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Abstract

Agonists acting at spinal az-adrenergic receptors (a2AR) and opioid
receptors (OR) produce analgesia through common intracellular signaling
systems primarily mediated through inhibitory G proteins. Furthermore, co-
activation of spinal a2AR and OR produces antinociceptive synergy. Synergistic
analgesic interactions are important, as conventional opioid therapy is limited
clinically due to the development of adverse side effects such as tolerance,
dependence, abuse liability and opioid-induced hyperalgesia. Agonist
combinations that interact synergistically may bypass these unwanted side
effects by allowing decreases of analgesic dose and increasing the therapeutic
index.

Synergy between analgesic compounds has been shown experimentally
and utilized clinically, yet the underlying cellular mechanisms mediating this
phenomenon remain relatively unexplored. Elucidating the mechanisms
underlying analgesic synergy may have broad clinical implications and may lead
to the discovery of novel drug targets for pain management. The goal of this
study was therefore to determine the cellular mechanisms mediating the
synergistic interaction between agonists acting at two anatomically co-localized
G protein-coupled receptors (GPCRs) in the spinal cord.

In the first phase of these studies, we evaluated the ability of the selective
delta-opioid receptor (DOP) agonist deltorphin Il (DELT), the a2AR agonist

clonidine (CLON) or their combination to inhibit nociceptive responses from mice

il



in the tail flick test. We then examined the possible underlying signaling
mechanisms involved through co-administration of inhibitors known to affect the
above-mentioned receptor pair. Second, we looked at the ability of the DOP-
selective agonist DELT, the a2,AR agonist CLON, or their combination to inhibit
calcitonin gene-related peptide (CGRP) release from spinal cord slices and
spinal cord synaptosomes. Third, we determined the specific signaling mediator
involved in a2AR/DOP analgesic synergy using genetically manipulated mice.
We observed that the in vivo and in vitro synergistic interaction between
agonists acting at a2AR/DOP is specifically mediated through activation of
protein kinase C epsilon. These findings suggest that this particular enzyme

could represent a novel pain therapy target.
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CHAPTERI:

BACKGROUND AND RESEARCH
OBJECTIVES



Pain is a universal, unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or described in terms of such
damage. Although pain is an aversive sensation, it is a critical component of the
body’s defense system for minimizing physical harm. However, this normally
protective sensation can sometimes convert to a chronic maladaptive condition of
constant or intermittent pain that serves no physiological purpose, as it does not
function to prevent injury. The American Pain Society estimates that 45% of the
United States population will seek medical assistance for chronic pain at some
point in their lives. Despite this staggering number, many patients continue to
receive inadequate pain relief. Not only is this statistic detrimental because pain
impairs one’s ability to carry out a productive life, but it is also a very serious
economic problem. Over half of chronic pain sufferers are partially or totally
disabled for periods ranging from days to months or longer (Bonica, 1990).
Medical economists estimate that the price in the United States alone spent on
lost workdays, compensation and medical expenses due to pain exceeds $100
billion per year (Arnst, 1999). It is reasonable to assume that this figure has
increased dramatically in the last decade, especially with the number of injured
soldiers returning home in need of medical attention.

Many factors lead to the undertreatment of pain. Although in most cases
the use of opioids is the “gold standard” for the treatment of moderate to severe
pain states, the usefulness of this class of drugs is limited during prolonged

administration because of the development of unwanted side effects. These



untoward side effects include tolerance, where increasing doses of drug must be
given to achieve the same analgesic (or pain relieving) effect, constipation,
liability for dependence and addiction. Studies have also found that many
patients are not prescribed appropriate doses of opioid medications to relieve
their pain due to fear of addiction or government action against physicians.
Although many approaches have been investigated in attempts to overcome
these problems, one approach recognized to be useful by the World Health
Organization is the use of adjuvant therapy.

Adjuvants are classes of drugs that either enhance the effects of other
analgesics or have independent analgesic activity in certain situations when
given alone. There are many classes of drugs that are considered to be
adjuvants to opioid therapy including tricyclic antidepressants, benzodiazepines,
caffeine, steroids, anticonvulsants and ap-adrenergic receptor agonists such as
CLON. Interestingly, administration of two or more analgesic agonists can result
in a greater-than-additive or synergistic interaction, such that the effect seen from
the combination is greater than would be predicted from the efficacy of either
drug administered alone. Not only does this phenomenon allow for lower total
dose administration, but it can also be useful for bypassing the unwanted side
effects seen with higher doses. While analgesic synergy between spinally
delivered analgesic compounds has been well documented and is used clinically,

the mechanism of how such agonists synergize remains unclear.



The focus of the studies herein is on determining the molecular
mechanisms underlying spinal synergy between analgesic compounds acting at
ap-adrenergic receptors and opioid receptors (c2ARs and ORs). The use of
adjuvant therapies that take advantage of synergistic interactions to improve
analgesia with reduced side effects holds great promise for the millions of people
currently suffering from unrelieved pain worldwide. It is hoped that further
understanding the mechanisms underlying synergistic drug interactions in
analgesia will serve to improve pain therapy in the future and be of particular

importance in the clinical treatment of chronic, opioid-insensitive pain.

OPIOID AND 0.,.-ADRENERGIC RECEPTORS IN SPINAL ANALGESIA AND

SYNERGY

a2ARs and ORs belong to the large superfamily of seven transmembrane
spanning (7TM) G protein-coupled receptors (GPCRs) and agonists acting at
both receptor classes mediate diverse physiological functions, including
analgesia. These receptors share at least one common intracellular signaling
system mediated by pertussis toxin-sensitive heterotrimeric G/G, proteins.
Activation of a2ARs and/or ORs can decrease neuronal excitation by inhibiting
adenylyl cyclases (Makman et al., 1988) and voltage-gated Ca®* channels (Holz
et al., 1989) and stimulating G protein-activated inwardly rectifying K" channels
(GIRKSs) (Surprenant and North, 1988). To date, there have been three ORs
(MOP, DOP, KOP) and three subtypes of a2ARs (oa, a2s, and axc) cloned.
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Electrophysiological Evidence for Synergy

Reports over the past several decades have shown
electrophysiological evidence for synergistic interactions between agonists acting
at 02ARs and ORs in the induction of spinal analgesia. A series of studies in the
early 1980s showed that both morphine and epinephrine were capable of
suppressing noxiously evoked activity of wide dynamic range (WDR) neurons in
the dorsal horn of the spinal cord (Homma et al., 1983; Collins et al., 1984).
WDR neurons are nerve cells that respond to both gentle and painful stimuli and
increase their responses as the stimulus becomes more marked. It was thought
that since some WDR neurons are the cells of origin for the spinothalamic tract,
this action could be a mechanism by which spinally administered a2,AR and OR
agonists produce spinal analgesia. Looking at the effect of agonist treatment on
activity evoked by electrical stimulation of peripheral C-fibers, it was shown that
administration of a combination of CLON and morphine to the rat spinal cord at
doses around the threshold of antinociceptive effectiveness potentiates the
antinociceptive effect of each agonist (Wilcox et al., 1987). To narrow down the
specific opioid receptor subtype(s) involved in the synergistic suppression of
noxiously evoked activity of WDR neurons in the dorsal horn of the spinal cord,
(Omote et al.,, 1991) showed that ineffective doses of morphine, the selective
DOP agonist [D-Ala®, D-Leu’]-enkephalin (DADLE) and the selective DOP

agonist [D-Pen®°]-enkephalin (DPDPE) produced suppression of noxiously



evoked WDR neuronal activity in a synergistic manner when combined with an
ineffective dose of CLON. Interestingly, the selective MOP agonist [D-Ala®, N-
Me-Phe*, Gly®-ol]-enkephalin (DAGO) did not show this synergistic relationship
with CLON and the selective DOP antagonist ICI 174,864 reversed the
synergistic interaction between morphine and CLON. The interpretation of these
results was that synergy between spinally co-administered OR agonists and

CLON is mediated through DOPs.

Behavioral/Pharmacological Evidence for Synergy

Behavioral evidence from the 1980s indicated that antinocieptive
synergy occurs with co-administration of intrathecal a2,AR agonists and
intrathecal morphine (Yaksh and Reddy, 1981; Hylden and Wilcox, 1983;
Drasner and Fields, 1988). This finding was important, as the antinociceptive
effect of supraspinally-administered morphine was shown to be partially
mediated through evoked release of norepinepherine at the spinal cord level.
Research on a2AR/OR antinociceptive synergy over the subsequent several
years focused on the various combinations of a2AR and OR agonists using
different behavioral paradigms to determine the nature of interactions as well as
drug potencies (Roerig et al., 1992; Meert and De Kock, 1994; Przesmycki et al.,
1997). The potency and efficacy of intrathecal CLON or morphine was also
found to decrease after spinal nerve-ligation injury while the combination of the

two retained antinociceptive synergy (Ossipov et al., 1997). These data



suggested that co-administration of morphine and CLON might be useful in
treating patients with neuropathic pain where conventional opioid therapy is
ineffective. Evidence in support of this hypothesis also comes from data
suggesting that mice made acutely or chronically tolerant to morphine still retain
spinal antinociceptive synergism between morphine and CLON (Fairbanks and
Wilcox, 1999). These results are particularly important to morphine-tolerant
chronic pain patients since morphine tolerance had previously been thought to
cause a reduction of a2AR/OR antinociceptive synergy.

Both the route of administration and the nociceptive behavior tested have
been shown to alter the interactions between a2AR and OR agonists. For
instance, co-administration of the aAR agonist medetomide with the OR
agonists morphine, fentanyl and meperidine interact additively in both tail flick
and hot plate tests when given intravenously but synergistically when given
intrathecally in the tail flick but not the hot plate test (Ossipov et al., 1990b). The
fact that synergy is test-dependent is a necessary caveat to keep in mind before
drawing conclusions about the nature of specific drug interactions.

Investigation into the mechanisms of analgesic synergy between agonists
acting at a2ARs and ORs necessitates identifying receptor pairs which, when co-
activated, exhibit this phenomenon. The determination of the relative
contributions of the three a2,AR subtypes involved in a2AR/OR synergy has
previously been difficult due to the lack of subtype-selective pharmacological

compounds. With the introduction of genetically manipulated mouse lines, it is



now possible to look at the roles of specific receptor subtypes in the induction of
spinal 02AR/OR synergy. Using animals expressing a point mutation (D79N) in
the a2aAR, it was shown that this adrenergic receptor subtype is largely
responsible for spinal analgesia evoked by a,AR agonists and is required for
most instances of spinal synergy (Stone et al., 1997). Using this same mouse
line along with a2g and axc knockout mice, the axcAR subtype has also been
implicated in mediating spinal analgesia and a,AR/OR synergy (Fairbanks et al.,
2002). While these findings seem contrary to the aforementioned study as to the
subtype responsible for this synergistic interaction, this result indicates instead
that various agonists produce their effects through different receptors. Further
evidence in support of 02,AR/OR antinociceptive synergy comes from results
obtained from mice lacking a functional norepinepherine transporter (Bohn et al.,
2000). Results from this study showed that morphine treatment produced
greater analgesia in the warm water tail flick assay in mice lacking a functional
norepinepherine transporter than in wild-type mice. The administration of either
yohimbine or naloxone, inhibitors of a2ARs and ORs, respectively, was able to
block this morphine-induced increase in analgesia.

To coincide with earlier electrophysiological evidence regarding the role of
DOP in a2AR/OR synergy, behavioral experiments with MOP knockout mice
have reported that DOP independently participates in synergistic antinociception
with a2ARs (Guo et al., 2003). In this study, administration of the DOP-selective

agonist DPDPE alone lost antinociceptive potency in MOP-KO mice. However,

8



co-administration of DPDPE with the a2AR agonist UK14,304 retained full
antinociceptive synergy in these transgenic animals. Further evidence in support
of DOP in a2,AR/OR synergy comes from experiments in which supraspinal
together with spinal DOP-mediated antinociceptive synergy was completely
abolished by an intrathecal administration of the a,AR antagonist, yohimbine
(Grabow et al., 1999). These experiments used concurrent administration of low
doses of the DOP agonist deltorphin Il (DELT) in the spinal cord and rostral
ventromedial medulla of the rat to produce synergistic antinociception in the tail-
flick test. Since spinally administered yohimbine was able to abolish the
antinociceptive synergy produced by concurrent DOP agonist administration, it
was postulated that the synergy involved norepinepherine release in the spinal
cord as a result of the rostral ventromedial medulla injection of DELT. The
spinally administered DELT would activate spinal DOPs that would then be able
to synergize with a2ARs activated by the norepinepherine released from
pathways descending from the rostral ventromedial medulla. Taken together,
these results further support a role for the DOP subtype in mediating spinal

analgesia and adrenergic-opioid synergy.



LOCALIZATION OF 0.2,0AR AND DOP IN SPINAL CORD

Because of the diverse physiological functions carried out by
a2ARs, it is no surprise that this receptor population has been shown to have a
widespread localization pattern throughout the body. Techniques such as
immunohistochemistry and in situ hybridization for detection of receptor subtype-
specific MRNAs, have helped in the visualization of a2AR subtype gene
expression at the cellular level. a2aARs have been shown to be the only a,
subtype contained in the cells of the locus coeruleus, the area of the brain
containing the largest noradrenergic cell group in the brain (Nicholas et al., 1993;
Scheinin et al., 1994). As might be expected, a2a-mRNA is also present in high
amounts in other major noradrenergic cell body regions of the brain. Binding
assays with human spinal cord homogenates have indicated a.a as the
predominant receptor subtype in the spinal cord (Lawhead et al., 1992). 022 AR-
immunoreactivity (ir) has been observed in the dorsal root ganglia (DRG)
(Nicholas et al., 1993) as well as in nerve terminals and varicosities of the spinal
cord (Stone et al., 1998; Riedl et al., 2009). Previous studies have shown
a2pAR-ir as both diffuse staining and sharp, densely labeled puncta, consistent
with vesicular localization (Fairbanks et al., 2009). While a2aAR-ir is most highly
concentrated in laminae | and Il of the spinal cord dorsal horn, it was also
observed in the area surrounding the central canal and in the intermediolateral
cell column of the thoracic cord (Stone et al., 1998). Using dorsal rhizotomies (to
deplete the spinal cord of primary afferent input) in combination with

10



immunoreactivity, a dramatic reduction in a2aAR-IR in the dorsal horn ipsilateral
to injury was shown. These data suggested that the majority of spinal a2aARs are
synthesized by DRG neurons and trafficked centrally. In another series of
experiments, extensive co localization of a aAR-ir with primary afferent fibers
containing substance-P (SP) and calcitonin gene-related peptide (CGRP) was
shown (Stone et al., 1998; Riedl et al., 2009). Both of these peptides are thought
to be concerned with the transmission of nociceptive information. Since
activation of a2ARs can decrease neuronal excitation, it is thought that the c.AAR
subtype plays a role in the modulation of nociceptive information.

Although DOPs are widely distributed throughout the brain and spinal cord
(Mansour et al., 1995), studies have localized DOP to the terminals of peptide-
containing, primary afferent neurons (Dado et al., 1993; Arvidsson et al., 1995;
Cheng et al., 1995; Zhang et al., 1998; Wenk and Honda, 1999; Ried| et al.,
2009). At the sub-cellular level, DOP-ir is prominently associated with large,
dense-core vesicles (LDCVs) in axon terminals, and ultrastructural evidence
indicates that these vesicles contain the neuropeptide SP (Cheng et al., 1995;
Zhang et al., 1998; Bao et al., 2003; Guan et al., 2005). The majority of DOPs
have also been suggested to be intracellular “reserve” receptors under normal
conditions and are subsequently activated, translocated and inserted into to the
plasma membrane in a stimulus- or agonist-dependent manner (Cahill et al.,
2001a; Bao et al., 2003; Guan et al., 2005). LDCV release, therefore, regulates

DOP availability for binding and activation. DOP may also be translocated to
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axon terminals in response to DOP agonists (Cheng et al., 1995; Zhang et al.,
1998; Bao et al., 2003; Guan et al., 2005), chronic morphine exposure (Cabhill et
al., 2001b; Cahill et al., 2001a; Morinville et al., 2003; Morinville et al., 2004b;
Hack et al., 2005; Lucido et al., 2005) and chronic nociceptive stimuli (Cahill et
al., 2003; Morinville et al., 2004a; Patwardhan et al., 2005). Additionally, (Glaum
et al., 1994) used whole cell recordings from cervical spinal cord slices to
demonstrate that DOP agonists could inhibit synaptic transmission from primary
afferent fibers to secondary neurons without hyperpolarizing the neurons. These
data also suggest a presynaptic mode of action for DOPs. Not only have DOPs
been shown to localize to primary afferent terminals, but confocal microscopy
from rat spinal cord indicates that the established synergistic a2pAR/DOP pair is
highly co-localized on these terminals as well. These results raise the possibility
that these two receptors may interact presynaptically at the molecular level,

perhaps existing as heteromers.

