binding region reduces thiedimg affinity between +TIPs and microtubules
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(Akhmanova and Steinmetz, 2008). For example, ghasgation of adenomatous polyposis coli
(APC) by glycogen synthase kinas@ $duces its dissociation from microtubules (Zunmret
al., 2001) and thereby controls axonal growth (Zbbal., 2004). Again, TRPV1 shares also this
dynamic property of +TIPs. | found the interactiohTRPV1 with microtubules to depend on
phosphorylation of S800 of the TRPV1-Ct. And evariHer, like other +TIPs, also TRPV1 has
been shown to regulate growth cone behavior inaralrcells, most likely in a microtubule-
dependent manner (Goswami et al., 2006; Goswaati,et007a; Goswami and Hucho, 2007).

Another important function of +TIPs is to attactdatabilize microtubule ends at the cell cortex.
Thereby, especially members of the basic/serife-sequence containing family serve as
microtubule-stabilizing factors (Lansbergen and wl@mova, 2006; Lansbergen et al., 2006).
Some microtubule-stabilizing +TIPs, such as APQ) band directly to actin (Moseley et al.,
2007). Others act via cortical-bound proteins [IHEASPs (Lansbergen et al., 2006). Also TRPV1
binding stabilizes microtubules. Localized in thasma membrane, TRPV1 particularly stabilizes
submembranous microtubules (Goswami et al., 200@&w@mi et al., 2007a; Goswami and
Hucho, 2007).

While, so far, there is no description of a transtbene +TIP localized in the plasma membrane,
it is known that +TIPs can link microtubules toradellular membranes. The transmembrane
protein stromal interaction molecule 1 (STIM1)asdlized in the membranes of the endoplasmic
reticulum and belongs to the family of basic/seriicd +TIPs. In addition to its function as a’Ca
sensor, STIM1 is involved in the microtubule growtigpendent remodeling of the endoplasmic
reticulum (Grigoriev et al., 2008). Interesting§TIM1 is also associated with TRP channels; it
interacts with TRPC1 and regulates its channeltfanan a microtubule-dependent manner (Pani
et al., 2009; Zhang et al., 2009).

In conclusion, binding to the plus ends of micreties and sharing many additional
characteristics of +TIPs, TRPV1 might be the foaahdidate for a +TIP localized in the plasma
membrane. To what extend TRPV1 is involved alsotier aspects of +TIPs such as the tracking
of growing microtubules, has to be investigatedmore detail. In addition to TRPV1, other
members of the TRP superfamily of ion channels hiawen shown to interact with tubulin
(Bollimuntha et al., 2005; Goel et al., 2005) ocrotubule binding proteins (Alessandri-Haber et
al., 2004). Further investigation is necessary l&ifg if these channels can be considered as
+TIPs and if this is a new, more general signatirechanism of TRP channels.

8.1.4 TRPV1 in mechanical sensitization

While the role of TRPV1 in heat hyperalgesia islvestablished, the contribution of TRPV1 to
mechanical sensitization is still controversialv&al studies show that mechanical hyperalgesia
can be induced in TRPV1 —/— mice using formalinmptete Freud’s Adjuvant, carrageenan or
partial nerve lesion (Bolcskei et al., 2005; Cataret al., 2000; Jin and Gereau, 2006; Kanai et al.
2007). Nevertheless, some groups indicate an iewoént of TRPV1 in mechanical sensitization:
Tender et al. reported that mechanical sensitizaitioa neuropathic pain model depends on
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TRPV1. RTX-induced TRPV1-ablation reduced mechdnlogeralgesia after sciatic nerve
injury. And TRPV1-ablation prior to the injury prented the development of mechanical
sensitization (Tender et al., 2008). Based on exmts with TRPV1 —/— mice, Jones and
colleagues suggest that TRPV1 functions as a meskasor in colon afferent fibers mediating
visceral nociceptive behavior in mice during inflaation (Jones et al., 2005).