OVERVIEW OF OBJECTIVES

The studies described in this thesis focus on elucidating the mechanisms
whereby agonists acting at spinal a2AR and DOP are able to interact in a
greater-than-additive manner, producing synergistic analgesia when co-
administered. Until recently, direct evaluations of the cellular mechanisms
mediating such interactions have been limited. It has previously been proposed

that synergy between receptors sharing signal transduction systems (e.g. a2AR
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and DOP) cannot occur if the two receptor populations are anatomically
colocalized within the same cell (Honore et al., 1996). However, previous
evidence suggests that two analgesic receptor subtypes, a2aAR (Stone et al.,
1998) and DOP (Dado et al., 1993; Arvidsson et al., 1995; Cheng et al., 1997;
Zhang et al., 1998), are extensively co-localized in terminals of capsaicin-
sensitive, SP-expressing primary afferent fibers in rat (Riedl et al., 2009) and
agonists acting at these receptors are able to produce analgesic synergy in vivo
in both mouse (Stone et al., 1997) and rat (Ossipov et al., 1990a). Therefore, we
chose to study the mechanisms underlying the synergistic interactions between
this anatomically co-localized receptor pair that was previously thought to be

incapable this phenomenon.

SPECIFIC AIMS

1. Determine the cellular mechanism underlying the in vivo synergistic interaction
between spinally co-administered agonists acting at a,AR and DOP.

2. Determine if the in vivo synergistic interaction between spinally co-
administered agonists acting at a2AR and DOP translates to an in vitro
synergistic inhibition of CGRP release from primary afferent terminals.

3. Determine if the cellular mechanism underlying the in vitro synergistic
interaction between spinally co-administered agonists acting at a2AR and DOP.
4. Determine the specific signaling mediator involved in a2AR/DOP analgesic
synergy

13



CHAPTERIII:

Spinal Analgesic Synergy Between Alpha-2-
Adrenergic and Delta Opioid Receptor
Agonists is Mediated by Protein Kinase C

*The Work Described In This Section Has Been Published (The data from
the article is presented in Chapters 2 and 3)

Overland AC, Kitto KF, Chabot-Doré, AJ, Rothwell, PE, Fairbanks CA, Stone LS,
Wilcox GL. Protein kinase C (PKC) mediates the synergistic interaction between
agonists acting at ap-adrenergic and 6-opioid receptors (AR & DOP) in spinal
cord. J Neurosci. 2009. Oct 21; 29(42): 13264-73.

(A.C.O. planned and conducted the experiments, wrote paper. K.F.K. conducted
experiments. A.J.C-D. conducted experiments. P.E.R. assisted with experiments.
C.A.F. assisted with interpretation and editing. L.S.S. assisted with interpretation
and editing. G.L.W. assisted with method development, interpretation and
editing.)
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Co-activation of spinal a2ARs and ORs produces antinociceptive synergy.
Antinociceptive synergy between intrathecally (i.t.) administered a,AR and OR
agonists is well documented, but the mechanism underlying this synergy remains
unclear. The DOP and the a22AR are co-expressed on the terminals of primary
afferent fibers in the spinal cord where they may mediate this phenomenon. We
evaluated the ability of the DOP-selective agonist DELT, the a2AR agonist CLON
or their combination to inhibit nociceptive responses from mice in the tail flick
test. We then examined the possible underlying signaling mechanisms involved
through co-administration of inhibitors of phospholipase C (PLC), protein kinase
C (PKC) or protein kinase A (PKA). Intrathecal administration of DELT or CLON
alone produced dose-dependent antinociception while co-administration of the
two agonists resulted in a synergistic antinocieptive effect as confirmed
statistically by isobolograpic analysis. Synergy was dependent on the activation
of PLC and PKC, but not PKA, while the effect of agonist administration alone
was only dependent on PLC. The present study reveals a novel signaling
pathway underlying the synergistic analgesic interaction between DOP and a,AR

agonists in the spinal cord.
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INTRODUCTION

Opioid analgesics remain the mainstay for treatment of moderate to severe pain
states (APS, 2006). However, development of adverse side effects such as
tolerance, dependence, constipation, addiction liability and opioid-induced
hyperalgesia limit their utility (Angst and Clark, 2006). Many approaches have
been investigated to bypass these untoward side effects, but use of multimodal
analgesic techniques offers distinct advantages as combination therapies may
produce analgesia at lower total drug doses. Extensive behavioral (Hylden and
Wilcox, 1982, 1983; Stevens et al., 1988; Monasky et al., 1990; Ossipov et al.,
1990a; Ossipov et al., 1990b; Ossipov et al., 1990c; Roerig et al., 1992) and
electrophysiological (Sullivan et al., 1987; Wilcox et al., 1987; Omote et al., 1990)
studies document that that co-activation a2ARs and ORs produces synergistic
interactions in spinal cord, although characterization of the mechanisms
underlying this phenomenon have yet to be elucidated. Therefore, understanding
the molecular mechanisms involved in the synergistic interactions of these
receptors is of both clinical and theoretical importance in development of more
efficacious therapies for pain management, as synergy-enabled decreases in
dose may mitigate unwanted side effects.

Both a2ARs and ORs belong to the seven transmembrane-spanning
domain G protein-coupled receptor superfamily and share common signal
transduction systems mediated primarily through inhibitory G proteins, the

activation of which inhibits pain transmission. Previous literature suggests that
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two analgesic receptor subtypes, a2aAR (Stone et al., 1998) and DOP (Dado et
al., 1993; Arvidsson et al., 1995; Cheng et al., 1997; Zhang et al., 1998), are
extensively co-localized in terminals of capsaicin-sensitive, SP-expressing
primary afferent fibers in rat (Riedl et al., 2009) and that agonists acting at these
receptors are able to produce analgesic synergy in vivo in both mouse (Stone et
al., 1997) and rat (Ossipov et al., 1990a).

Given that the mechanisms underlying supra-additive receptor interactions
remain unknown, we sought to determine which intracellular signaling pathways
are necessary for synergy to occur between 0,ARs and DOPs. We utilized
immunohistochemistry to determine receptor localization and in vivo behavioral
studies to determine if analgesic synergy occurs between agonists acting at
a2ARs/DOPs in spinal cord. We then employed inhibitors of specific signaling
pathways affected by the aforementioned receptor pair in order to elucidate the
mechanisms involved in the synergistic outcome of receptor co-activation. Here,
we report that a2ARs and DOPs colocalize in the superficial dorsal horn of the
spinal cord with the nociceptive neuropeptide SP and that co-activation of a,ARs
and DOPs produces a synergistic interaction in vivo. While the analgesic efficacy
of both receptors required PLC activation, the synergistic interaction uniquely
required PKC activation. These studies are the first to identify a signaling
pathway underlying synergy between agonists acting at a2ARs and DOPs and
may lead to improved understanding and increased clinical utilization of

polyanalgesic therapy.
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MATERIALS AND METHODS

Animals. Male CD-1 ICR mice (20+5g; Harlan, Madison, WI) and male
C57BL6 mice (20+5g; Charles River, Québec, Canada) were maintained on a
12-hour light/dark cycle and food and water were available ad libitum to all
animals. All experiments were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota or the McGill University Animal Care
and Ethics Committees.

Immunohistochemistry. Immunohistochemistry was performed as
previously described (Wessendorf and Elde, 1985; Fairbanks et al., 2002; RiedlI
et al., 2009). In brief, male C57BL6 mice were anesthetized with a
ketamine/xylazine/acepromazine mixture and perfused transcardially with 4%
paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffered saline (PBS)
(pH 6.9). Spinal cords were dissected and stored overnight in 10% sucrose at
4°C. Tissue sections were prepared using a cryostat at a thickness of 10-14 um,
thaw-mounted onto gelatin-coated slides and stored at -20°C. Sections were
incubated for one hour at room temperature in diluent containing 1% normal
donkey serum, 0.3% Triton X-100, 0.01% sodium azide and 1% bovine serum
albumin in PBS. Sections were then incubated overnight at 4°C in a humid
chamber with primary antisera, rinsed 3 x 10 min with PBS, incubated with
fluorescently-tagged species-specific secondary antisera (Jackson

Immunoresearch, West Grove, PA) for one hour at room temperature, rinsed 3 x

18



10 min with PBS and cover-slipped using a mixture of glycerol and PBS
containing 0.1% p-phenylenediamine. The axsAR antiserum (1:1000) was
prepared in rabbit against a synthetic peptide corresponding to azaARu436-450
(AFKKILCRGDRKRIV) of the rat sequence and has been previously
characterized (Stone et al., 1998; Riedl et al., 2009). The rabbit DOP antisera
(1:1000) was prepared against a synthetic peptide corresponding to anti-DOP3.17
(1:1000; LVPSARAELQSSPLV) and has been previously characterized (Dado et
al., 1993; Riedl et al., 2009). SP antibodies raised in two different species and
obtained from two different sources were used in these studies and produced
similar results: rat anti-SP (1:1000; Accurate Chemical, NY) and guinea pig anti-
SP (1:500; Neuromics Antibodies, Inc. Minneapolis, MN) and have been
previously characterized (Cuello et al., 1979; RiedI et al., 2009). Images were
collected using a BioRad MRC 1000 confocal microscope (Bio-Rad Microscience
Division, Cambridge, MA) or an Olympus BX-51 equipped with a DP-71 camera

and assembled in Photoshop.

Drug Preparation and Administration. Drugs used were CLON,
chelerythrine, U73122, idazoxan, and H89 (all from Sigma, St. Louis, MO), DELT
(Tocris, Ellisville, MO) and naltrindole (gift from Dr. Philip Portoghese, University
of Minnesota). All drugs for behavioral experiments were dissolved in 0.9% saline
and administered intrathecally (i.t.) in a volume of 5 ul according to the method of
Hylden and Wilcox (1980) as modified by Wigdor and Wilcox (1987) in conscious

mice.
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Antinociception. Thermal nociceptive responsiveness was assessed
using the warm water (52.5°C) tail-immersion assay, as described previously
(Janssen et al., 1963). Briefly, mice were gently wrapped in a soft cloth such that
their tails were exposed, and three-quarters of the length of the tail was dipped
into the warm water. Tail-flick latencies were obtained before drug application to
establish a baseline response. Opioid and adrenergic receptor agonists were
injected i.t. as 5 and 10 min pretreatments, respectively. The opioid receptor
antagonist was injected concomitant with agonist injection and the adrenergic
receptor antagonist was injected i.t. as a 10 min pretreatment prior to adrenergic
receptor agonist injection. PLC and PKC antagonists were injected i.t. as 1 hr
pretreatments before latency determination while PKA antagonist was injected i.t.
as a 30 min pretreatment. A maximum cut-off of 12 sec was set to avoid tissue
damage. The results were then expressed as a percent of the maximum possible
effect (%MPE) according to the equation:

% MPE = Post-drug latency - Pre-drug latency x 100
Cutoff - Pre-drug latency

Data analysis. The EDsy (nanomoles (nmol)) values and 95% confidence
intervals (Cls) of both CLON and DELT were calculated using the graded dose-
response curve method of Tallarida and Murray (1987). A minimum of three
doses were used for each drug or drug combination. In some instances (e.g.
multiple doses with efficacies approaching 0 or 100%), only the linear portion of

the dose-response curve was included in the EDs( value calculation. To
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determine differences in agonist potency between groups, non-overlapping 95%
Cls were considered to represent statistically significant differences. In the
experiments testing for synergistic interactions, dose-response curves, EDsg
values, and 95% Cls were first generated for CLON and DELT administered
alone as described above. CLON and DELT were then co-administered at a
constant dose ratio based on the potency ratio of the two drugs given separately.
For example, if CLON had an EDsp value of 1 nmol and DELT had an EDsq value
of 1 nmol, the agents were co-administeredin a 1:1 ratio and a third dose-

response curve was generated for the combination treatment.

Isobolographic analysis. Isobolographic analysis is the accepted
standard for quantitative evaluation of drug interactions (Tallarida, 1992). Dose-
response curves were first constructed for CLON and DELT administered
separately and the EDs values were calculated and then used to determine an
equieffective dose ratio between the two as described above. The interaction
between the two drugs was tested by comparing the theoretical additive EDs
value for the combination based on the dose-response curves of each drug
administered separately and the observed experimental EDs value of the
combination using a t-test. These values are based on the total dose of both
drugs. An interaction is considered synergistic if the experimental EDsg value is

significantly less (p<0.05) than the calculated theoretical additive EDsg values.

Isobolographic analysis allows for graphical representation of drug
interactions (Figs. 2B, 3B). This representation depicts the EDsg value of each
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agent as the x- or y-intercept. For example, Figure 2B represents the EDs, value
of CLON as the y-intercept and the EDso of DELT as the x-intercept. The line
connecting these two points is the theoretical additive line and depicts the dose
combinations expected to yield 50% efficacy if the drug interaction is strictly
additive. The theoretical additive EDsg value and its confidence interval are
determined mathematically and plotted spanning this line. The observed EDs
value for the combination is plotted at the corresponding x,y co-ordinates along
with its 95% confidence interval for comparison to the theoretical additive EDsg

value.

The magnitude of drug synergism can also be expressed in terms
of an Interaction Index (y) (Tallarida, 2002). The index is defined by the equation:
a/A + b/B =y where A and B are the doses of drugs A and B administered
separately that give a specified level of effect and (a,b) is the combination dose
that produces this same level of effect (the EDsy values are commonly used for
this calculation). In the absence of a drug interaction, y=1. If the interaction is
synergistic, y<1. The interaction index is used here as a quantitative measure to
characterize the magnitude of synergism by the CLON-DELT combination

between treatment groups.

All dose-response and isobolographic analyses were performed with the
FlashCalc 4.5.3 pharmacological statistics software package generously supplied

by Dr. Michael Ossipov.
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RESULTS

Co-localization of a.2AR-ir, DOP-ir, and SP-ir in the dorsal horn of mouse

spinal cord

Previous reports have demonstrated that both a2pAR and DOP are
expressed in the peptidergic population of primary afferent sensory neurons in rat
(Dado et al., 1993; Arvidsson et al., 1995; Stone et al., 1998; Zhang et al., 1998;
Riedl et al., 2009). However, anatomical characterization of a2aAR and DOP has
not been fully investigated in mice. Therefore, we double-labeled mouse spinal
cord sections with antibodies directed against a2aAR, DOP, and the neuropeptide
SP (Fig. 1). Upon merging of the digital images of sections, double-labeled
elements appear white (Fig. 1 C, F). Co-localization of a2aAR-ir and SP-ir was
observed with the rabbit-derived a2aAR and both rat- and guinea pig-derived SP
antibodies obtained from independent sources (Fig. 1D-F; data not shown).
Similarly, rabbit-derived anti-DOP labeling co-localized with both the rat- and the
guinea pig-derived SP antibodies (Fig. 1A-C; data not shown). The independent
co-localization of axaAR-ir and DOP-ir with multiple SP antibodies is entirely
consistent with anatomical localization in rat and strongly suggests that the co-
localization observed is not artifactual. The extensive co-localization observed
between both a;aAR and DOP with SP suggests that a;aAR and DOP co-localize

in SP-containing fibers in the mouse spinal cord and may be positioned to
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mediate the antinociceptive effects of spinally delivered agonists for these

receptors.

Intrathecal CLON-DELT: Behavioral Antinociceptive Synergy

Intrathecal administration of either CLON or DELT produced dose-
dependent antinociception at 10 and 5 minutes post-injection, respectively (Fig.
2A); these pretreatment times were chosen to match the time of peak effect of
each agent given alone (data not shown). Comparison of the respective EDsg
values revealed a potency ratio between CLON and DELT of approximately 1:1.
Co-administration of the drugs (CLON at 10 min and DELT at 5 min) at a
constant dose ratio equal to the potency ratio (1:1) yielded a third antinociceptive
dose-response curve shown in Figure 2A. This combination dose-response curve
is expressed in terms of the doses of CLON (0.01, 0.1, 1, 3 nmol) given in the
presence of the same doses of DELT (0.01, 0.1, 1, 3 nmol) as opposed to total
drug (e.g. 0.02, 0.2, 2, 6 nmol) to facilitate visual appreciation of the potency
shifts of each drug in the presence of the other. The potency of each drug was
increased approximately 30-fold in the presence of the other, suggesting that the
interaction was synergistic. The dose-response data from Figure 2A are
represented graphically as an isobologram in Figure 2B, which shows that the
EDs value of the combination (closed circle) is significantly lower than the
theoretical additive EDsg value (open circle). This interaction was confirmed as
synergistic by statistical comparison (t-test) between the observed combined
EDso value and the theoretical additive EDsp value. The interaction index, g, was
0.04; this small g value indicates that the synergistic interaction between CLON

and DELT is of a high magnitude.
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Inhibition of PKC Completely and Selectively Reverses CLON-DELT

Synergistic Inhibition of Nociceptive Responses in the Tail Flick Test

To assess the signaling mechanisms mediating the observed behavioral
antinociceptive synergy between a>AR and DOP agonists, we evaluated the
effect of intrathecally co-administered CLON and DELT in the tail flick assay
when mice were pretreated with selective inhibitors of PLC, PKC and PKA
(U73122 (3 nmol, i.t.), chelerythrine (1 nmol, i.t.), and H89 (6 nmol, i.t.),
respectively). PKC inhibition was selected due to its activation downstream of
diacylglycerol produced and Ca®* mobilized by PLC, prior behavioral work
(Roerig 1998) and recent evidence in trigeminal nociceptors showing that
application of the inflammatory mediator bradykinin (BK) rapidly induces
functional DOP competence through a PKC-dependent signaling mechanism
(Patwardhan et al., 2005). PKA inhibition was chosen as a negative control to

show specificity of the PKC effect.

After administration of the PKC inhibitor, CLON (50 min) and DELT (55
min) were administered separately or co-administered at a constant dose ratio
equal to the potency ratio (1:1), and three antinociceptive dose-response curves
were generated (Fig. 3A). The dose-response data from Figure 3A and the
resulting isobologram (Fig. 3B) show that the EDs( value of the combination did
not differ significantly from the theoretical additive EDsg. This interaction was
confirmed as additive by statistical comparison (t-test) between the observed

combined EDsgvalue and the theoretical additive EDsg value. The interaction
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index, g, was 1.05, indicating an absence of a supra-additive drug interaction in
the presence of the PKC inhibitor. While pretreatment with PKC inhibitor
completely abolished the synergy between CLON and DELT, it did not

significantly change the relative potency of the agonists given separately.

In contrast to the PKC inhibitor, pretreatment with U73122 (a PLC
inhibitor) (Fig. 4, dark bars) reversed or reduced the inhibitory effects of high
efficacy doses of both CLON and DELT as well as a synergistic combination
dose. This result permits speculation that PLC-mediated vesicle translocation to
the plasma membrane contributes to both the inhibitory effects of single agonist
administration and their synergistic interaction, while PKC is unique to the
synergistic interaction. Inhibition of PKA with H89 (Fig. 5, vertical striped bars)
had no effect on CLON administered alone or the synergistic CLON-DELT
combination, indicating that PKA, unlike PKC, is not required for CLON-DELT
synergy. Pretreatment with H89 consistently reduced the inhibitory effect of

DELT administered alone (Fig. 5).

It is known that there is a low basal level of adrenergic tone in the form of
norepinepherine release from descending noradrenergic neurons that terminate
in the dorsal horn of the spinal cord (Pertovaara, 2006). Therefore, we
hypothesized that the observed inhibitory effect of DELT in the tail flick assay
was partially mediated through as-adrenergic receptor activation by endogenous
NE. PKA has been implicated in modulation of neurotransmitter release
dynamics from nerve terminals (Trudeau et al., 1996); thus, inhibiting PKA with
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H89 could be interfering with the aforementioned descending noradrenergic tone,

thus reducing the inhibitory effect of DELT administration.

To test this hypothesis, the effects of CLON, DELT, and the CLON-DELT
combination were challenged with i.t. pretreatment of the a,AR antagonist,
idazoxan (10 nmol, i.t.) (Fig. 6, downward diagonal stripes). As expected, i.t.
pretreatment with idazoxan completely reversed the inhibitory effect of CLON
administered alone. Pretreatment with idazoxan also reduced the inhibitory effect
of the CLON-DELT combination. In support of the hypothesized ongoing
noradrenergic tone, i.t. pretreatment with idazoxan also reduced the inhibitory
effect of DELT, supporting a role for endogenous a»AR activation in the effect of
DELT administration alone. Activation of a2ARs by endogenous NE has
previously been reported to be involved in opioid receptor-mediated
antinociception, as mice lacking functional a2aARs or wild-type mice treated with
idazoxan showed decreased morphine potency in inhibiting nocifensive
responses to i.t. administration of SP (Stone et al., 1997). We also challenged
both agonists administered separately and in combination with the DOP
antagonist, naltrindole (8.8 nmol, i.t.) (Fig. 7, upward diagonal stripes). The
inhibitory effects of both DELT alone and the CLON-DELT combination were
reduced with DOP antagonist pretreatment. However, i.t. pretreatment with the
DOP antagonist had no effect on CLON administered alone. These data suggest

that, although the effect of CLON administered alone in vivo is mediated solely
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through a2ARs, the effect of i.t. DELT administration is primarily mediated

through DOP but partially mediated through a2AR activation by endogenous NE.

DISCUSSION

The results from this study indicate that spinal co-administration of
agonists acting at a2ARs and DOPs results in synergistic antinociception in vivo.
Whereas PLC activation is required for both antinociception by a2,AR and DOP
agonists given singly or together, PKC activation is specifically required for the
synergistic interaction between co-administered agonists. By contrast, PKA is not
involved in the effects of a,AR and DOP agonists administered separately or in

combination, reinforcing the unique ability of PKC to mediate a,AR/DOP synergy.

Behavioral Synergy Between Agonists Acting at a2,AR and DOP

Synergistic interactions between classes of analgesic agonists have been
frequently reported in the literature, although the mechanisms underlying this
phenomenon remain to be fully defined. We and others have previously
demonstrated that both a2aARs and DOPs are localized on the terminals of
capsaicin-sensitive, SP-expressing primary afferent neurons in the dorsal horn of
the spinal cord in rat (Dado et al., 1993; Arvidsson et al., 1995; Stone et al.,
1998; Zhang et al., 1998) where they are highly co-localized (Riedl et al., 2009).
The present study demonstrates that these two receptors co-localize identically

in mouse, underscoring the congruence between species. The localization of the
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a22AR subtype together with previous studies showing that the effect of CLON is
eliminated in mice lacking functional a2aARs (Stone et al., 1997) suggests that
the CLON effect seen in the CLON-DELT synergistic interaction is mediated
through this particular a2AR subtype. This study shows that the selective ;AR
and DOP agonists CLON and DELT are each able to dose-dependently inhibit
nociceptive responses when administered i.t. in the tail flick assay and to
synergize in producing this antinociceptive effect. These results confirm previous
findings using a different a2,AR agonist (brimonidine, a.k.a. UK-14,304) (Stone et

al., 1997).

Signaling Mechanisms Mediating a.2AR and DOP Synergy in the Spinal

Cord

Because we observed that analgesic synergy occurs between agonists
acting at a2ARs and DOPs in spinal cord, we sought to address the signaling
mechanisms involved in this interaction. In support of the mechanism of DOP
agonist-induced receptor externalization via PLC (Bao et al., 2003), the results
from this study show that the behavioral effect of a2,AR and DOP agonists
administered separately or in combination is blocked by an inhibitor of PLC. This
outcome suggests that agonist-driven externalization via PLC is involved in the
analgesic effects of CLON, DELT and the CLON-DELT combination. Therefore,

the possibility exists that each agonist also promotes the externalization of the
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other receptor, presenting an opportunity for mutual enhancement of receptor
number.

In contrast to PLC, however, downstream activation of PKC seems to be
uniquely involved in the synergistic interaction between CLON and DELT. We
have shown that inhibition of PKC completely blocked the synergistic
combination, but did not significantly blunt the action of either agonist alone in the
tail flick test. This involvement of PKC in the synergistic interaction is consistent
with the role of PKC in enhancing DOP “competence” (Patwardhan et al., 2005).
Furthermore, the failure of PKA inhibition to block the synergistic effect
underscores the specificity of PKC’s involvement. These data are also consistent
with previous antinociception results indicating that PKC, but not PKA, activity
regulates the synergistic interaction between morphine and CLON in inhibiting
nocifensive responses to i.t. administration of SP (Chai et al., 2008), suggesting
that PKC may mediate multiple opioid and a2,AR subtype interactions in the

spinal cord.

One of several possible explanations for the differential signaling following
receptor co-activation is the formation of heterodimeric complexes between
a22ARs and DOPs. The possibility of novel pharmacological properties from
heterodimer activation distinct from either component receptor alone has been
previously investigated. For instance, it has been shown that heterodimerization
between the k-opioid receptor and DOP allows for distinct functional properties,

including the ability to synergistically bind selective agonists and potentiate signal
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transduction (Jordan and Devi, 1999). Activation of heterodimeric complexes
between u-opioid receptors and apARs are also able to mediate conformational
changes via cross-talk that modulate receptor function (Vilardaga et al., 2008).
Furthermore, 02AR-DOP synergy is lost in mice lacking functional a2aARs (Stone
et al., 1997), whereas it is retained in m-opioid receptor KO mice (Guo et al.,
2003), supporting the specific involvement of DOPs in the synergistic interaction.
Taken together these data demonstrate that aoAR-DOP synergy is dependent on
the presence of both receptors, but, to this point, c2AR-DOP heterodimer
formation in vivo is purely theoretical. An alternative hypothesis is that the
phosphorylation target(s) of PKC allow enhanced Gj,, coupling of both the a2aAR
and DOP. Evidence for a specific role for PKC is a first step in elucidating the
pathways involved in a2AR/DOP synergy, but further work is needed to

determine the contribution of downstream targets of PKC.

Conclusion

Synergy is important in clinical pain management as much lower doses of
each drug can be administered to produce analgesia, thus reducing unwanted
side effects and improving treatment outcomes. These results provide strong
evidence that synergy between analgesic agonists acting at anatomically co-
localized receptor populations in spinal cord can occur. In the case of a,AR and
DOP agonist combinations, the synergistic interaction appears to be mediated

through the activation of PKC. The phosphorylation target(s) of PKC mediating
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the enhanced potency remain unknown, as does the mechanism of
enhancement. Identifying the molecular basis of spinal analgesic synergy may
contribute to improved therapeutic strategies to control chronic pain and

understand mechanisms of chronic pain induction.
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Figure 1. Co-localization of a2aAR and DOP with substance P (SP) in mouse
spinal cord. A-C: Representative images of the dorsal horn of mouse spinal cord
double-labeled with DOP (A, Magenta) and SP (B, Green) antisera. When
images A & B are digitally merged (C), instances of co-localization appear as
white. D-F: Representative images of mouse spinal cord double-labeled with
a2pAR (D, Magenta) and SP (E, Green) antisera. When images D & E are
digitally merged (F), instances of co-localization appear white. The extensive co-
localization observed between both a;aAR and DOP with SP suggests that a;aAR

and DOP co-localize on SP-containing fibers in the mouse spinal cord.
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Figure 2
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Figure 2. Co-administration of DELT and CLON is synergistic in the tail
flick test. A, Nociceptive thermal responses were challenged by intrathecal
administration of DELT, CLON and their combination. DELT (filled triangles) and
CLON (filled circles) inhibited the behavior in a dose-dependent manner with
similar potency and efficacy. When both DELT and CLON were co-administered
at a constant dose ratio of 1:1 (open circles), the resulting potency was ~30-fold
higher than either drug given alone, suggesting that the interaction was
synergistic. Error bars represent mean +SEM for each dose point (n = 6
animals/dose). B, Isobolographic analysis of the data in Figure 1A. The y-
intercept represents the CLON EDsq (5 nmol; 95% CI = 3.6-6.4), and the x-
intercept represents the DELT EDsp (3.9 nmol; 95% CI = 3.2-4.5) when each was
administered alone. The heavy line connecting the intercepts is the theoretical
additive line and the open circle represents the theoretical additive combined
EDso. Coordinates for drug combinations falling below this line and outside the
confidence limits indicate a synergistic interaction. When the two compounds
were co-administered at a 1:1 dose ratio, the resultant EDsg (closed circle) (0.17
nmol; 95% CI = 0.11-0.23) of DELT in the presence of CLON fell well below the
additive line, indicating that the interaction was synergistic. Error bars parallel to
each axis represent the lower 95% CI for each compound given alone. The error

bars on the combined dose points represent the upper and lower 95% Cls.
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Figure 3
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Figure 3. Inhibition of PKC Reverses CLON-DELT Synergistic Inhibition of
Nociceptive Responses in the Tail Flick Test. A, Co-administration of DELT
and CLON show additivity in the presence of the PKC inhibitor chelerythrine.
Nociceptive thermal responses were challenged by intrathecal administration of
DELT, CLON and their combination in the presence of an inhibitor of PKC. DELT
(filled triangles) and CLON (filled circles) inhibited the responses in a dose-
dependent manner with similar potency and efficacy. Co-administration of DELT
and CLON at a 1:1 dose ratio (open circles) was ~1.9-fold more potent than
either drug given alone, compared to ~30-fold potency shift in the absence of
chelerythrine (see figure 2A). Error bars represent mean +SEM for each dose
point (n = 6 animals/dose). B, Isobolographic analysis was applied to the data in
Figure 3A. The y-intercept represents the EDsp (7.7 nmol; 95% CI = 6.1-9.3) for
CLON, and the x-intercept represents the EDsp (7.9 nmol; 95% CI = 6.8-9.0) for
DELT when each was administered alone. Co-administration at a 1:1 dose ratio
resulted in an EDsg (closed circle) (4.1 nmol; 95% CIl = 3.2-5.0) for DELT in the
presence of CLON that fell on the theoretical additive line, indicating a strictly

additive interaction in the presence of the PKC inhibitor.
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Figure 4. Effect of the PLC inhibitor U73122 on the ability of CLON, DELT,
and the CLON-DELT combination to inhibit nociceptive thermal responses
in the tail flick test. High efficacy doses of CLON and DELT as well as the low
dose CLON-DELT combination were tested under control conditions (light bars)
and in the presence of U73122 (3 nmol i.t., dark bars). The upstream inhibitor of
PLC, U73122, abolished the inhibitory effects of the agonists administered alone
(76.0 = 3.9% vs 4.6 = 1.6% inhibition for CLON and 78.1 + 5.7% vs. 25.7 + 3.7%
inhibition for DELT in the presence of U73122) as well as the synergistic effect of
their low dose combination (69.6 + 3.3% vs. 17.0 = 7.1% inhibition in the

presence of U73122). Error bars represent mean +SEM (n = 6 animals/dose).
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Figure 5. Effect of the PKA inhibitor H89 on the ability of CLON, DELT, and
the CLON-DELT combination to inhibit nociceptive thermal responses in
the tail flick test. High efficacy doses of CLON and DELT as well as the low
dose CLON-DELT combination were tested under control conditions (light bars)
and in the presence of H89 (6 nmol i.t., vertical striped bars). Pretreatment with
the PKA inhibitor, H89, had no effect on either CLON administered alone (74.1 =
5.1% vs. 64.9 = 3.0% inhibition in the presence of H89) or the low dose
combination (82.5 + 4.5% vs. 72.9 + 3.8% inhibition for in the presence of H89).
Pretreatment with H89 reduced the effect of DELT administered alone (88.4 +
4.2% vs. 40.8 + 6.2% inhibition for DELT in the presence of H89). Error bars

represent mean +SEM (n = 6 animals/dose).
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Figure 6. Effect of the a.2AR antagonist idazoxan on the ability of CLON,
DELT, and the CLON-DELT combination to inhibit nociceptive thermal
responses in the tail flick test. High efficacy doses of CLON and DELT as well
as the low dose CLON-DELT combination were tested under control conditions
(light bars) and in the presence of idazoxan (10 nmol i.t., downward diagonal
stripes). Pretreatment with the a2,AR antagonist, idazoxan, completely reversed
the effect of CLON administered alone (75.7 + 6.3% vs. 0.2 = 1.5% inhibition in
the presence of idazoxan), and reduced the effects of both DELT alone (87.9 =+
4.4% vs. 37.3 + 4.5% inhibition in the presence of idazoxan) and the CLON-
DELT combination (95.4 = 2.6% vs. 53.0 = 4.4% inhibition in the presence of

idazoxan). Error bars represent mean +SEM (n = 6 animals/dose).
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Figure 7. Effect of the DOP antagonist naltrindole on the ability of CLON,
DELT, and the CLON-DELT combination to inhibit nociceptive thermal
responses in the tail flick test. High efficacy doses of CLON and DELT as well
as the low dose CLON-DELT combination were tested under control conditions
(light bars) and in the presence of naltrindole (8.8 nmol i.t., upward diagonal
stripes). Pretreatment with the DOP antagonist, naltrindole, had no effect on
CLON administered alone (74.2 + 4.5% vs. 64.7 + 4.4% inhibition in the presence
of naltrindole), but reduced the inhibitory effect of DELT administered alone (85.3
+5.9% vs. 22.1 = 2.4% inhibition in the presence of naltrindole). Pretreatment
with naltrindole also reduced the effect of the CLON-DELT combination (92.3 =+
4.0% vs. 44.6 + 3.7% inhibition in the presence of naltrindole). Error bars

represent mean +SEM (n = 6 animals/dose).
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CHAPTERIIII:

Protein Kinase C Mediates the Synergistic
Inhibition of CGRP Release by Co-Activation
of Spinal Alpha-2-Adrenergic and Delta
Opioid Receptors

*The Work Described In This Section Has Been Published (The data from
the article is presented in Chapters 2 and 3)

Overland AC, Kitto KF, Chabot-Doré, AJ, Rothwell, PE, Fairbanks CA, Stone LS,
Wilcox GL. Protein kinase C (PKC) mediates the synergistic interaction between
agonists acting at ap-adrenergic and 6-opioid receptors (AR & DOP) in spinal
cord. J Neurosci. 2009. Oct 21; 29(42): 13264-73.