How can TRPV1 be involved and also not involvedmechanical hyperalgesia? This so far
unexplained conundrum is also reflected in thiskw@n one hand, mechanical hyperalgesia can
be induced in the absence of TRPV1, indicating TR#®V1 is not an essential component for the
development of mechanical sensitization. On theerotiand, modulation of the microtubule
cytoskeleton showed a clear TRPV1-dependent effectmechanical hyperalgesia. In our
experiments the difference was made by the presginoécrotubule modulating drugs. Thus, one
might suggest that there is a cytoskeleton-dependenhanical hyperalgesia and a cytoskeleton-
independent mechanical hyperalgesia and only ttreeiois TRPV1-dependent while the latter is
not. Indeed, Dina et al. found a first indicatiof this dichotomy (Dina et al., 2003). The
differentiation of cytoskeleton-dependent versusosieleton-independent hyperalgesia would
lead to novel mechanism-based therapeutic appreaEloe example, one is therefore tempted to
speculate that capsaicin treatment which resultsendownregulation/internalization of TRPV1,
might lead to an alleviation of cytoskeleton-deprtdnechanical hyperalgesia.

The novel role for TRPV1 in PK& and cytoskeleton-dependent mechanical hyperalgssi
indicated in a mechanistic model in Figure 35. €herRPV1 does not act as a starting- or
endpoint of the sensitizing signaling pathway. déast TRPV1 functions as an intracellular
signaling scaffold: Building a complex with PLC, & and microtubules, TRPV1 regulates the
downstream signaling towards mechanical sensitizativhile microtubules control the locally
restricted signaling of PK&€ To what extent this is a signaling event commoralt signaling
pathways resulting in PK&adependent sensitization has to be investigated.
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Fig. 35: Mechanistic model of the TRPV1-microtubule complex in PKCs-dependent mechanical
sensitization. (1) Activation of a GPCR, i.e. of GPR30, by esto@r G-1 induces activation of PLC. (2) PLC
phosphorylates and thereby activates BKiinding to TRPV1 and the microtubule tip. Thigieation of PKG
initiates the reorganization of the TRPV1-signaloamplex. (3) Phosphorylation of the TRPV1-S800itms

by PKC results in the release of the microtubule with ib®KG from the TRPV1 scaffold. (4) Unbound
microtubules allow restricted movement thereby iplgd®KC in close vicinity to the so far unknown mechano-
sensitization machinery resulting in mechanicaldrgfgesia (5).

8.1.5 The dual role of estrogen

In this work, | presented two different effectsestrogen. On one hand, estrogen initiates ad?KC
dependent signaling pathway leading to sensitization the other hand, estrogen activates an
inhibitory/desensitizing signaling pathway thateirieres with successive sensitization signals.
Studies in our group identified PKGs one of the key components in the signal trastsdu
towards sensitization. On the other hand, PKattivating PLC also induced elevation of
intracellular C&" levels which seemed to be the central event toiateeén inhibitory signal
(Fig. 36). While the sensitizing branch levels maipidly, activation of the inhibitory branch alters
the signaling properties of the cell for more tl&hours. The inhibitory branch first of all blocks
future activation of the PK&sensitization branch. Thereby, the signaling hystof a cell
controls the following signaling by shifting thel@aace from sensitizing signaling toward the
desensitizing signaling branch. This unexpectedesd@rdependence can explain the opposing
effects of estrogen detected by us. Acute exposorestrogen results in PK&lependent
hyperalgesia. And in longer exposures to estrogéntbe inhibitory C&" signal remains.

Indeed, behavioral studies corroborate this nofidre B-adrenergic agonist epinephrine induces
PKCe-dependent sensitization only in male and not mdike rats (Dina et al., 2001b; Hucho et
al., 2006). Ablation of estrogen from female ratsopplementation of estrogen to cultured male
neurons switches the phenotypes between males aemndlds. According to the model, the
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continuous long term presence of estrogen in femateis on the long run only able to activate
the inhibitory branch without activating the PKGensitization branch any more and thereby
ablating PKE from isoproterenol-induced sensitization.