(A.C.O. planned and conducted the experiments, wrote paper. K.F.K. conducted
experiments. A.J.C-D. conducted experiments. P.E.R. assisted with experiments.
C.A.F. assisted with interpretation and editing. L.S.S. assisted with interpretation
and editing. G.L.W. assisted with method development, interpretation and
editing.)

*Synaptosome Data Presented in This Section Has Been Published in the
Following Article

Riedl MS, Schnell SA, Overland AC, Chabot-Dore AJ, Taylor AM, Ribeiro-da-
Silva A, Elde RP, Wilcox GL, Stone LS. Coexpression of alpha 2A-adrenergic
and delta-opioid receptors in substance P-containing terminals in rat dorsal horn.
J Comp Neurol. 2009. Apr 1;513(4):385-98.

(A.C.O. planned and conducted the synaptosome experiments, wrote section.
G.L.W. assisted with method development, interpretation and editing for
synaptosome data. L.S.S. assisted with method development, interpretation and
editing for synaptosome data.)
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DOPs and a2ARs mediate a number of physiological and responses,
including spinal analgesia. These two receptor populations co-localize
extensively in the terminals of primary afferent fibers in the dorsal horn of the
spinal cord, and agonists acting at these receptors produce analgesic synergy in
vivo. Spinal analgesic synergy between predominantly inhibitory GPCRs is a
well-known phenomenon, yet the mechanisms underlying this interaction remain
relatively unexplored. Recently, a role for PKC has been shown to mediate the
synergistic interaction between the DOP agonist, DELT and the a2AR agonist,
CLON in vivo, but not the effect of separate agonist administration. We evaluated
the ability of the DOP-selective agonist DELT, the a2AR agonist CLON or their
combination to inhibit CGRP release from spinal cord slices and spinal cord
synaptosomes. We then examined the possible underlying signaling mechanisms
involved through co-administration of inhibitors of PLC, PKC or PKA. Potassium-
evoked depolarization of spinal cord slices and spinal cord synaptosomes
caused concentration-dependent release of CGRP. Co-administration of DELT
and CLON inhibited the release of CGRP in a synergistic manner as confirmed
statistically by isobolograpic analysis. Synergy was dependent on the activation
of PLC and PKC, but not PKA, while the effect of agonist administration alone
was only dependent on PLC. That inhibition of CGRP release by the combination
was maintained in the presence of tetrodotoxin in spinal cord slices suggests that

synergy does not rely on interneuronal signaling and may occur within single
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subcellular compartments.
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INTRODUCTION

Agonists acting at spinal a2AR and DOP are known to produce potent analgesia
in mouse (Hylden and Wilcox, 1983), rat (Reddy and Yaksh, 1980; Tung and
Yaksh, 1982), non-human primate (Yaksh, 1983) and human (Onofrio and
Yaksh, 1983; De Kock et al., 2005). Activation of these receptors also produces
analgesic synergy in vivo in both mouse (Stone et al., 1997; Overland et al.,
2009) and rat (Ossipov et al., 1990c) when co-administered. It has been
proposed that two receptor populations, acting through common signaling
systems, can only synergize if they are anatomically localized to different
locations within the pathway (e.g. presynaptic vs. postsynaptic) (Honore et al.,
1996). In contrast, recent literature suggests that two analgesic receptor
subtypes that mediate spinal analgesic synergy, a2aAR (Stone et al., 1998) and
DOP (Dado et al., 1993; Arvidsson et al., 1995; Cheng et al., 1997; Zhang et al.,
1998), are extensively co-localized in terminals of capsaicin-sensitive, substance
P (SP)-expressing primary afferent fibers in rat (Riedl et al., 2009) and mouse
(Overland et al., 2009).

Given that the mechanism of spinal analgesic synergy has only recently
been studied and that evidence from Chapter 2 suggests that protein kinase C
(PKC) mediates in vivo spinal synergy between agonists acting at a2aAR and
DOP, we utilized a more reduced in vitro spinal cord slice and spinal cord

synaptosome preparation from rats to determine if the observed synergy
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between agonists acting at a,ARs/DOPs is also mediated by PKC and results
from something other than multicellular interactions mediated by neuronal
circuitry. We then employed inhibitors of specific signaling pathways affected by
the aforementioned receptor pair in spinal cord slices in order to elucidate the
mechanisms involved in the synergistic outcome of receptor co-activation. Here,
we report that co-activation of a,ARs and DOPs produces a greater-than-additive
interaction in vitro in both spinal cord slices and spinal cord synaptosomes in
inhibiting evoked CGRP release, and that this interaction takes place within the
terminals of primary afferent neurons in spinal cord. Prior immunohistochemical
evidence has shown that CGRP-ir in the spinal cord is primarily localized to
capsaicin-sensitive, SP-expressing sensory neurons (Franco-Cereceda et al.,
1987). While the analgesic efficacy of both receptors required PLC activation, the
synergistic interaction uniquely required PKC activation, consistent with in vivo
results from chapter 2. These studies are the first to show a specific signaling
pathway underlying synergy between agonists acting at co-localized receptor
populations in the spinal cord that are not mediated by multicellular interactions.
Increased elucidation of the mechanisms underlying synergistic interactions in
analgesia may lead to novel drug targets for pain management and improve

conventional pain therapy practices.
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MATERIALS AND METHODS

Animals. Adult male Sprague-Dawley rats (150+25g; Harlan, Madison,
WI) were maintained on a 12 hour light/dark cycle and food and water were
available ad libitum to all animals. All experiments were approved by the
Institutional Animal Care and Use Committee of the University of Minnesota or
the McGill University Animal Care and Ethics Committees.

Drug Preparation and Administration. Drugs used were CLON,
chelerythrine, U73122, idazoxan, H89, tetrodotoxin (TTX) (all from Sigma, St.
Louis, MO), DELT (Tocris, Ellisville, MO) and naltrindole (gift from Dr. Philip
Portoghese, University of Minnesota). For spinal cord slice neuropeptide release
experiments, U73122 was dissolved in ethanol and diluted in HEPES buffer. All
other drugs were dissolved in dH20 and diluted in HEPES buffer. Control
experiments with HEPES (shown) and HEPES with ethanol (not shown)
demonstrated that diluted ethanol had no effect on either basal or K*-stimulated
CGREP release.

Neuropeptide release from spinal cord slices. For determination of
calcitonin gene-related peptide (CGRP) release from spinal cord slices, adult
male Sprague—Dawley rats (275-325 g) were utilized. Animals were anesthetized
with isoflurane and quickly decapitated. Spinal cords were removed by hydraulic
extrusion and placed in ice-cold, oxygenated HEPES buffer containing (in mM):

120 NaCl, 5.4 KCl, 0.8 MgCl,, 1.8 CaCl,, 20 HEPES, 0.01 glycine, 15 glucose,
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and commercial protease inhibitor cocktail (Roche, Nutley, NJ). Two cm
segments of the lumbar enlargement were removed, divided mid-sagittally,
chopped into 0.3 x 0.3 mm pieces (Mclllwain tissue chopper), and the halves
placed into separate 1 mL perfusion chambers. The tissue was perfused at a flow
rate of 0.35-0.4 mL/min in HEPES buffer maintained at 37°C, aerated with 95%
02-5% CO; and pH adjusted to 7.4. The tissue was allowed a perfusion
equilibration period of 30 min to stabilize peptide release and then collected for 6-
min periods in 12 x 75 mm glass test tubes. Basal release was assessed by
perfusing the tissue with HEPES buffer for 6 min. Following this period, peptide
release was evoked by perfusing the tissue for an additional 6 min with HEPES
buffer containing 60 mM K. In release inhibition experiments, tissue was
perfused for 6 min with HEPES buffer containing DELT, CLON, or the
combination in a 1:1 concentration ratio before the K* stimulation. When PLC
inhibitor, PKC inhibitor, PKA inhibitor, or TTX were used, these compounds were
present in the superfusate throughout the entire experiment. Immunoreactive
CGRP in the collected samples was assayed by enzyme-linked immunosorbent
assay (ELISA) (SPI Bio, Cat No. 589001). No difference in either basal or K*-
evoked CGRP release was observed from slices made from either whole cord or

cord separated to exclude the ventral horn (data not shown).

Electrophysiological Recording. Adult male Sprague—Dawley rats (275-
325 g) were anesthetized with isoflurane and quickly decapitated. Spinal cords

were removed by hydraulic extrusion and placed in ice-cold, oxygenated artificial
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cerebrospinal fluid (aCSF) with the following composition (in mM): 119 NaCl, 2.5
KCI, 1.0 NaH,PO4, 1.3 MgSOQy, 2.5 CaCl,, 26.2 NaHCO3; and 11 glucose. The
lumbar enlargement was cut into 1 cm sections, from which dorsal horizontal
slices with a thickness of about 500 um were taken using a vibratome while the
spinal cord was immersed in aCSF. The slicing solution also contained 10 mM
kynurenic acid to maintain viability. After recovery, slices were superfused with
normal aCSF (22-23°C) containing 100 uM picrotoxin. Field excitatory post-
synaptic potentials (fEPSPs) were evoked every 10 sec using a suction electrode
placed on the dorsal root entry zone, and recorded using a glass electrode filled
with artificial cerebrospinal fluid and placed in the ipsilateral superficial dorsal
horn 2-5 mm rostral or caudal of the stimulating electrode. Data were digitized at
5kHz using a Multiclamp 700A amplifier (Molecular Devices, Foster City, CA),
and analyzed using custom software (Igor Pro, Wavemetrics, Lake Oswego,
OR). fEPSP amplitude following application of TTX (0.1 or 1 uM) is expressed as
the percentage of baseline amplitude recorded for 5 min prior to TTX application.
Synaptosome Preparation. This preparation is described in greater detail
elsewhere (Goracke-Postle et al., 2006). Briefly, spinal cords were collected,
homogenized and centrifuged at ~800 x g for 10 min @4°C. The supernatant
(S1) was then centrifuged at ~15,000 x g for 20 min at 4°C. The resultant pellet
(P2) was resuspended and the synaptosomes were further purified by sucrose

gradient as previously described (Fried et al., 1989). This preparation has been
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validated using both functional and anatomical criteria (Goracke-Postle et al.,

2006; Goracke-Postle et al., 2007).

Neuropeptide Release Assay. Synaptosomes were prepared as
described above, oxygenated for 1 min and allowed to seal during a 30-min
incubation at 37°C. Samples were centrifuged for 5 min at 15,000 RPM and
supernatant was removed. After an initial wash in HEPES, a 10 min baseline
sample was collected. The synaptosomes were then exposed to either vehicle or
test compound (DELT, CLON or combination) for 10 min and stimulated with
60mM K* (10 min). Samples were centrifuged again for 5 min at 15,000 RPM. All
supernatants were collected for analysis of immunoreactive calcitonin gene-
related peptide (iCGRP) content by a commercial radioimmunoassay (RIA) kit
(Phoenix Pharmaceuticals Burlingame, CA). Data are presented as mean +/-
SEM and expressed as the % inhibition of neuropeptide release according to the

equation: % Inhibition = (K" - drug) / (K" - baseline) x 100.

Data analysis. The ECsy (nanomolar (nM)) values and 95% confidence
intervals (Cls) of both CLON and DELT were calculated using the graded
concentration-response curve method of Tallarida and Murray (1987). In some
instances (e.g. multiple concentrations with efficacies approaching 0 or 100%),
only the linear portion of the concentration-response curve was included in the
ECso value calculation. To determine differences in agonist potency between
groups, non-overlapping 95% Cls were considered to represent statistically
significant differences. Concentration-response curves, ECs values, and 95% Cls
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were first generated for CLON and DELT administered alone as described
above. CLON and DELT were then co-administered at a constant concentration

ratio based on the potency ratio of the two drugs given separately.

Isobolographic analysis. Isobolographic analysis was performed as previously
described in chapter 2 for spinal cord release studies. Isobolographic analysis
was not performed on spinal cord synaptosome release studies as only two

combination concentrations were tested.

All concentration-response and isobolographic analyses were performed
with the FlashCalc 4.5.3 pharmacological statistics software package generously

supplied by Dr. Michael Ossipov.

RESULTS

CLON-DELT: Synergistic Inhibition of K*-Stimulated CGRP Release from

Spinal Cord Slices

In order to determine if the antinociceptive interaction observed in vivo
was attributable to activation of receptors at the level of primary afferent
terminals, we determined the ability of a,AR and DOP agonists to inhibit K*-
stimulated release of the neuropeptide CGRP in vitro using the spinal cord slice
preparation. Measurement of CGRP release was chosen because, although K*
stimulation causes depolarization of all cells in the slice preparation, CGRP in the

spinal cord is exclusively released by primary afferent terminals (Franco-
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Cereceda et al., 1987; Plenderleith et al., 1990). Stimulation of spinal cord slices
with 60 mM K" significantly increased the concentration of immunoreactive
CGRP (iCGRP) in the superfusate from 44.7 + 5.2 pg/mL (basal level) to 221 +
44 .4 pg/mL (Fig. 1). This increase was inhibited in a concentration-dependent
manner by pre-treatment with either the a2AR agonist CLON (closed circles) or
the DOP agonist DELT (closed squares) (Fig. 2A). To determine if a synergistic
interaction exists between these receptors in this preparation, slices were
superfused with both drugs in combination. The resultant concentration-response
curve (open squares and open triangles in Fig. 2A) shows the effect of fixed-ratio
combinations of the two agents administered simultaneously. The potency of
each drug was increased approximately 30-fold in the presence of the other,
similar to results obtained in vivo from Chapter 2, suggesting that the interaction
is synergistic. The concentration-response data from Figure 2A are represented
graphically as an isobologram in Figure 2B, which shows that the ECs, of the
combination (closed circle) is significantly lower than the theoretical additive ECsg
(open circle). Statistical comparison (t-test) between the observed combined
ECso value and the theoretical additive ECsg value demonstrates that this
interaction is synergistic. The interaction index, y, for the combination was 0.06,
indicating a substantial synergistic interaction between a2,AR and DOP agonists
at the level of primary afferent terminals. Pretreatment of spinal cord slices with

the nonselective OR antagonist naloxone (1 uM) or the a2AR antagonist
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idazoxan (1 uM) abolished the inhibitory action of DELT and CLON, respectively,

confirming that the observed effects were OR and a,AR-mediated (Fig. 3).

Greater-Than-Additive Inhibition of Neuropeptide Release by a;AR and DOP

in Spinal Cord Synaptosomes.

We tested our synaptosome preparation for evidence of functional a,AR
and DOP by evaluating the ability of agonists acting at these receptors to inhibit
K*-stimulated release of the neuropeptide CGRP. Upon stimulation of spinal cord
synaptosomes with 60 mM K*, immunoreactive CGRP (iCGRP) was increased
from basal levels of 127 pg/ml to 161 pg/ml. This increase was inhibited in a
concentration-dependent manner by the a2AR and DOP agonists CLON and
DELT, respectively (Fig. 4). In order to determine if an interaction exists between
these receptors, samples were incubated with both drugs in combination. The
combination treatment resulted in significant enhancement in both potency and
efficacy, suggesting a synergistic interaction exists between the receptors on

isolated spinal nerve terminals.

Inhibition of PKC Completely and Selectively Reverses CLON-DELT

Synergistic Inhibition of CGRP Release from Spinal Cord Slices

In order to determine if the reduction of antinociceptive synergy with PKC
inhibition observed in vivo from Chapter 2 generalized to the level of primary
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afferent terminals, we tested whether inhibition of PKC could similarly affect the
synergistic interaction between CLON and DELT in reducing inhibition of K*-
stimulated release of the neuropeptide CGRP in vitro using the spinal cord slice
preparation. To determine if there are differential signaling mechanisms
mediating the effects of these agonists administered alone and in the synergistic
combination, we challenged the ability of CLON (Fig. 5), DELT (Fig. 6) and the
combination (Fig. 7) to inhibit K*-stimulated CGRP release from rat spinal cord
slices with selective inhibitors of PKA, PLC and PKC. High efficacy
concentrations of CLON and DELT were tested under control conditions (light
bars) and in the presence of the PKA inhibitor H89 (vertical striped bars), the
PLC inhibitor U73122 (dark bars), or the PKC inhibitor chelerythrine (horizontal
striped bars). Pretreatment with the PLC inhibitor significantly reversed the
inhibitory effects of CLON and DELT when administered alone, consistent with
the behavioral results from Chapter 2. In contrast, neither inhibition of PKC with
chelerythrine nor inhibition of PKA with H89 reversed the effect of either CLON or

DELT administered alone in vitro.

When the effect of inhibitors of PLC, PKC and PKA on DELT-CLON
synergy was evaluated, inhibition of both PLC and PKC, but not PKA, blocked
the synergistic interaction. These data suggest that, although the effect of both
agonists administered separately and together requires activation of the PLC
pathway, only the synergistic effect of both agonists co-administered relies on

activation of PKC. Dependence on PKC, but not PKA in the spinal cord slice
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preparation is consistent with the in vivo data from Chapter 2 in Figures 2 & 3.
Control experiments confirmed that inhibitors of PLC, PKC and PKA alone had

no effect on basal CGRP release from spinal cord slices (Fig. 8).

CLON-DELT Synergy is Maintained in the Presence of Tetrodotoxin

The similar results reported above for greater-than-additive inhibition of
CGRP release from spinal cord synaptosomes suggest that this interaction takes
place in subcellular compartments co-containing the receptors. To determine
whether the synergistic interaction between the two agonists requires co-
localization within subcellular compartments rather than through inter-neuronal
circuitry, we evaluated whether CLON-DELT synergy in the spinal cord slice
preparation is maintained in the presence of the sodium channel blocker, TTX,
which inhibits neural transmission. We chose a concentration of 1 uM of TTX
based on i) a literature survey of rat (Murase and Randic, 1983; Ryu et al., 1988;
Yoshimura and Jessell, 1989; Yoshimura and Jessell, 1990) and mouse (Han et
al., 2007) studies, and ii) a positive control experiment showing that 1 uM TTX,
but not 0.1 uM, completely blocked fEPSPs in rat spinal cord slices (4.9 + 5.9%
response in the presence of TTX vs. baseline) (Fig. 9A). The presence of TTX (1
uM) in the superfusate throughout the experiment did not affect the synergistic
inhibition of the CLON-DELT combination (0.1 nM, 1:1 concentration ratio) of K*-
evoked CGRP release from spinal cord slices (72.7 + 10.4% vs. 60.9 + 8.9%

inhibition in the presence of TTX) (Fig. 9B). Taken together, these findings
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support the results in spinal cord synaptosomes that the observed synergy
between agonists acting at these two receptors occurs within single subcellular
compartments (i.e. the terminals of primary afferent nociceptive fibers in the

dorsal horn of the spinal cord).

CLON-DELT Combination Causes Significant CGRP Release in the

Absence of K* Stimulation

Since DOP agonist-induced CGRP release from cultured DRG neurons
has been shown to correlate with functional DOP insertion into the plasma
membrane (Bao et al., 2003), we sought to determine if the low-concentration
CLON-DELT combination could also cause CGRP release in the absence of K
stimulation (Fig. 10). Spinal cord slices were superfused with CLON, DELT, and
the CLON-DELT combination (10 nM, 10 nM and 0.1 nM, respectively) to test for
CGRP release in the absence of K™ depolarization. Stimulation of spinal cord
slices with CLON (10 nM) failed to cause significant release of CGRP. In
agreement with (Bao et al., 2003), however, stimulation of spinal cord slices with
DELT (10 nM) caused significant release of CGRP. Stimulation of spinal cord
slices with a 100-fold lower concentration of the CLON-DELT combination also
caused significant release of CGRP in the absence of K* stimulation. These data
suggest that the CLON-DELT combination may act synergistically at DOP and

02AR to externalize large dense-core vesicles containing CGRP, and thus may
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act to insert functional receptors into the membrane in the same manner as DOP

agonist alone.

DISCUSSION

The results from this study indicate that the synergistic interaction between
agonists acting at a2AR and DOP can occur at the level of primary afferent
terminals to inhibit release of nociceptive neuropeptides from spinal cord slices
and spinal cord synaptosomes and that this interaction is mediated by PKC.
These results also support and extend evidence from Chapter 2 that PKC-
mediated synergistic antinociception between a2,AR and DOP can occur in vivo.
Whereas PLC activation is required for both antinociception and inhibition of
neuropeptide release by a2AR and DOP agonists given singly or together, PKC
activation is specifically required for the synergistic interaction between co-
administered agonists. By contrast, PKA inhibition did not alter the effects of
a2AR or DOP agonists administered separately or in combination, reinforcing the
unique ability of PKC to mediate a2AR/DOP synergy. That the synergistic
interaction observed in vitro is maintained in the presence of TTX indicates that
0a2AR/DOP synergy can take place in single subcellular compartments in the

absence of multicellular circuitry.
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In Vitro Synergy Between Agonists Acting at a2AR and DOP

In vivo synergistic interactions between classes of analgesic agonists have been
frequently reported in the literature. It has been suggested, for example, that
synergy will be observed between agonists acting at the following receptor pairs:
d-opioid/aga-adrenergic (Stone et al., 1997), d-opioid/ayc-adrenergic (Fairbanks
et al., 2002), u-opioid/aza-adrenergic (Stone et al., 1997) and u-opioid/oc-
adrenergic (Fairbanks et al., 2000), yet the mechanism underlying these
interactions has only recently been studied. The current study shows that the
selective 02,AR and DOP agonists CLON and DELT are each able to
concentration-dependently inhibit evoked CGRP release from spinal cord slices
and spinal cord synaptosomes and to synergize in producing this inhibitory effect
when co-administered. While inhibition of evoked CGRP release has been
previously shown for a2,AR and DOP agonists (Pohl et al., 1989; Supowit et al.,
1998; Bao et al., 2003) as well as other analgesics (Ballet et al., 2001) these
results are the first to identify a synergistic interaction between a2AR and DOP in
a reduced in vitro preparation, specifically showing that this interaction can occur

between co-localized receptor pairs in the absence of multicellular circuitry.

Signaling Mechanisms Mediating a.2AR and DOP Synergy in the Spinal
Cord

Because we previously observed that the in vivo analgesic synergy between
agonists acting at a2ARs and DOPs in spinal cord is mediated by PKC, we
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sought to determine if this signaling mechanism for synergy translates to our in
vitro spinal cord slice preparation. The results from this study show congruence
with our in vivo evidence from Chapter 2, in that the inhibitory effect of a2,AR and
DOP agonists administered separately or in combination is blocked by an
inhibitor of PLC. This outcome suggests that agonist-driven externalization via
PLC is involved in the analgesic effects of CLON, DELT and the CLON-DELT
combination.

In contrast to PLC, however, downstream activation of PKC seems
to be uniquely involved in the synergistic interaction of CLON and DELT inhibiting
evoked CGRP from spinal cord slices. We have also shown that inhibition of PKC
completely blocked the synergistic combination, but did not significantly blunt the
action of either agonist alone in this preparation. This involvement of PKC in the
synergistic interaction is consistent with the role of PKC in enhancing DOP
‘competence” (Patwardhan et al., 2005) as well as our in vivo results from
Chapter 2. Furthermore, the failure of PKA inhibition to block the synergistic

effect underscores the specificity of PKC'’s involvement.

In small dorsal root ganglion (DRG) neurons, DOPs are known to
predominantly localize to the cytoplasm and have been shown through
immunofluorescence (Dado et al., 1993; Arvidsson et al., 1995), electron
microscopy (Cheng et al., 1995; Zhang et al., 1998) and biochemical evidence
(Wang et al., 2008) to often associate with the membrane of large dense-core

vesicles that contain neuropeptides (e.g. CGRP, SP), with only a limited number
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of DOPs distributed in the plasma membrane. Because, under basal conditions,
DOPs are mainly localized to the cytoplasm, it has been suggested that the
majority are “reserve” receptors that are then targeted to and inserted in the
plasma membrane in response to physiological changes (Zhang et al., 1998;
Cahill et al., 2001b; Cahill et al., 2001a; Bao et al., 2003; Cahill et al., 2003;
Gendron et al., 2006). Activation of DOPs through agonist binding has been
shown to trigger a slow but long-lasting exocytosis of large dense core vesicles
(Wang et al., 2008), leading to an increase in cell surface area, insertion of
functional DOPs, and CGRP release in a PLC- and Ca®*-dependent manner,
presumably through activation of G4 (Bao et al., 2003). It is also known that
activation of either the DOP (Yoon et al., 1999) or a;aAR (Dorn et al., 1997) can
mobilize IPs-sensitive Ca?* stores through a signal transduction pathway that
involves activation of PLC by G, subunits released from agonist-induced
dissociation of the G; heterotrimer. That DOPs and a2ARs share common
signaling pathways through similar G proteins and can both mobilize intracellular
Ca* through activation of PLC suggests that trafficking mechanisms for a2ARs in
primary afferent terminals are similar to those of DOPs. Our results showing that
both DELT alone and a 100-fold lower concentration of the CLON-DELT
combination can cause significant release of CGRP in the absence of other
stimuli support prior evidence that a2AR and DOP might undergo differential

signaling through multiple G proteins.
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Conclusion

Understanding the mechanisms for analgesic synergy is important for
improving clinical pain management as conventional opioid therapy is limited by
the development of unwanted side effects. While clinical use of polyanalgesic
therapy may result in lower total doses of each drug administered to produce
analgesia, parsing the intracellular signaling pathways mediating synergistic
interactions may lead to more effective drug targets with less side effect liability.
These results provide strong evidence that synergy between analgesic agonists
acting at anatomically co-localized receptor populations can occur at the level of
the primary afferent terminal in the absence of multicellular circuitry. In the case
of a2AR and DOP agonist combinations, the synergistic interaction appears to be
mediated through the activation of PKC. Further research is still needed to

determine the target(s) of PKC and elucidate the mechanism of enhancement.
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Figure 1. Effect of K*'-induced depolarization on the release of CGRP from
lumbar spinal cord slices in vitro. The amount of CGRP released over a six-
minute period of superfusion from lumbar spinal cord slices was measured using
ELISA (Enzyme-Linked Immunosorbent Assay). Superfusion of spinal cord slices
with 60 mM K" increased iCGRP release 4-fold over baseline values (44.7 pg/ml

vs. 221 pg/ml). Error bars represent mean +SEM (n = 7-13/group).
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Figure 2. Co-administration of DELT and CLON inhibits K*-evoked release
of CGRP from spinal cord slices in a synergistic manner. A, K'-evoked
release of CGRP was challenged by administration of DELT, CLON and their
combination. DELT (filled squares) and CLON (filled circles) inhibited the release
of CGRP in a concentration-dependent manner with similar potency and efficacy.
Co-administration of DELT and CLON at constant concentration ratio of 1:1
(open squares and open triangles) was ~30-fold more potent than either drug
given alone, suggesting that the interaction was synergistic. Error bars represent
mean +SEM for each concentration point (n = 3-9 samples/concentration). B,
Isobolographic analysis of the data in Figure 2A. The y-intercept represents the
CLON ECs5p (1.9 nM; 95% CI = 0.5-3.3), and the x-intercept represents the DELT
ECso (2.3 nM; 95% CI = 0.5-4.2) when each was administered alone. The heavy
line connecting the intercepts is the theoretical additive line and the open circle
represents the theoretical additive combined ECso. Coordinates for drug
combinations falling below this line and outside the confidence limits indicate a
synergistic interaction. Co-administration of CLON and DELT at a 1:1
concentration ratio resulted in an ECsg (0.06; 95% CI = 0.01-0.1) of DELT in the
presence of CLON that fell well below the additive line, indicating that the
interaction was synergistic. Error bars parallel to each axis represent the lower
95% CI for each compound given alone. The error bars on the combined

concentration points represent the upper and lower 95% Cls.

64



[—JCLON
E=CLON + Idazoxan

| B DELT
l [IIDELT + Naloxone

125+

100+

50+

% Inhibition

25+

.25

Figure 3. Opioid receptor and az-adrenergic receptor-mediated DELT and
CLON inhibition of K*-evoked release of CGRP from spinal cord slices. High
efficacy concentrations of CLON (10 nM) and DELT (10 nM) were challenged
with the a2AR antagonist idazoxan (1 uM) or the nonselective OR antagonist
naloxone (1 uM) for inhibiting 60 mM K*-evoked release of CGRP from spinal
cord slices. Pretreatment of spinal cord slices with idazoxan or naloxone
abolished the inhibitory action of CLON and DELT, respectively, confirming that

the observed effects were 0,AR- and OR-mediated.
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Figure 4. Inhibition of neuropeptide release by a,AR and DOP agonists in
spinal cord synaptosomes. Synaptosomes were exposed to vehicle, the a2,AR
agonist CLON (circles), the DOP agonist DELT (squares) or the combination of
CLON + DELT (triangles) and stimulated with 60 mM K*. CLON and DELT
inhibited CGRP release in a concentration-dependent manner. Co-incubation
with both agonists together resulted in enhanced effectiveness over either
agonist alone. Error bars represent +SEM for each concentration (n = 3

replicates/concentration).
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Figure 5. Effect of the PKC inhibitor chelerythrine, the PLC inhibitor U73122
and the PKA inhibitor H89 on the ability of CLON to inhibit CGRP release
from spinal cord slices. (Note ordinate represents % inhibition of release;
values near 0 indicate blockade of release inhibition.) A high efficacy
concentration of CLON (10 nM) was tested under control conditions (light bars)
and in the presence of H89 (1 uM, vertical striped bar), U73122 (10 uM, dark
bars), or chelerythrine (2.5 uM, horizontal striped bars). Chelerythrine and H89
did not significantly affect the ability of CLON to inhibit CGRP release (113 £
7.6% vs. 62.3 £ 19.3% inhibition for CLON in the presence of chelerythrine and
113 £ 7.6% vs. 77.9 £ 18.9% inhibition for CLON in the presence of H89). In
contrast, U73122 blocked the inhibition of release by CLON (113 £7.6% vs. -
3.1 £ 2.5% inhibition for CLON in the presence of U73122) indicating that PLC
activation is required for inhibition of release. Error bars represent mean +SEM (n

= 3-8 samples/group).
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Figure 6. Effect of the PKC inhibitor chelerythrine, the PLC inhibitor U73122
and the PKA inhibitor H89 on the ability of DELT to inhibit CGRP release
from spinal cord slices. (Note ordinate represents % inhibition of release;
values near 0 indicate blockade of release inhibition.) A high efficacy
concentration of DELT (10 nM) was tested under control conditions (light bars)
and in the presence of H89 (1 uM, vertical striped bar), U73122 (10 uM, dark
bars), or chelerythrine (2.5 uM, horizontal striped bars). Chelerythrine and H89
did not significantly affect the ability of DELT to inhibit CGRP release (87.4 +
10.4% vs. 61.5 £ 16.2% inhibition for DELT in the presence chelerythrine and
87.4 £ 10.4% vs. 68.9 + 23.6% inhibition for DELT in the presence H89). In
contrast, U73122 blocked the inhibition of release by DELT (87.4 £ 10.4% vs.
36.7 = 21.0% inhibition for DELT in the presence U73122) indicating that PLC
activation is required for inhibition of release. Error bars represent mean +SEM (n
= 3-8 samples/group).
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Figure 7. Effect of the PKC inhibitor chelerythrine, the PLC inhibitor U73122
and the PKA inhibitor H89 on the ability of the CLON-DELT combination to
inhibit CGRP release from spinal cord slices. (Note ordinate represents %
inhibition of release; values near 0 indicate blockade of release inhibition.) A high
efficacy concentration of the low-concentration CLON-DELT combination (0.1
nM) was tested under control conditions (light bars) and in the presence of H89
(1 uM, vertical striped bar), U73122 (10 uM, dark bars), or chelerythrine (2.5 uM,
horizontal striped bars). Chelerythrine as well as U73122 blocked the synergistic
inhibition of release (61.5 + 8.2% vs. -15.0 £ 29.5% inhibition in the presence of
chelerythrine and 66.6 + 7.5% vs. -25.3 + 25.8% inhibition in the presence of
U73122). In contrast, treatment with H89 had no effect on CLON-DELT
synergism (66.6 + 7.5% vs. 64.8 £ 10.0% inhibition in the presence of H89),
supporting the specific requirement of PKC activation for synergy. Error bars

represent mean +SEM (n = 3-8 samples/group).
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Figure 8. Inhibitors of PLC, PKC or PKA have no effect on basal CGRP
release from spinal cord slices. Effective inhibitory concentrations of PLC
(U73122, 10 uM), PKC (Chelerythrine, 2.5 uM) or PKA (H89, 1 uM) were
administered to spinal cord slices in the absence of 60 mM K" stimulation.
U73122 (54.3 = 7.8 pg/ml), chelerythrine (60.3 + 7.4 pg/ml) or H89 (68.2 + 11.0
pg/ml) did not significantly alter CGRP release from control (HEPES) (44.7 + 5.2

pg/ml). Error bars represent mean +SEM (n = 4-13 samples/group).
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Figure 9. CLON-DELT combination synergy in the spinal cord slice
preparation is maintained in the presence of the sodium channel blocker,
TTX. A, Positive control for the efficacy of 1 uM TTX to eliminate inter-neuronal
signaling: TTX completely blocked evoked fEPSPs in rat spinal cord slice
preparations (4.9 + 5.9% response in the presence of TTX (dark bar) vs. baseline
(light bar)). A (Inset), Representative traces of evoked fEPSPs in the presence
or absence of TTX (0.1 or 1 uM). B, The inhibitory action of a synergistic CLON-
DELT combination was challenged by the addition of TTX (1 uM) to the
superfusate. TTX did not alter the synergistic inhibition of K*-evoked (60 mM)
CGRP release invoked by the CLON-DELT combination (0.1 nM, 1:1
concentration ratio) (72.7 £ 10.4% vs. 60.9 £ 8.9% inhibition in the presence of
TTX), supporting that synergy between a,ARs and DOPs does not rely on
multicellular circuitry. Error bars represent mean £ SEM (n = 3-4 slices or

samples/group).
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Figure 10. Low concentration CLON-DELT combination causes significant CGRP
release in the spinal cord slice preparation in the absence of K* stimulation. The ability
of CLON, DELT and the CLON-DELT combination to cause release of CGRP in spinal
cord slices was investigated in the absence of K* depolarization. CLON did not
significantly increase CGRP levels above baseline levels (46.3 + 5.9 pg/mL (basal level)
vs. 37.9 £ 8.5 pg/mL (CLON, 10 nM)). In contrast, both DELT (46.3 + 5.9 pg/mL (basal
level) vs. 79.2 + 14.3 pg/mL (DELT, 10 nM)) and a 100-fold lower concentration of the
CLON-DELT combination (46.3 + 5.9 pg/mL (basal level) vs. 128.5 + 35.9 pg/mL
(CLON-DELT, 0.1 nM)) were able to stimulate significant CGRP release without K*
stimulation, suggesting that the CLON-DELT combination may act synergistically at
DOPs and a,ARs to externalize large dense-core vesicles. Error bars represent mean