In behavioral experiments estrogen influences mbt BKCe-, but also PKA signaling (Dina et
al., 2001b) . In absence of estrogen, epinephridaded sensitization is mediated by RKEKA
and ERK. In presence of estrogen, only ERK conteduo epinephrine-induced hyperalgesia,
while PKC: and PKA are not involved (Dina et al., 2001b). Tseenarios are possible to explain
this observation: First, the described inhibitoatipvay not only controls future PKGignaling

but also inhibits PKA-dependent signaling, indiogtia cross talk between PKGnd PKA
signaling in nociceptive neurons. Second, estragerd activate an independent signaling event
that in turn specifically controls following PKAgialing. Which signaling mechanism is indeed
responsible for this effect, has to be analyzedture.
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Fig. 36: Estrogen induces sensitizing as well ass#msitizing signaling in nociceptive neurongstrogen has
two opposing effects on nociceptive signaling: E3trogen induces mechanical sensitization by rapidl
activating a PK€&TRPV1-microtubule-signaling pathway. (2) Estrogehnibits PKG-mediated sensitization in
a C&"-dependent manner. The sensitizing signaling tsostgerm effect induced by high estrogen levelsilev
activation of the inhibitory signaling pathway ibhs long-lastingly PKE signaling in nociceptive neurons.



DiscussION 103

8.2 Novel perspectives

8.2.1 Estrogen beyond gender: The peripheral nervous sysin as a

target for estrogen

Estrogen is the prototypic female sex hormone. Nbekess, there is now increasing evidence for
the involvement of estrogen into multiple cellufaocesses far beyond its classical function as a
female specific transcription-initiating sex horreoMuch of the conceptual change is driven by
novel insight into the role of estrogen on neuronshe central nervous system of males and
females. Several models show neuroprotective affetestrogen in the brain and in the spinal
cord (Chaovipoch et al., 2006; Dominguez et alQ20Yi and Simpkins, 2008; Zhang et al.,
2008). Estrogen was found to be involved in meniongtions (Rodgers et al., 2010; Smith et al.,
2009), to modulate synaptic structures, and ta@rfte neuronal development (Hojo et al., 2008;
McCarthy et al., 2008; Schwarz et al., 2008; Stazes et al., 2008). Classical ERs as well as
membrane ERs including GPR30 mediate these estriugetions. Finding now that estrogen
rapidly initiates signaling in primary sensory nang establishes the PNS similar to the CNS as a
target of “non-classical” estrogen signaling cassad o what extend estrogen is, similar to the
CNS, involved in neuroprotection or synaptic remode in the PNS, has therefore to be
examined.

PKCs among others contribute to the transductioastfogen signals (Dewing et al., 2008; Jung
et al., 2005; Setalo et al., 2005). Inspiring report from Sétalo et al. who in neocoritcal expdan
described estrogen-induced translocation of PKCthe plasma membrane which in turn results
in ERK phosphorylation. My results show a similatregen-induced PK&translocation also in
peripheral nociceptive neurons. Thus, estrogenaign involves, at least in part, the same
second messenger in the CNS and in the PNS. IfRH<&-dependent ERK phosphorylation can
be found in peripheral nociceptive neurons, wilvénao be investigated. This would be of
considerable interest, as also ERK is a known skomssenger involved in peripheral nociceptor
sensitization.

8.2.2 Estrogen: an inflammatory mediator in the peripherd nervous
system?

In my paradigm, sudden local increases of estragmcentration were assumed. What is a
potential physiological correlate of this? Estrodemels around 10-fold above basal plasma
estrogen concentrations are described to inducéanemal sensitization similar to inflammatory
mediators such as epinephrine or PGE2 (Hucho ,e2@06), while basal estrogen levels did not
effect pain thresholds. The identified signalingchremnism resembles signaling induced byghe
adrenergic agonist epinephrine which is investigaile the context of inflammatory pain
sensitization. Recently, Schaffer et al. reported increase of estrogen production in DRG
neurons during inflammation accompanied by a rednodf pain thresholds (Schaeffer et al.,
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2010). Also in other pain models estrogen mimickieel effects of inflammation. Flake et al.
showed that estrogen increased the excitabilityf &) neurons similar to Complete Freud’s
Adjuvant by decreasing the action potential thré&blamd increasing spontaneous activity (Flake
et al., 2005), indicating that estrogen indeed mtedi inflammatory signals in nociceptive
neurons. These findings suggest that locally predwestrogen could act as a novel mediator for
inflammation mediating the sensitizing effect bytigating a common nociceptive signaling
mechanism in primary sensory neurons.