+SEM (n = 3-11 samples/group).
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CHAPTERIV:

Co-activation of Alpha-2-Adrenergic and
Delta Opioid Receptors Require PKC-Epsilon
to Enable Spinal Analgesic Synergy

The following people contributed to this work:
Overland, Aaron C., Kitto, Kelley F., Peterson, Cristina D., Messing, Robert O.,
Wilcox, George L.

(A.C.O. planned and conducted the experiments, wrote section. K.F.K.
conducted experiments. C.D.P. assisted with experiments. R.O.M. donated

knockout animals. G.L.W. assisted with method development, interpretation and
editing.)
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Opioids remain the mainstay treatment for moderate to severe pain states,
yet long-term use is limited clinically due to the development of adverse side
effects such as tolerance, dependence, abuse liability and opioid-induced
hyperalgesia. Polyanalgesic therapy may potentially bypass these side effects
as co-administration of certain analgesic agonists can result in a greater-than-
additive, or synergistic effect, thus lowering the total required drug dose.
Synergy between analgesic compounds has been shown experimentally and
utilized clinically, yet the underlying cellular mechanisms mediating this
phenomenon remain relatively unexplored. Previous experiments have shown
that co-activation of DOPs and a2ARs produces spinal analgesic synergy.
Because PKC has been shown to mediate this interaction, we sought to
determine the specific isoform(s) responsible. We looked at the ability of the DOP
agonist, DELT, the a2ARs agonist, CLON, or the combination to activate different
PKC isoforms in cultured dorsal root ganglion neurons. We next evaluated the
antinociceptive ability of intrathecally administered DELT, CLON or the
combination in mice genetically modified to lack the epsilon isoform of PKC. In
addition, we evaluated the ability of both morphine and DAMGO administered
separately and in combination with both DELT and CLON to determine if other G
protein-coupled receptor agonists or agonist combinations could activate PKC
epsilon. We conclude that (1) only the PKC epsilon isoform was activated

through co-administration of the DELT/CLON combination, but not with separate
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agonist administration (2) PKC epsilon knockout mice lose DELT/CLON synergy
without altering the effect of separate agonist administration, as confirmed
statistically by isobolographic analysis and (3) morphine and morphine + DELT
were also able to activate PKC epsilon in dorsal root ganglion neurons. These
data indicate that PKC epsilon is the specific isoform responsible for mediating
the synergistic interaction between agonists acting at spinal DOPs and a2ARs.
That PKC epsilon was also activated by morphine or morphine + DELT suggests
that this particular enzyme may mediate synergistic interactions between
agonists acting multiple inhibitory G protein-coupled receptors in the spinal cord

and may be a potential therapeutic target for the treatment of pain.
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INTRODUCTION

Interactions between agonists acting at a2AR and OR has been well
documented (Hylden and Wilcox, 1983; Sullivan et al., 1987; Wilcox et al., 1987,
Stone et al., 1997; Overland et al., 2009; Ried| et al., 2009). The use of
polyanalgesic therapy using spinally co-administered agonists acting at a2,AR
and OR holds promise for bypassing the side effects of conventional opioid
administration such as tolerance, dependence, constipation, addiction liability
and opioid-induced hyperalgesia. Previous literature has shown that two
analgesic receptor subtypes, a22AR (Stone et al., 1998) and DOP (Dado et al.,
1993; Arvidsson et al., 1995; Cheng et al., 1997; Zhang et al., 1998), are
extensively co-localized in terminals of capsaicin-sensitive, SP-expressing
primary afferent fibers in rat (Riedl et al., 2009) and represent potential receptor
populations able to produce clinically relevant analgesic synergy. While
synergistic analgesic interactions between spinally administered a,AR and DOP
has been well established, elucidating the mechanisms involved in this
phenomenon may further enhance understanding of the use of such analgesic
agonist combinations, and may lead to improved pain therapy drug targets that
maximize analgesia with minimum drug requirements.

Evidence from Chapters 2 and 3 has established PKC as the intracellular
mediator of analgesic synergy between agonists acting at a,AR and DOP in the
spinal cord, both in vivo and in vitro; inhibition of PKC inhibits both the

antinociceptive effects of CLON and DELT in the tail flick test and in inhibiting
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evoked CGRP release from spinal cord slices and spinal cord synaptosomes.
Given that multiple isoforms of PKC are expressed in the terminals of primary
afferent dorsal root ganglion neurons, we sought to determine which isoform(s)
is/are responsible for the observed effect seen in Chapters 2 and 3.

We utilized a primary culture of dorsal root ganglion neurons in order to
determine which PKC isoform is activated by co-administration of CLON and
DELT and not with single agonist exposure. We then employed a genetically
manipulated mouse line specifically lacking the PKC-¢ isoform to determine if
animals lacking this enzyme still retain the synergistic analgesic interaction with
co-administration of CLON and DELT in the tail flick test. Here, we report that
PKC-¢ is the only isoform in dorsal root ganglion neurons that is activated
through co-administration of, but not single exposure to CLON and DELT.
Furthermore, results from this study indicate that animals that do not express the
PKC-¢ enzyme do not show the in vivo analgesic synergy seen in either wild-type
or heterozygous mice. In another series of experiments, we provide evidence
that PKC-¢ is not only activated in response to co-activation of a2AR and DOP,
but also exposure to morphine sulfate (MS) or a lower dose co-administration of
MS and DELT. That activation of PKC-¢ by co-administration of MS and DELT is
blocked by either the selective MOP antagonist, [D-Phe-Cys-Tyr-D-Trp-Orn-Thr-
Pen-Thr-NH;] (CTOP), or the selective DOP antagonist, naltrindole, suggests
that the activation of PKC-¢ by a higher concentration of MS alone is through

activation of not only MOPs, but also co-activation of DOPs. These studies are
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the first to implicate PKC-¢ as the specific mediator of synergistic interactions
between agonists acting not only at a2,AR and DOP, but multiple GPCRs in
primary afferent fibers innervating the dorsal horn of the spinal cord. Therefore,
PKC-¢ may represent a novel target for modulating/mediating spinal analgesic

synergy and could lead to increased clinical utilization of polyanalgesic therapy.

MATERIALS AND METHODS

Animals. Adult male Sprague-Dawley rats (150+25g; Harlan, Madison,
WI) and transgenic C57BL/6J mice (20+5g; gift from Dr. Robert Messing, UCSF)
were maintained on a 12 hour light/dark cycle and food and water were available
ad libitum to all animals. All experiments were approved by the Institutional
Animal Care and Use Committee of the University of Minnesota.

Drug Preparation and Administration. Drugs used were CLON,
morphine sulfate (MS), phorbol 12-myristate 13-acetate (PMA) (all from Sigma,
St. Louis, MO), DELT (Tocris, Ellisville, MO) naltrindole (gift from Dr. Philip
Portoghese, University of Minnesota). PMA was dissolved in DMSO and diluted
in 50:50 DMEM (Dulbecco’s Modified Eagle Medium) and Ham’s F12 medium
(Mediatech, Manassas, VA). All other drugs were dissolved in dH,O and diluted
in DMEM.

Primary culture of adult DRG neurons. For each preparation of
dissociated neurons, DRGs were dissected from all levels of the spinal cord of
one rat following induction of deep anesthesia with isofluorane and decapitation.
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Isolated DRGs were collected in phosphate-buffered saline (PBS) (calcium- and
magnesium-free) on ice and then enzymatically digested during two 60-min
incubations (37°C) in collagenase IA (Sigma, St. Louis, MO, in 50:50 DMEM and
Ham’s F12 medium). DRGs were dissociated into single cells by trituration
through fire-polished Pasteur pipets of decreasing diameter. Cells were plated at
a density of 5,000-10,000 cells/well on laminin- and poly-I-lysine-coated glass
coverslips and incubated at 37°C in a humidified atmosphere of 5% CO, in 50:50
DMEM and Ham’s F12 medium supplemented with L-glutamine (2 mM), penicillin
(100 units/ml), streptomycin (100 ug/ml), and DNAase | (Sigma Chemical, St.
Louis, MO, USA, 0.15 mg/ml). Cells were maintained in culture for 24- 48 h
before use.

Primary polyclonal antibodies used for each PKC isoform, Substance P
and plIl tubulin were as follows: PKC-,, PKC-3, and PKC-¢ (Santa Cruz
Biotechnology, Santa Cruz, CA); Substance P (Neuromics, Edina, MN); gl
tubulin (Covance, Princeton, NJ). Neurons were visualized using an Olympus
FluoView 100 BX2 upright confocal microscope. Images were stored for later
analysis.

Quantitative Analysis of PKC Translocation. The translocation of PKC
isoforms is explored quantitatively in Figure 1A and Figures 2, 3 and 4. Figure 1B
shows an example of measurement of PKC-¢ fluorescence intensity as a function
of distance across two of the neurons shown in Figure 1A, one unstimulated and

the other treated with PMA. Treatment with PMA causes a clear redistribution of
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PKC-¢ from the cytoplasm to the membrane, indicating activation of this PKC
isoform. Collected results from quantification of PKC-f3,, PKC-0, and PKC-¢
distribution are shown in Figures 2, 3 and 4. Isoform-specific fluorescence
intensity (given on ordinate as arbitrary fluorescence units) was measured along
a line across each neuron as shown using ImagedJ software. The averaged half
profiles from these cells show the distribution of PKC isoforms from the surface
membrane to approximately the center of the cell.

Antinociception. Thermal nociceptive responsiveness was assessed as

previously described in Chapter 2.

In vivo data analysis. The EDsy (hnanomoles (nmol)) values and 95%
confidence intervals (Cls) of both CLON and DELT were calculated using the
graded dose-response curve method of Tallarida and Murray (1987) as described

in Chapter 2.

Isobolographic analysis. Isobolographic analysis was performed as

previously described in Chapter 2.

All dose-response and isobolographic analyses were performed with the
FlashCalc 4.5.3 pharmacological statistics software package generously supplied

by Dr. Michael Ossipov.
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RESULTS

Agonist-Dependent Translocation of PKC-$,, -3, and -€ in Cultured Dorsal
Root Ganglion Neurons

The majority of PKC isoforms are activated by binding to diacylglycerol
(DAG) generated in the plasma membrane of cells in response to various
physiological stimuli (Tanaka and Nishizuka, 1994). Since DAG is membrane-
localized, translocation of PKC isoforms from the cytosol to a membrane-
associated localization is a direct measure of activation. In our primary DRG
culture system, all three PKC isoforms tested (3, 8, and €) were primarily
observed in a cytosolic localization under basal, unstimulated conditions (Figs. 2,
3, 4; control panel). Because PKC-f3,, -0, and -€ are intracellularly localized and
activated by binding to DAG, we used treatment with the PKC activator phorbol-
12-myristate-13-acetate (PMA) as a positive control for activation/translocation to
the plasma membrane for these three isoforms. After treatment with PMA, PKC-
B, -0, and - were observed to be strongly translocated to the surface membrane
of DRG neurons (Figs. 2, 3, 4; PMA panel).

We next investigated the effect of CLON, DELT, or the CLON-DELT
combination in activating/translocating PKC-f,, -0, and -€. Considering results
from Chapters 2 and 3 that PKC mediated the synergistic interaction between
CLON and DELT acting at spinal a2AR and DOP, respectively, both in vivo and
in vitro, we sought to determine which isoform was activated through co-

administration of these agonists to cultured DRGs.
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Treatment with CLON alone did not cause translocation of PKC-f3,, -0, or
-¢ in any of the cells observed (Figs. 2, 3, 4; CLON panel). Similarly, no
significant translocation to the plasma was observed in any neuron for any PKC
isoform following treatment with DELT alone (Figs. 2, 3, 4; DELT panel). All
isoforms retained the cytosolic localization seen in the unstimulated control
conditions. The lack of effect of CLON or DELT alone on PKC-f3,, -0, and -¢
activation is expected in view of the results from Chapter 2 and 3 showing that
the non-selective PKC inhibitor, chelerythrine, did not alter the effect of CLON or
DELT administered alone in vivo or in vitro. In contrast to CLON or DELT
administered alone, the lower-concentration CLON-DELT combination caused
significant translocation of only the PKC-¢ isoform (Figure 4, CLON-DELT panel).
However, this same concentration of the CLON-DELT combination failed to
activate/translocate either PKC-3, or PKC-0 in any of the neurons observed (Figs.
2, 3; CLON-DELT panel). Taken together, these results suggest that epsilon is
the PKC isoform responsible for i) the in vivo synergistic antinociception in the tail
flick test seen in Chapter 2 and ii) the in vitro synergistic inhibition of CGRP

release from spinal cord slices and spinal cord synaptosomes seen in Chapter 3.

Intrathecal CLON-DELT: Behavioral Antinociceptive Synergy

Intrathecal administration of either CLON or DELT produced dose-
dependent antinociception at 10 and 5 minutes post-injection, respectively (Figs.
5, 6, 7); these pretreatment times were chosen to match the time of peak effect

of each agent given alone (data not shown). Comparison of the respective EDsg
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values revealed a potency ratio between CLON and DELT of approximately 1:1.
Co-administration of the drugs (CLON at 10 min and DELT at 5 min) at a
constant dose ratio equal to the potency ratio (1:1) yielded a third antinociceptive
dose-response curve shown in Figures 5, 6, 7. These combination dose-
response curves are expressed in terms of the doses of CLON (e.g. 0.3, 1, 3, 6,
10, 15 nmol) given in the presence of the same doses of DELT (e.g. 0.3, 1, 3, 6,
10, 15 nmol) as opposed to total drug (e.g. 0.6, 2, 6,12, 20, 30 nmol) to facilitate
visual appreciation of the potency shifts of each drug in the presence of the
other. The potency of each drug was increased approximately 5-fold (Fig. 5) and
9-fold (Fig. 6) in the presence of the other, suggesting that the interaction was
synergistic for PKC-¢ wild-type and heterozygous mice. The dose-response data
from Figures 5 and 6 (top panels) are represented graphically as isobolograms in
Figures 5 and 6 (lower panels). Isobolographic analysis of the dose-response
data shows that the EDsg values of the combinations (closed circles) are
significantly lower than the theoretical additive EDsg values (open circles) for both
PKC-¢ wild-type and heterozygous mice. This interaction was confirmed as
synergistic by statistical comparison (t-test) between the observed combined
EDso values and the theoretical additive EDsg values. The interaction index, vy, for
wild-type mice was 0.46 and 0.22 for heterozygotes; these y values indicate a

synergistic interaction between CLON and DELT for both groups of animals.
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Genetic Knockout of PKC-¢ Reverses CLON-DELT Synergistic Inhibition of

Nociceptive Responses in the Tail Flick Test.