To understand the complex system of estrogen acbamociceptive signaling, it is necessary to
analyze both functions in more detail; its roleagemale sex hormone which modulates signaling
pathways already at basal plasma concentratiodstsafunction as a nociceptive stimulus during

inflammation.

8.2.3 Clinical implications

Showing a signaling mechanism by which estrogen @RR30 agonists induce mechanical
sensitization is of therapeutic interest. Anti-egans and GPR30 agonists such as tamoxifen or
fulvestrant (ICI1 182,780) are commonly used as altberapeutic drugs in breast cancer therapy.
One severe side effect in ~20 % of fulvestrantte@aatients is long-lasting pain (Vergote and
Abram, 2006). The identification that GPR30 agaisduce mechanical sensitization and that
this signaling pathway involves TRPV1 and the ntgbolle cytoskeleton opens new perspectives
for a therapeutic approach. Based on these findihgsould be interesting to examine if
fulvestrant-induced pain is dependent on TRPV1.sdf TRPV1 would potentially allow
nociceptor subgroup-specific treatment. Low levapsaicin exposure followed by TRPV1
downregulation would be one approach suggested Vyreasults. Alternatively, recently the
transfer of analgesics through the ion channel pbiieRPV1 has been described for the lidocaine
derivative QX-314 (Binshtok et al., 2007). Moreqgver would be interesting to further
characterize the role of microtubules in fulvestiaduced sensitization. Is the microtubule
destabilization indeed responsible for sensitiratiaring fulvestrant therapy? And if so, would
an interruption of the TRPVI1-microtubule complexeyent fulvestrant-induced peripheral
neuropathies as suggested by the behavioral reshidign here?

Besides GPR30 agonists such as fulvestrant, aksanibrotubule stabilizer Taxol and Taxol-
derivates are widely used for the treatment of eamatients. But their therapeutic benefit is
limited greatly again by the induction of long-lagt mechanical sensitization (Canta et al., 2009).
In behavioral experiments shown in the resultsi@ecthe disruption of the TRPV1-mcirotubule
interaction by downregulation of TRPV1 abolishedcimmical sensitization in presence of Taxol.
Therefore, an ablation of TRPV1 or the disruptidrthee TRPV1-microtubule complex, i.e. by
inhibitory peptides or small molecules, may prewtiet development of mechanical hyperalgesia
in patients undergoing Taxol-based chemotherapy.

Beyond therapy-induced pain, the identification af endogenous inhibitory/desensitizing
mechanism as presented here opens new perspefciviie development of conceptual novel
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analgesics. So far, analgesics mostly act by reduaiflammatory mediators (COX-inhibitors) or

through the reduction of intracellular cAMP (opisjdThe inhibitory signaling pathway described
here is located in the periphery and its activabtotks PKG-dependent nociceptive signaling

for more than 20 h. Therefore activation of thisiloitory/desensitizing pathway could be a novel
strategy for therapeutic intervention.

8.2.4 A modular concept for signal transduction in nocicetive neurons

A large variety of signaling mediators act on pniyng@ensory neurons and activate multiple
intracellular signaling pathways resulting in sémation. As indicated in the introduction, the
activated intracellular signaling pathways ard siit investigated in depth. Mostly, only single
signaling components instead of full signaling eales are known. Nevertheless, there is a
general mechanistic question to be answered: Dgetlsgnaling pathways act in parallel and
result in the modification of distinct effector reolles that mediate sensitization? Or is (are)
there one or multiple convergence point(s) for ¢hgignaling pathways leading to the activation
of key sensitizing module (Hucho and Levine, 2007)® latter would ask for the concept of
signaling modules which can be added to varioust;ipuch as activation of different membrane
receptors. The existence of nociceptive moduleddvioe of tremendous therapeutic interest. As a
drug target such a module would be suitable imgeaof different pain phenotypes. And indeed,
this work provides considerable support for theamof “nociceptive modules”.