To assess the signaling mechanisms mediating the observed behavioral
antinociceptive synergy between a2AR and DOP agonists, we evaluated the
effect of intrathecally co-administered CLON and DELT in the tail flick assay in
mice genetically engineered to lack the PKC-¢ isoform. The knockout of this
particular isoform was chosen due to the in vitro data shown above (Figs. 2, 3,
4). These data implicated PKC-¢ as the only isoform activated through co-

administration of CLON and DELT and not with single agonist administration.

CLON and DELT were administered separately or co-administered at a constant
dose ratio equal to the potency ratio (1:1), and three antinociceptive dose-
response curves were generated (Figure 7, top panel). The dose-response data
from Figure 7 (top panel) and the resulting isobologram (Figure 7, lower panel)
show that the EDs( value of the combination did not differ significantly from the
theoretical additive EDsp. This interaction was confirmed as additive by statistical
comparison (t-test) between the observed combined EDsj value and the
theoretical additive EDsp value. The interaction index, y, was 1.34, indicating an
absence of a supra-additive drug interaction in mice lacking PKC-¢. In contrast,
both PKC-¢ wild-type and heterozygotes retained the synergistic analgesic
interaction with co-administration of CLON and DELT. These results combined
with the aforementioned in vitro results in cultured DRG neurons suggest that

PKC-¢ is the only isoform activated through co-administration of CLON and
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DELT, and that activation of this particular enzyme isoform is necessary for the

synergistic interaction between these agonists acting at spinal a,AR and DOP.

Mu- and Delta-Opioid Agonist-Dependent Translocation of PKC-¢ in
Cultured Dorsal Root Ganglion Neurons

Because of the previous results showing co-administration of the CLON-DELT
combination resulting in activation/translocation of PKC-¢ in DRG neurons
(Figure 4, CLON-DELT panel), we sought to determine if other combinations of
GPCR agonists were capable of activating/translocating PKC-¢. We investigated
the effect of the mu-opioid receptor agonist, morphine sulfate (MS), the delta-
opioid receptor agonist, DELT, or the MS-DELT combination in
activating/translocating PKC-¢.

Treatment with MS alone (10 nM) caused translocation of PKC-¢, while
treatment with DELT alone (10 nM) failed to do so (Figs. 8A, 8B). Treatment with
either agonist alone at a 10-fold lower concentration did not result in significant
translocation in any neuron observed (Figs. 8C, 8D). However, co-administration
of MS-DELT at ineffective single concentrations resulted in robust and significant
translocation of PKC-¢ (Figure 8E). To determine the receptor contributions
mediating the MS-DELT interaction leading to PKC-¢ translocation, we pretreated
cells with the MOP antagonist, CTOP, and the DOP antagonist, naltrindole,
followed by co-administration of the effective concentration of MS alone. Both

CTOP pretreatment (1 uM) and naltrindole pretreatment (1 uM) inhibited the
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translocation of PKC-¢ by MS alone (Figs. 8F, 8G). Taken together, these results
suggest that i) PKC-¢ is activated by multiple GPCR agonist combinations and ii)
the activation of PKC-¢ by the higher concentration of MS alone is mediated, in

part, by activation of DOP.

DISCUSSION

Our results from these studies indicate that the synergistic analgesic effect
of spinally administered a,AR and DOP agonists seen both in vivo and in vitro
from Chapters 2 and 3, respectively, are mediated specifically by the activation of
PKC-¢. Only the PKC-¢ isoform and not PKC-gI or PKC-6 was translocated by
co-exposure to a low concentration of CLON and DELT and not with a higher
concentration of either agonist alone. These results support previous evidence
from Chapters 2 and 3 that inhibition of PKC reversed the synergistic effect of the
combination of CLON and DELT and not the effect of either agonist given alone.
These previous results were seen both behaviorally in the tail flick test in mice,
and in a more reduced spinal cord slice and spinal cord synaptosome
preparation.

In addition, here we show that the synergistic interaction between CLON
and DELT in the thermal nociceptive tail flick test is completely abolished in mice
genetically engineered to lack the PKC-¢ isoform, but not wild-type or
heterozygous mice. These data support and extend the in vitro results above

and underscore the role this particular enzyme plays in mediating the synergistic
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interaction between agonists acting at a2AR and DOP; not only is PKC-¢
specifically activated through co-activation of a,AR and DOP, but absence of
activation in vivo reverses the antinociceptive synergistic interaction seen with
spinal co-administration of CLON and DELT, but not the effect of single agonist
administration.

Interestingly, we also show that PKC-¢ may not be specific to co-activation
of a2AR and DOP, but may also mediate the effects of other synergistic GPCR
pairs as well. To test this, we looked at the effect of the MOP agonist, MS, the
DOP agonist, DELT, or their combination in translocating PKC-¢. Low
concentrations of either agonist alone or a high concentration of DELT alone did
not cause significant activation of PKC-¢ in any of the DRGs observed. This lack
of effect from DELT alone is in agreement with the previous results from Figure
4. However, we observed strong translocation of PKC-¢ to the surface membrane
for both a high concentration of MS alone, or co-exposure to singly ineffective
concentrations of MS and DELT. That the activation and subsequent
translocation of PKC-¢ by MS alone was blocked with both the selective MOP
antagonist, CTOP, or the selective DOP antagonist, naltrindole, suggests that the
effect seen by MS alone (10 nM) was due, in part, to activation of DOP.

For our studies examining the localization and translocation of PKC
isoforms in DRG neurons, we employed methods similar to those that have
previously been used to examine the contribution of particular PKC isoforms

involved in the sensitization of responding to noxious heat (Cesare et al., 1999).
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Using both stimulated translocation of PKC isoforms in DRG neurons in
combination with thermal behavior in a mouse line expressing constitutively
active PKC-¢, this particular study concluded that PKC-¢ is responsible for
sensitization of heat response in nociceptors caused by exposure to the
inflammatory mediator, bradykinin. Indeed, several reports have shown a pro-
nociceptive role for this particular enzyme isoform. It has been suggested, for
instance, that PKC-¢ regulates nociceptor function and inhibitors of PKC-¢ have
been postulated as potential treatments for pain (Khasar et al., 1999). In addition,
PKC-¢ has been implicated as a mediator of formalin-induced nociception in
neonatal rats (Sweitzer et al., 2004). Although seemingly contradictory to the role
of PKC-¢ in our studies, the myriad functions of PKC isoforms throughout
biological systems highlight the diverse nature and differential signaling
properties of this enzyme. For example, in cardiac tissue, activation of PKC-¢ has
been associated with the cardioprotective effects of ethanol consumption
(Miyamae et al., 1998). Activators of PKC-¢ have also been implicated as useful
therapeutic agents for the treatment of Alzheimer’s disease due to the effect of

reducing beta-amyloid levels (Nelson et al., 2009).

In contrast to the pro-nociceptive effect of PKC-¢ suggested by the
aforementioned studies, other studies in peripheral nociceptors support our
findings for PKC-¢. For instance, it has been shown that the inflammatory
mediator, bradykinin, activates PKC-¢ in trigeminal nociceptors to facilitate

trafficking of DOP to the plasma membrane and induce functional competence of
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this receptor (Patwardhan et al., 2005). These results support our findings from
Chapter 3, showing that co-administration of CLON and DELT to spinal cord
slices can cause release of CGRP in the absence of other stimuli. This release
of CGRP through CLON-DELT co-exposure is thought to also coincide with
trafficking of DOP and other large dense-core vesicle-bound GPCRs to the
plasma membrane, supporting the results from (Bao et al., 2003). DOP priming,
trafficking, and induction of functional competence through PKC-¢ activation has
also recently been shown in vivo using a thermal allodynia test in rat (Rowan et
al., 2009). Therefore, it is possible that PKC-¢ activation results in differential
signaling depending on the source of activation and the localization of the

enzyme within the system studied.

In Summary, our results suggest that PKC-¢ is the only PKC isoform
activated and translocated to the plasma membrane of DRG neurons in response
to co-activation of a,AR and DOP. We also show that activation of PKC-¢
through co-administration of agonists acting at a2,AR and DOP is necessary to
produce synergistic analgesia in vivo using mice genetically engineered to lack
this enzyme. In addition, we postulate that PKC-£ may mediate synergistic
interactions between multiple GPCR pairs in primary afferent neurons, as PKC-¢
was also activated in response to co-exposure of MS and DELT. Understanding
the specific intracellular mechanisms underlying synergistic interactions between
analgesic agonists in the spinal cord may lead to the discovery of novel drug

targets and improved pain therapy. More research is therefore needed to
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determine the targets of PKC-¢ in DRG neurons, as well as elucidate the result of

subsequent phosphorylation(s).
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Figure 1. Immunocytochemistry and quantitative analysis of PKC
translocation in dorsal root ganglion neurons. A, The translocation of PKC
isoforms is explored quantitatively. Figure 1A shows an example of measurement
of PKC-¢ fluorescence intensity (arbitrary units) as a function of distance across
two of the neurons shown, one unstimulated (intracellular localization) and the
other treated with PMA (membrane localization). Treatment with PMA causes a
clear redistribution of PKC-¢ from the cytoplasm to the membrane. B,
Representative immunocytochemical staining of cells for PKC-¢, substance P
and gl tubulin. All cells used for quantification of PKC translocation were triple
labeled. Antibodies against Substance P were used to locate peptidergic DRG
neurons and antibodies against plll tubulin were used as a general neuronal

marker.
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Figure 2. Visualization and distribution of PKC-g1 in cultured DRG neurons.
PKC-pl is localized to the cytoplasm under basal, unstimulated conditions. After
exposure to PMA (200 nM, 120 s), PKC-gl is activated and translocated from the
cytoplasm to the plasma membrane. Treatment with CLON (10 nM, 300 s), DELT
(10 nM, 300 s), or the lower CLON-DELT combination (0.3 nM each, 300 s) did
not cause redistribution of PKC-pI from the cytoplasm. PKC-fI localization was
quantified using fluorescence profiles across each cell as previously described
(Cesare et al., 1999). Half profiles for PKC-fI-specific fluorescence intensity as a
function of distance across several cells are shown to the right of each treatment
image. All images were acquired with the same antibody staining and
visualization procedures and all cells used for quantification of PKC translocation
were triple-labeled for PKC, SP and plll tubulin. Values are means + SEM (n = 6-

13).
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Figure 3. Visualization and distribution of PKC-9 in cultured DRG neurons.
PKC-6 is localized to the cytoplasm under basal, unstimulated conditions. After
exposure to PMA (200 nM, 120 s), PKC-9 is activated and translocated from the
cytoplasm to the plasma membrane. Treatment with CLON (10 nM, 300 s), DELT
(10 nM, 300 s), or the lower CLON-DELT combination (0.3 nM each, 300 s) did
not cause redistribution of PKC-8 from the cytoplasm. PKC-6 localization was
quantified using fluorescence profiles across each cell as previously described
(Cesare et al., 1999). Half profiles for PKC-3-specific fluorescence intensity as a
function of distance across several cells are shown to the right of each treatment
image. All images were acquired with the same antibody staining and
visualization procedures and all cells used for quantification of PKC translocation
were triple-labeled for PKC, SP and plll tubulin. Values are means + SEM (n = 6-

13).
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Figure 4. Visualization and distribution of PKC-¢ in cultured DRG neurons.
PKC-¢ is localized to the cytoplasm under basal, unstimulated conditions. After
exposure to PMA (200 nM, 120 s), PKC-¢ is activated and translocated from the
cytoplasm to the plasma membrane. Treatment with CLON (10 nM, 300 s) or
DELT (10 nM, 300 s) did not cause redistribution of PKC-¢ from the cytoplasm. In
contrast, the lower CLON-DELT combination (0.3 nM each, 300 s) caused a
clear redistribution of PKC-¢ from the cytoplasm to plasma membrane. PKC-¢
localization was quantified using fluorescence profiles across each cell as
previously described (Cesare et al., 1999). Half profiles for PKC-¢-specific
fluorescence intensity as a function of distance across several cells are shown to
the right of each treatment image. All images were acquired with the same
antibody staining and visualization procedures and all cells used for
quantification of PKC translocation were triple-labeled for PKC, SP and plll

tubulin. Values are means = SEM (n = 6-13).
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Figure 5. Co-administration of DELT and CLON in PKC-¢ wild-type mice is
synergistic in the tail flick test. A, Nociceptive thermal responses were
challenged by intrathecal administration of DELT, CLON and their combination.
DELT (filled circles) and CLON (filled squares) inhibited the nociceptive response
in a dose-dependent manner with similar potency and efficacy. When both DELT
and CLON were co-administered at a constant dose ratio of 1:1 (open triangles),
the resulting potency was ~5-fold higher than either drug given alone, suggesting
that the interaction was synergistic. Error bars represent mean +SEM for each
dose point (n = 6 animals/dose). B, Isobolographic analysis of the data in Figure
5 dose-response curves. The y-intercept represents the CLON EDsp (6.3 nmol;
95% CIl = 4.7-7.9), and the x-intercept represents the DELT EDsg (3.4 nmol; 95%
Cl = 2.6-4.2) when each was administered alone. When the two compounds
were co-administered at a 1:1 dose ratio, the resultant EDs (closed circle) (1.05
nmol; 95% CI = 0.8-1.3) of DELT in the presence of CLON fell well below the
additive line, indicating that the interaction was synergistic. Error bars parallel to
each axis represent the lower 95% CI for each compound given alone. The error

bars on the combined dose points represent the upper and lower 95% Cls.
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Figure 6. Co-administration of DELT and CLON in PKC-¢ heterozygous
mice is synergistic in the tail flick test. A, Nociceptive thermal responses
were challenged by intrathecal administration of DELT, CLON and their
combination. DELT (filled circles) and CLON (filled squares) inhibited the
nociceptive response in a dose-dependent manner with similar potency and
efficacy. When both DELT and CLON were co-administered at a constant dose
ratio of 1:1 (open triangles), the resulting potency was ~9-fold higher than either
drug given alone, suggesting that the interaction was synergistic. Error bars
represent mean +SEM for each dose point (n = 6 animals/dose). B,
Isobolographic analysis of the data in Figure 6 dose-response curves. The y-
intercept represents the CLON EDsp (3.9 nmol; 95% CI = 3.3-4.5), and the x-
intercept represents the DELT EDsp (3.8 nmol; 95% CIl = 2.8-4.8) when each was
administered alone. When the two compounds were co-administered at a 1:1
dose ratio, the resultant EDsq (closed circle) (0.45 nmol; 95% CI = 0.3-0.6) of
DELT in the presence of CLON fell well below the additive line. These results
indicate that the interaction was synergistic, similar to PKC-¢ wild-type mice.
Error bars parallel to each axis represent the lower 95% CI for each compound
given alone. The error bars on the combined dose points represent the upper

and lower 95% Cls.

101



Figure 7
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Figure 7. Genetic Knockout of PKC-¢ Reverses CLON-DELT Synergistic
Inhibition of Nociceptive Responses in the Tail Flick Test. A, Co-
administration of DELT and CLON show additivity in PKC-¢ knockout mice.
Nociceptive thermal responses were challenged by intrathecal administration of
DELT, CLON and their combination. DELT (filled circles) and CLON (filled
squares) inhibited the nociceptive responses in a dose-dependent manner with
similar potency and efficacy. Co-administration of DELT and CLON at a 1:1 dose
ratio (open triangles) was ~1.5-fold more potent than either drug given alone,
compared to ~5-9-fold potency shift in PKC-¢ wild-type and heterozygous mice
(see figures 5 and 6). Error bars represent mean +SEM for each dose point (n =
6 animals/dose). B, Isobolographic analysis was applied to the dose response
curves from in Figure 7. The y-intercept represents the EDsp (8.9 nmol; 95% CI =
7.1-10.7) for CLON, and the x-intercept represents the EDsp (7.0 nmol; 95% CI =
5.6-8.4) for DELT when each was administered alone. Co-administration at a 1:1
dose ratio resulted in an EDs (closed circle) (5.3 nmol; 95% Cl = 4.0-6.6) for
DELT in the presence of CLON that fell on the theoretical additive line, indicating

a strictly additive interaction in the presence of the PKC inhibitor.
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Figure 8 A MS 10 nM
B DELT 10 nM
C MS 1 nM
D DELT 1 nM
E MS/DELT 1 nM
F MS 10 nM + CTOP

MS 10 nM + naltrindole

104



Figure 8. Translocation of PKC-¢ in cultured DRG neurons by mu- and
delta-opioid receptor agonists. A, PKC-¢ is translocated from the cytoplasm to
the plasma membrane following exposure to morphine sulfate (MS) (10 nM, 300
s). B, After exposure to DELT (10 nM, 300 s), PKC-¢ is not activated and remains
in an intracellular localization. C, Treatment with a 10-fold lower concentration of
MS (1 nM, 300 s) alone does not activate PKC-¢. D, Treatment with a 10-fold
lower concentration of DELT (1 nM, 300 s) also did not cause redistribution of
PKC-¢ from the cytoplasm. E, In contrast, the lower MS-DELT combination (1 nM
each, 300 s) caused a clear redistribution of PKC-¢ from the cytoplasm to plasma
membrane. F, Pretreatment with the MOP antagonist, CTOP, followed by
exposure to MS alone (1 nM each, 300 s) inhibited the translocation seen in
figure 8E. G, Similarly, pretreatment with the DOP selective antagonist,
naltrindole, prior to exposure to MS alone (1 nM each, 300 s) inhibited the
translocation seen in figure 8E. All images were acquired with the same antibody
staining and visualization procedures and all cells used for quantification of PKC

translocation were triple-labeled for PKC, SP and gl tubulin.
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CHAPTER V:

Summary and Conclusions
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Conventional opioid therapy remains the leading treatment of moderate to
severe pain states, despite its limited use due to the development of unwanted
side effects such as tolerance, dependence, constipation and opioid-induced
hyperalgesia. Many approaches have been postulated to allow separation of the
analgesic effects of opioids from the untoward, centrally mediated side effects.
Some reports have suggested that peripheral delivery of exogenous opioid
agonists may offer a means of exerting opioid analgesia while bypassing the
effects of central or systemic administration. However, the use of peripherally
restricted opioids has been limited due to inconsistent clinical results. Another
approach that may be useful for increasing the therapeutic index of opioid
administration is the use of polyanalgesic therapy by the addition of adjuvants.
Many classes of drugs are currently used in conjunction with opioid therapy,
some that only enhance the effect of opioids, and some that have independent
analgesic activity when given alone. Furthermore, it has been shown that co-
administration of some analgesic agonists can result in a greater-than-additive,
or synergistic interaction.