My data present evidence for convergent signalimghways leading to PKg=dependent
mechanical sensitization. The comparison of sigigalievents underlying estrogen- and
isoproterenol-induced sensitization indicates aveogence point downstream of the receptor.
Estrogen and isoproterenol activate, most likelffedent G-protein coupled receptors which in
turn lead to the activation of adenylyl cyclase. both cases, this activation causes the
translocation of PKE to the plasma membrane and results in BH€&pendent mechanical
hyperalgesia. Thus, these signaling componentsbledstaone such “nociceptive module”
(Fig. 37). To what extend this module can be attivaalso by other stimuli than estrogen and
isoproterenol has to be investigated.

Beyond signaling leading to the activation of RK@&re there also downstream components
belonging to this nociceptive module? | found thedtrogen- and isoproterenol-induced
mechanical sensitization involve the microtubuléoskeleton (Dina et al., 2003) potentially
through PKG@-mediated changes of the TRPV1-microtubule int@actThis is highly suggestive
to enlarge the nociceptive module by two more camepts, TRPV1 and the microtubule
cytoskeleton. But if these two novel componentsemgential for PKE&dependent sensitization,
has to be investigated.

The recent results from Tim Hucho’s laboratory udthg the one presented in this work indicate
the existence not only of sensitizing but also esehsitizing nociceptive modules. Also in the
desensitizing signaling pathway described hereyexgence of estrogen and isoproterenol is
apparent as both substances result in the incafaisgracellular C&' levels. Interestingly, this
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inhibitory signaling module could be separated frtime sensitizing signaling cascade. The
stimulation of intracellular Ca release also by other means such as ATP-receptivation
and/or pharmacological activation of intracellutaicium channels (data not shown) activated the
inhibitory/desensitizing signaling pathway withdatucing sensitization. What further compo-
nents belong to this module and under which comdiitiit is activated endogenously or
exogenously, will be investigated in the near fetur

Thus, the data presented here suggest a modufelisig structure in primary sensory neurons
controlling mechanical sensitization. The activatioof nociceptive/sensitizing and
inhibitory/desensitizing modules by different exedular and intracellular mediators thereby
determines the physiological effect. If indeedsahsitizing signaling pathways converge in the
activation of a key sensitizing module or if sesition is mediated by different sensitizing
modules, has to be analyzed in future. The conasEpbmmon signaling modules opens a new
perspective onto signaling mechanisms in nociceptieurons. Thereby it might help to
understand more complex pain models, where mulggteacellular and intracellular mediators
act simultaneously and successively on a nocicepi@uron.

Isoproterenol Estrogen

Microtubules

Sensitization

Fig. 37: Convergent signaling towards PKE-dependent sensitization. The p-adrenergic agonist
isoproterenol as well as the steroid hormone estragrtivate GPCR signaling in nociceptive neurd@wth
signaling pathways lead to the activation of RKIC nociceptive neurons and result in RK@nd microtubule-
dependent mechanical sensitization. This convergegialing suggests a common nociceptive module
mediating mechanical sensitization.
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8.2.5 Conclusion

In this thesis | showed that the steroid hormoregsn acts directly on the primary nociceptive
neuron. Characterization of estrogen signalingdetthe description of a novel signaling pathway
in primary nociceptive neurons. Thereby the TRPMtratubule complex was identified as a
new downstream target of PKGignaling in PKE-dependent mechanical sensitization. The
identified inhibitory/desensitizing module showsnaw grade of complexity for signaling

mechanisms underlying pain sensitization as itcadis the integration of multiple signaling
inputs already in the primary nociceptive neuron.

These findings open novel aspects for pain therapygender differences in pain disorders as
well as for the treatment of cancer therapy-indyz&id. It highlights the importance of short term
production of estrogen during inflammation and thi#uence of estrogen on other sensitizing
inflammatory mediators. It will be interesting toedyze local estrogen production during
inflammation to further understand the functioresfrogen in inflammation and its influence on
inflammatory pain.
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10 Definitions

All definitions are taken from “The Kyoto protocol IASP Basic Pain Terminology” (Loeser and
Treede, 2008).

Hyperalgesia Increased pain sensitivity
Nociceptive neuron A central or peripheral neuron that is capablenzieling noxious
stimuli

Nociceptive stimulus  An actual or potentially tissue-damaging eventsdated by
nociceptors

Nociception The neural processes of encoding aocessing noxious stimuli
Pain An unpleasant sensory or emotional experience egedowvith actual
or potential tissue damage or described in ternssioi damage
Pain threshold The minimal intensity of a stimutuat is perceived as painful
Sensitization Increased responsiveness of neurons to their nonmat or

recruitment of a response to normally subthreshgidts



11 Abbreviations

aa
AC
ASIC
ATP

B2-AR
BIM
bp
BSA

CamKII
CAMP
CCl
cGMP
cDNA
CGRP
CNS
COX

DAG
DAPI
DNA
DMSO
dNTP
DPN
DRG

E2
EPAC
epi
ER
ERa
ERB
ERE
ERK
ESCA
eV1-2

FBS
Fig.

amino acid

adenylyl cyclase

acid sensing ion channel
adenosine‘8riphosphate

beta-2-adrenergic receptor

Bisindolylmaleimde | hydrochloride (PKC inhiioir)
base pair

bovine serum albumin

calmodulin-dependent kinase Il
cyclic adenosine 5’-monophosphate
chronic constriction injury

cyclic guanosine 5’'monoposhpate
complementary DNA
calcitonin-gene related peptide
central nervous system
cyclooxigenase

aspartic acid

diacylglycerol
4',6-diamidino-2-phenylindol-dihydrochlorid
deoxyribonucleic acid

dimethyl sulfoxide

deoxynucleotide triphosphate

2,3-bis(4-hydroxyphenyl)-propionitrile (BRigonist)

dorsal root ganglia

glutamic acid

estrogen, 1p-estradiol

exchange proteins activated directly by cAMP
epinephrine

estrogen receptor

estrogen receptor alpha
estrogen receptor beta

estrogen responsive element
extracellular regulated kinase
Epac-selective cAMP analogues
PKGC: inhibitor peptide

fetal bovine serum
figure
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G glutamic acid
GABA gamma-aminobutyric acid
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GDNF glia cell-derived neurotrophic factor
GFP green fluorescent protein
GPCR G-protein coupled receptor
GPR30 G-protein coupled receptor 30
GSK3 glycogen synthase kinase 3
h hour
histidine
IB4 isolectin B4 fronBandeiraea simplicifolia
IP3 inositol 1,4,5-trisphosphate
IP3-R inositol 1,4,5-trisphosphate receptor
iso isoproterenol
JNK c-jun N-terminal kinase
kDa kilo dalton
MAP microtubule associated protein
MAPK mitogen activated protein kinase
MBP maltose binding protein
MEM minimal essential medium
min minute
mMRNA messenger ribonucleic acid
MW molecular weight
NCBI National Center for Biotechnology Information
NDS normal donkey serum
NGF nerve growth factor
NGS normal goat serum
NO nitric oxide
ODN oligodeoxynucleotide
o.n. over night
PAGE poly acrylamide gel electrophoresis
PBS phosphate buffered saline
PCR polymerase chain reaction
PGE2 prostaglandine E2
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PKC protein kinase C
PNS peripheral nervous system
PLC phospholipase C

PLD phospholipase D
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PPT 4,4’ 4”-(4-Propyl-[1H]-pyrazole-1,3,5-triyfisphenol (ER agonist)
R arginine

RACK receptor for activated kinase

RNA ribonucleic acid

RTK receptor tyrosine kinase

RT room temperature

RT-PCR reverse transcritpase-polymerase chairioeac
RTX reasinfera toxin

RyR ryanodine receptor

S serine

SDS sodium dodecyl sulfate

sec second

STIM1 stromal interaction molecule 1

Tab. table

TAE tris-acetic acid-EDTA

TEMED N,N,N',N'-tetramethylethylenediamine

TG trigeminal ganglia

+TIP microtubule plus-end tracking protein

T™J temporomandibular joint

TNFa tumor necrosis factor alpha

Tris tris hydroxymethylaminoethane

trkA transforming tyrosine kinase A

TRP transient receptor potential

TRPAL transient receptor potential ankyrin 1 recep
TRPV1 transient receptor potential vanilloid sydey receptor
TRPV1-Ct TRPV1 C-terminus

TTX-R tetrodotoxin resistant

VR1 vanilloid receptor subtype 1

viv volume per volume

wt wild type

wiv weight per volume



127

12 Acknowledgement

Frau Prof. Dr. Petra Knaus danke ich herzlich figr Betreuung meiner Arbeit. Sie hat mich in
allen Phasen meiner Promotion ausdrtcklich untetstind mir mit ihrer Erfahrung und ihrem
Rat zur Seite gestanden. Dafur mochte ich michiesed Stelle noch einmal bedanken. Ich danke
ihr dartiber hinaus fir die regelmafige Organisadien,Symposien fir externe Doktoranden®,
die mir jedes Mal eine grol3e Freude bereitet haben.