Extensive studies over the past several decades have shown synergistic
interactions both behaviorally (Hylden and Wilcox, 1982; Stevens et al., 1988;
Monasky et al., 1990; Ossipov et al., 1990a; Ossipov et al., 1990b; Ossipov et
al., 1990c; Roerig et al., 1992) and electrophysiologically (Sullivan et al., 1987;
Wilcox et al., 1987; Omote et al., 1990). These studies document that that co-

activation of ap-adrenergic (a2ARs) and opioid receptors (ORs) produces
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synergistic interactions in spinal cord, and it has been suggested that synergy will
be observed between agonists acting at the following receptor pairs: §-opioid/oza-
adrenergic (Stone et al., 1997), 6-opioid/axc-adrenergic (Fairbanks et al., 2002),
u-opioid/aqa-adrenergic (Stone et al., 1997) and u-opioid/azc-adrenergic
(Fairbanks et al., 2000). Although analgesic synergy between predominantly
inhibitory G protein-coupled receptors is a well-known phenomenon, the
mechanisms underlying this phenomenon have yet to be elucidated.

The overall objective of the studies presented in this thesis was to
determine the cellular mechanism(s) of the synergistic analgesic interaction
between spinally administered agonists acting at a,AR and DOP. Previous
studies have demonstrated that both a,AR and DOP are localized on the
terminals of capsaicin-sensitive, SP-expressing primary afferent neurons in the
dorsal horn of the spinal cord in rat (Dado et al., 1993; Arvidsson et al., 1995;
Stone et al., 1998; Zhang et al., 1998) where they are highly co-localized (RiedI
et al., 2009). It has also been shown that spinally administered agonists acting at
this receptor pair result in analgesic synergy in vivo (Stone et al., 1997).

We have used a combination of behavioral, immunocytochemical and
biochemical methods to examine the mechanisms underlying interactions
between a2AR and DOP that result in analgesic synergy in vivo. First, the ability
of the aAR agonist, CLON, and the DOP agonist, DELT, was evaluated for
analgesic synergy in the thermal nociceptive tail flick test. We then sought to

address the signaling mechanisms involved in this interaction using inhibitors of
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specific signaling pathways affected by the aforementioned receptor pair.
Second, agonists acting at a2AR and DOP were evaluated for their ability to
synergize using reduced spinal cord slice and spinal cord synaptosome
preparations to inhibit evoked CGRP release from primary afferent terminals. The
signaling mechanisms for this interaction were also evaluated using the above-
mentioned pathway inhibitors. Finally, we narrowed down the specific signaling
mediator involved in a2,AR/DOP analgesic synergy using immunostaining of
cultured dorsal root ganglion neurons in combination with behavioral analysis
using a genetically altered mouse line. The main findings from these studies can
be summarized as follows:

* Intrathecal administration of DELT or CLON alone produced dose-
dependent antinociception while co-administration of the two agonists
resulted in a synergistic antinocieptive effect.

* In vivo analgesic synergy was dependent on the activation of PLC and
PKC, but not PKA, while the effect of agonist administration alone was
only dependent on PLC.

* Potassium-evoked depolarization of spinal cord slices and spinal cord
synaptosomes caused concentration-dependent release of CGRP and co-
administration of DELT and CLON inhibited the release of CGRP in a

synergistic manner.
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In vitro synergy was dependent on the activation of PLC and PKC, but not
PKA, while the effect of agonist administration alone was only dependent
on PLC, consistent with behavioral results.

Inhibition of CGRP release by the DELT/CLON combination was
maintained in the presence of tetrodotoxin in spinal cord slices, suggesting
that synergy does not rely on interneuronal signaling and may occur within
single subcellular compartments.

The PKC epsilon isoform was activated through co-administration of the
DELT/CLON combination, and not with separate agonist administration in
cultured dorsal root ganglion neurons.

PKC epsilon knockout mice lose DELT/CLON synergy without losing the
effect of separate agonist administration.

PKC epsilon may mediate multiple synergizing GPCR pairs in the spinal
cord as morphine alone or morphine + DELT are also able to activate PKC

epsilon in dorsal root ganglion neurons.

A review of the evidence resulting in the above conclusions as well as future

directions for this research are discussed below.

Mechanisms of In Vivo Analgesic Synergy Between Agonists Acting at

Spinal o.,AR and DOP.

We used intrathecal administration of inhibitors for specific signaling

molecules to determine the cellular mechanism underlying CLON-DELT
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analgesic synergy in the tail flick test. In this test, administration of CLON or
DELT alone produced dose-dependent antinociception while co-administration of
these agonists in a 1:1 dose ratio produced a synergistic analgesic interaction, as
confirmed statistically by isobolographic analysis. To assess the signaling
mechanisms mediating the observed behavioral antinociceptive synergy between
a2AR and DOP agonists, we evaluated the effect of intrathecally co-administered
CLON and DELT in the tail flick assay when mice were pretreated with selective
inhibitors of PLC, PKC and PKA. PLC inhibition was used due to evidence that
agonists acting at DOP can result in release of large dense-core vesicles from
DRG neurons and induce DOP receptor externalization followed by insertion into
the plasma membrane (Bao et al., 2003). PKC inhibition was selected due to its
activation downstream of diacylglycerol produced and Ca®* mobilized by PLC.
Recent studies in trigeminal nociceptors have also shown that application of the
inflammatory mediator bradykinin (BK) can rapidly induce functional DOP
competence through a PKC-dependent signaling mechanism (Patwardhan et al.,
2005). PKA inhibition was chosen as a negative control to show specificity of the

PKC effect.

Results from Chapter 2 show that the behavioral effect of a,AR and DOP
agonists administered separately or in combination is blocked by an inhibitor of
PLC, suggesting that agonist-driven externalization via PLC is involved in the
analgesic effects of CLON, DELT and the CLON-DELT combination, perhaps by

increasing receptor availability on the surface membrane. In contrast to PLC,
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activation of PKC seems to be specifically involved in the synergistic interaction
between CLON and DELT and not with single agonist administration. Inhibition of
PKC completely blocked the synergistic combination, but did not significantly
blunt the action of either agonist alone in the tail flick test. This involvement of
PKC in the synergistic interaction is consistent with the role of PKC in enhancing
DOP “competence” (Patwardhan et al., 2005). The specificity for PKC is further
supported due to the failure of PKA inhibition to block the synergistic effect.
These data are supported by results demonstrating PKC, but not PKA, regulation
in the synergistic interaction between MS and CLON in inhibiting nocifensive
responses to intrathecal administration of SP (Chai et al., 2008). These results
suggest that PKC may mediate multiple opioid and a2AR subtype interactions in

the spinal cord.

In Vitro Synergy Between Agonists Acting at Spinal o.,AR and DOP.

We used reduced spinal cord slice and spinal cord synaptosome
preparations in these studies to determine if the in vivo results from Chapter 2
would translate from whole animal analgesic synergy by co-administration of
CLON-DELT to a synergistic inhibition of evoked CGRP from primary afferent
terminals. CGRP is a nociceptive neuropeptide released by primary afferent
nerve terminals in response to noxious stimuli. Therefore, inhibition of CGRP
release by inhibitory GPCR activation is a classical method used to study the

effect of agonist inhibition of nociceptive transmission. Several reports over the
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last few decades have shown inhibition of evoked CGRP release by
administration of multiple a2AR and DOP agonists (Pohl et al., 1989; Supowit et
al., 1998; Bao et al., 2003) as well as other analgesics (Ballet et al., 2001).

The results from this study mirror our in vivo evidence from Chapter 2, in
that co-activation of a2AR and DOP produces a greater-than-additive interaction
in vitro in both spinal cord slices and spinal cord synaptosomes in inhibiting
evoked CGRP release, and that this interaction takes place within the terminals
of primary afferent neurons in spinal cord. Inhibition of CGRP release by the
combination was maintained in the presence of tetrodotoxin in spinal cord slices,
suggesting that synergy does not rely on interneuronal signaling and may occur
within single subcellular compartments. The inhibitory effect of a,AR and DOP
agonists administered separately or in combination was again blocked by an
inhibitor of PLC. In contrast to PLC, however, downstream activation of PKC
appears to be specific to the synergistic interaction of CLON and DELT inhibiting
evoked CGRP from spinal cord slices. That inhibition of PKC completely blocked
the synergistic combination, but did not significantly blunt the action of either
agonist alone in this preparation is consistent with our results from Chapter 2.
Again, failure of PKA inhibition to block the synergistic effect strengthens the

evidence for PKC specificity.
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Specific Involvement of PKCe in a2AR/DOP Synergistic Interactions

Evidence from Chapters 2 and 3 has established protein kinase C (PKC)
as the intracellular mediator of analgesic synergy between agonists acting at
a2AR and DOP in the spinal cord, both in vivo and in vitro. PKC is a well-
characterized example of a cellular kinase that is translocated and subsequently
activated in response to various stimuli. Before stimulation, PKC is present in the
cytosol, while its activators (e.g. diacylglycerol) are hydrophobic and membrane-
localized. Therefore, translocation of PKC isoforms from the cytosol to the
plasma membrane can be used as a sensitive indicator of activation. Previous
studies have shown that several PKC isoforms are expressed in DRG neurons
(Cesare et al., 1999). Therefore, we sought to determine which isoform of PKC
mediates the synergistic interaction between a2,AR and DOP observed in
Chapters 2 and 3.

We used a previously described method of studying PKC translocation
using immunostaining and agonist stimulation of cultured DRG neurons (Cesare
et al., 1999). Our results show that PKC-¢ is the only isoform in dorsal root
ganglion neurons that is activated through co-administration of CLON and DELT,
but not single agonist exposure. In addition, we utilized a genetically manipulated
mouse line specifically lacking the PKC-¢ isoform to determine if animals lacking
this enzyme still retain the synergistic analgesic interaction with co-administration
of CLON and DELT in the tail flick test. Results from this study indicate that

animals that do not express the PKC-¢ enzyme do not show the in vivo analgesic
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synergy seen in either wild-type or heterozygous mice. While several reports
have shown a pro-nociceptive role for PKC-¢ (Khasar et al., 1999; Sweitzer et al.,
2004), others report findings that support our results. For example, it has been
shown that administration of the inflammatory mediator, bradykinin, to trigeminal
nociceptors activates PKC-¢ to induce functional competence DOP and facilitate
trafficking to the plasma membrane (Patwardhan et al., 2005). This DOP-
enhancing effect via PKC-¢ has also been shown in vivo using a thermal
allodynia test in rat (Rowan et al., 2009). Therefore, it is plausible that specific
PKC isoforms mediate differential intracellular signaling cascades depending on
localization and source of activation.

In another series of experiments, we provide evidence that PKC-¢ is not
only activated in response to co-activation of a,AR and DOP, but also by multiple
GPCRs in primary afferent fibers innervating the dorsal horn of the spinal cord.
Exposure to morphine sulfate (MS) or a lower dose co-administration of MS and
DELT was able to translocate PKC-¢ in our primary DRG culture system. That
activation of PKC-¢ by co-administration of MS alone is blocked by either the
selective MOP antagonist, CTOP, or the selective DOP antagonist, naltrindole,
suggests that the activation of PKC-¢ by the higher concentration of MS alone is

through activation of not only MOPs, but also co-activation of DOPs.
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Conclusions

In the proposed model (Figure 1), we postulate that agonist-induced
receptor insertion via PLC is necessary for the spinal analgesic effects of CLON
and DELT by allowing “reserve” receptors to be trafficked to the plasma
membrane. We further speculate that when a,ARs and DOPs are co-activated in
the primary afferent terminal, PKC-¢ is activated, presumably through increased
levels of diacylglycerol (DAG) downstream of PLC. PKC-¢ is translocated to the
plasma membrane where it functions to mediate/facilitate the synergistic
interaction.

While these studies are the first to identify a novel signaling pathway
involved in analgesic synergistic interactions, more research must be done in
order to determine the targets of PKC-¢ as well as elucidate the mechanism of
enhancement for the analgesic effect. A possible target for PKC-¢ includes a
group of proteins termed RACKSs (receptors for activated C-kinase). These
proteins have been shown to bind activated PKC-¢ through a site separate from
the substrate-binding site (Mochly-Rosen et al., 1991). This result suggests that
PKC-¢ binding to RACKs occurs after cell stimulation. RACKs have also been
shown to localize PKC-¢ to cross-striated structures, conferring a unique
anchoring site and unique function to this particular enzyme (Mochly-Rosen,
1995).

One of several possible explanations for the enhanced analgesic effect

following PKC-¢ activation is the formation of heterodimeric complexes between
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a22ARs and DOPs. The possibility of novel pharmacological properties from
heterodimer activation distinct from either component receptor alone has been
previously investigated. Heterodimerization between KOP and DOP has been
shown to allow for distinct functional properties, including the ability to
synergistically bind selective agonists and potentiate signal transduction (Jordan
and Devi, 1999). Activation of heterodimeric complexes between MOPs and
a22ARs are also able to mediate conformational changes via cross-talk that
modulates receptor function (Vilardaga et al., 2008). An alternative hypothesis is
that the phosphorylation target(s) of PKC allow enhanced Gj, coupling of both
o22AR and DOP.

In conclusion, the use of polyanalgesic therapies that utilize synergistic
analgesic interactions rather than conventional opioid administration may
improve pain management by increasing the therapeutic indices of pain-relieving
drugs. Therefore, patients could benefit from reduced drug requirements and
improved analgesia while decreasing unwanted side effects. The results from the
above studies have implicated PKC-¢ as the specific mediator of the synergistic
analgesic interaction between two classes of GPCRs localized to the primary
afferent terminals of dorsal root ganglion neurons (a2AR and DOP). Further
understanding of the mechanisms underlying analgesic synergy may result in the

discovery of novel drug targets that may improve pain therapy in the future.
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Figure 1

DELT DELT + CLON
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Figure 1. Proposed mechanism of CLON-DELT analgesic synergy localized to
primary afferent terminals in the dorsal horn of the spinal cord. A, Model of DOP
agonist-induced DOP insertion coinciding with neuropeptide release (adapted
from (Bao et al., 2003). Activation of DOPs through administration of DELT
causes activation of PLC (presumably through G,), thereby increasing
intracellular Ca®* concentrations via IP; receptors. This spike in Ca®* mediates
exocytosis of LDCVs, thus releasing neuropeptides and inserting intracellular
‘reserve” DOPs to the plasma membrane. B. Proposed model of CLON-DELT
synergy mediated by PKC-¢ through co-activation of a,ARs and DOPs. Co-
activation of a2ARs and DOPs causes neuropeptide release at a 100-fold lower
concentration than DELT administration alone via the same mechanism as A. In
contrast to DOP agonist-induced DOP insertion, however, co-activation of a2,ARs
and DOPs causes activation of PKC-¢ through increased levels of diacylglycerol
(DAG). Activation of PKC-¢, in turn, mediates the synergistic interaction of
a2ARs and DOPs. One of several hypotheses for this mechanism is that the
phosphorylation target(s) of PKC-¢ allow enhanced Gy, coupling of both the
a2aAR and DOP (yellow stars). An alternative hypothesis is that activation of
PKC-¢ favors the formation of a2AR/DOP heterodimers with an enhanced

inhibitory mode of action.
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