Herrn Prof. Dr. Christoph Stein danke ich sehr @lie Ubernahme des Zweitgutachtens,
insbesondere, da es doch auf einmal sehr spontan ka

Ich danke Herrn Prof. Dr. Hans-Hilger Ropers dafiass ich in seiner Abteilung fir ,Human
molecular Genetics®* am Max-Planck-Institut fur mallare Genetik meine Doktorarbeit
anfertigen durfte.

Mein besonderer Dank gilt meinem Betreuer Dr. Tinchb, der mir die Méglichkeit gegeben

hat, diese Arbeit anzufertigen. Dabei hat er miathtnnur wissenschaftlich und personlich

unterstitzt, mit einem Engagement, das weit Ubsriddiche hinausgeht, sondern er hat mich
auch dazu ermutigt, an manchen Stellen Uber meiSamatten zu springen. Die

wissenschatftlichen Freiraume, die Teilnahme anrnat@nalen Konferenzen und ,Summer
Schools* und der enge Kontakt zu anderen Wissefitmtmhaben sehr zu meiner persénlichen
Entwicklung beigetragen. Die Entscheidung, meindelirin seiner gerade neu gegrindeten
Arbeitsgruppe anzufertigen, habe ich nie bereutwls eine groRRartige, lehrreiche und ganz
besondere Zeit!

Ein groR3es Dankeschon gilt dem ,,Hucho-Lab* fir semdhliche und offene Atmosphare.

Special thanks go to Dr. Chandan Goswami. For roe,were the best post doc | could imagine!

I will never forget our scientific “fights” and disissions, the hours at the microscope, the long
evenings in the lab, the insisting questions, tmelsand taste of Indian food, the enthusiasm
about novel scientific ideas about microtubules &R channels, the meetings in Liebenwalde,
Hamburg or Stockholm. | miss you in the lab. Sclsdwechenende!

Christine Andres danke ich fir ihre Freundschaftle yemeinsamen wissenschaftlichen,
philosophischen und privaten Gespréche und diera@iahen interlaetares” haben mein Leben
sehr bereichert, und sie werden es, hoffentlicbhaveiterhin tun.

Mein herzlicher Dank gilt Vanessa Suckow, die mimi praktischen Fragen und Problemen
(auch unkonventioneller Art) stets tatkraftig ustétzt hat.

Des Weiteren danke ich Karsten Sollich, der dascliddlLab” in seiner Anfangszeit mit seiner
kompetenten Art sehr bereichert hat.



ACKNOWLEDGEMENT 128

Dr. Jan Schmoranzer danke ich nicht nur fur seth@alle und unkomplizierte wissenschatftliche
Hilfe und die vielen gemeinsamen Stunden am ,Biger§ sondern auch fur die grof3artige
Einfuhrung in die Welt der Mikroskopie mit einem k&punkt in Oeiras, Portugal.

Many thanks go to our “long-term” cooperation parsh Prof. Dr. Jon D. Levine und Dr.
Olayinka Dina for the performance of all rat belvaal experiments. Further | would like to thank
Prof. Dr. Jon D. Levine for his scientific discusss, advices and helpful ideas.

| would like to thank Prof. Dr. Halina MachelskaeBt and Dr. Dominika Labuz for the
performance of the pain-behavioral testing on mice.

Many thanks also to Prof. Dr. Antonio Ferrer-Moht@&d Dr. Gregorio Fernandez-Ballester for
the good collaboration, the helpful comments ardsttientific support.

Prof. Dr. Paul Heppenstall danke ich fir die Hisieim Aufbau eines Calcium-Imaging Systems.
Sein wissenschaftlicher Enthusiasmus hat mich gtetsieuem motiviert.

Dr. Rudi Lurz danke ich fur die vielen ,Mikroskop®&unden® und die Einblicke in
verschiedenste Mikroskopie-Systeme, die er mir giioiit hat.

Gabriele Eder mochte ich an dieser Stelle dafirkeéian dass sie mir in formellen
Angelegenheiten stets mir Rat und Tat frohlichSeite stand.

Prof. Dr. Otmar Huber danke ich fur sein Verstaedigh habe viel von ihm gelernt.

Der Studienstiftung des deutschen Volkes dankenicht nur fur finanzielle Unterstiitzung,
sondern auch fir die zahlreichen Veranstaltungendig Zeit meiner Promotion sehr bereichert
haben.

Der gro3te Dank gilt Martin und meinen Eltern, digh zu jeder Zeit unterstitzt haben und ohne
die diese Arbeit so nicht moglich gewesen waére.



129

13 Publication list

Publications

Goswami*, C., Kuhn, 3, Fernandez-Ballester, G., Ferrer-Montiel, A., IHacT. Estrogen
destabilizes microtubules through a channel-indépenTRPV1 pathway.

*authors contributed equally

submitted

Hucho, T., Suckow, V, Dina O., Chen, X., Kuhn,Schmoranzer, J., Karst, M., Bernateck, M.,
Levine, J. D., Ropers, H.H. Stimulus context ergsas sensitization.

inrevison

Kuhn, J, Dina, O. A., Goswami, C., Suckow, V., LevinePJ.and Hucho, T. (2008) GPR30
estrogen receptor agonists induce mechanical hig@sia in the ratEuropean Journal of
Neuroscience 27,1700-1709.

Hucho, T., Dina, O. A., Kuhn, &nd Levine, J. D. (2006) Estrogen controls PKGleps
dependent mechanical hyperalgesia through dirg¢icracn nociceptive neuronBuropean
Journal of Neuroscience 24,527-534.

Oral presentations

Kuhn, J.
Estrogen in pain signaling pathways.
Doktorandentagung der Studienstiftung des deuts@loées,Kdln, 2008

Kuhn, J.
Novel functions for the ion channel TRPV1.
Doktorandentagung der Studienstiftung des deutscioétes,Berlin, 2009

Kuhn, J, Goswami C., Dina, O., Levine, J. D., Hucho, T.
Estogen signaling in primary nociceptive neurons.
European Pain School ,Translating Pain ScienceRatio Medicine“Siena 2009

Poster presentations

Kuhn, J, Dina, O. A., Levine, J. D., Hucho, T.

The novel estrogen receptor GPR30 mediates estiadened and PK&Edependent mechanical
hyperalgesia.

GBM Herbsttagung ,Molecular Live Science” and ,Molgar Pathways in Health and Desease”,
Neurochemistry Groug{amburg, 2007

Kuhn, J, Dina, O. A., Levine, J. D., Hucho, T.
The GPR30 Agonist G-1 induces P¥@ependent mechanical hyperalgesia.
4" Symposium Sex and Gender in MediciBerlin, 2007

Kuhn, J, Goswami, C., Hucho, T.
Estrogen induces TRPV1-dependent cytoskeletalamegement.
Berlin Neuroscience Forurhjebenwalde, 2008




PUBLICATION LIST 130

Kuhn, J, Goswami, C., Dina, O., Levine, J.D., Hucho, T.

Estrogen and GPR30 agonists induce fast TRPV1P&et-dependent cytoskeletal
rearrangements in neuronal cells.

Society for Neuroscience Annual Meetingashington, 2008

Kuhn, J, Goswami, C., Hucho, T.
Estrogen induces microtubule destabilization imary sensory neurons.
EMBO Course on Light Microscopy in Living Cellsissabon 2009

Kuhn, J*, Goswami, C.*, Dina, O., Ferndndez-Ballester, E&rrer-Montiel, A., Levine, J.,
Hucho, T.

Alteration of the microtubule-TRPV1 complex modelsaPKE-dependent mechanical
hyperalgesia.

TRP-meeting “TRP channels: From sensory signabriguiman disease3tockholm, 2009
*authors contributed equally




131

14 Curriculum Vitae

Der Lebenslauf ist in der Online-Version aus Grimdes Datenschutzes nicht enthalten.



