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Few studies have compared the nature of tolerance that develmpgrfg chronicin
vivo opioid treatment with that which develops after chronic cannabgpdsure in the same
tissue and species. Based on similarities in signaling andapperh neuroanatomical receptor
localization the candidate determined whether the tolerarae dévelops to hypothermic,
analgesic and inhibitory action on neurogenic contractions of the longituduszle-myenteric
plexus (LM/MP) in the guinea pig is qualitatively similar aedjess of the agonist employed.
Since previousin vitro drug exposure studies using the LM/MP model have reported
bidirectional heterologous tolerance, it was hypothesized: 1)ithgaivo exposure to either
agonist would result in heterologous tolerance 2) that the type evitmle could be used to
define the underlying cellular mechanisms; 3) that homologousataerwould employ a
mechanism that involved receptor regulation; 4) that co-lo¢aiz@f opioid and cannabinoid
receptors may provide a basis for some cross-tolerance betweersts; and 5) that the
mechanisms that underlie the development of tolerance can meggadifferent tissues or
models. Specific aim 1 assessed the effect of chronic cannabinoipiad exposure on the

sensitivity of the LM/MP to inhibitory agonists (WIN-55,212-2-2, CARDO morphine) or an



excitatory agent (nicotine). Animals pretreated with morphmeivo developed an increased
responsiveness to nicotine and tolerance to all inhibitory agonstsdiethe magnitude of
rightward shift (i.e. ratio of mean ¥gvalues) or loss of sensitivity of the treated compared to the
control group was 4.8-fold for DAMGO, 3.5-fold for CADO, and 5.2-fold\/iN-55,212-2. In
contrast,in vivo WIN-55,212-2 pretreatment resulted in subsensitivity to WIN-55,202i2
(factor of rightward shift of the I§g values was 9.8) and reduced maximum responses to WIN-
55,212-2 and DAMGO; no shift was observed in the dose response curvesMi®ACADO
and nicotine. Specific aim 2 sought to determine the effect of a@rdfiN-55,212-2 or
morphine exposure on the levels of both mu-opioid receptor (MOR) and camnidat@ceptor 1
(CBy) protein in homogenates of the LM/MP. WIN-55,212-2 treatment resuitedselective
reduction in CB receptor protein levels by 35% while MOR levels remained uneubwhereas
morphine exposure altered neither MOR nor, @& eptor protein levels. Specific aims8ught
to determine the qualitative nature of tolerance that develops ilgear@a (thermal and
mechanical) and hypothermic models. Chronic morphine treatmentegksnol heterologous
tolerance to the thermal analgesic effect of morphine and WIN-55,212-did not alter the
sensitivity to the hypothermic effect of WIN-55,212-2. The natdrlerance observed in the
hot plate test corresponds closely to that observed in the LM/MP studiesclih@ne morphine
treatment produced heterologous tolerance and WIN-55,212-2 pretreatnsetiedrein
homologous tolerance. In contrast to the results in the LM/MP sfuidhl-55,212-2
pretreatment resulted in tolerance to the analgesic effenbgdhine in the paw pressure model
despite the fact that WIN-55,212-2 did not produce analgesia in this .mdalée chronic
treatment with WIN-55,212-2, chronic morphine treatment did not induezatale to the

hypothermic effect of WIN-55,212-2. However, since only a very moldgsothermia was



observed in response to a morphine challenge, tolerance to tluisvedie difficult to assess and
may not be pharmacologically relevant. For specific aim 4 the candijateed the distribution

of MOR and CB receptor expressing neurons in the LM/MP and hypothalamus.
Immunofluorescence assessment of the distribution of neurons expréd4€iRgand CB
receptors in the LM/MP revealed significant co-localizatiorremfeptors on myenteric plexus
neurons thus raises the possibility of intracellular crosstalkdsgtvihe two receptor systems.
Furthermore, neither opioid nor cannabinoid treatment altered the densiistribution pattern

of neurons expressing MOR or €Bceptors. Assessment of neurons expressing MOR and CB
receptors in the preoptic anterior hypothalamus revealed exterwiloealization suggesting
possible interaction of the two receptor systems in the regulafiodnody temperature. In
conclusion, the variable tolerance expression observed in different nafitlels the notion that
nature and potential cellular mechanisms of tolerance can vaendieg on the model system,
the drug, the species, and regimen used to establish the phenomendataralso suggest that
multiple cellular effects may play a role in the induction of fiomal tolerance in different

model systems.
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CHAPTER ONE: INTRODUCTION

|. General Introduction

The use of opioids, which dates back thousands of years, has evolvedutoeitd state
of conventional use in clinical settings over a long period of,tinfeereas the potential clinical
uses of marijuana in clinical settings has only just begun tedlzed in the past few decades.
However, the recreational use of marijuana has been known for nearg. y The United
Nations’ World Drug Report of 2009 estimated that in 2007, between 143190 million
(~2.5% of the world population) worldwide used marijuana. Further ewdehthe widespread
use of this agent includes a 2007 National Survey on Drug Use anith Méadh revealed that
14.4 million Americans over 12 years of age had used marijuanasitdace in the month
preceding the survey. Regarding opioid use, a survey performedOB [ the National
Institute on Drug Abuse (NIDA) estimated that 453,000 Americans b®eyears of age had
used heroin once in the preceding year, proving that the illiciolisgioids is also relatively
high.

Extensive studies on the opioid system have discovered a numbedarfeeous and
exogenous ligands targeting specific receptor subtypes that pravide diversity with respect
to the clinical uses of the agents and the endogenous regulati@ponses to external stimuli.
Opioids and related agents are clinically indicated for thénteya of pain, acute pulmonary
edema, cough and diarrhea. Currently, cannabinoids are used clinicaigttmtiscle spasms in
patients with multiple sclerosis, as anti-emetics in paieateiving chemotherapy for cancer,
and to manage cachexia in HIV/AIDS patients. At least 66galayinabinoids have been isolated
with A% tetrahydrocannabinol A--THC), the main psychoactive alkaloid, serving as the

prototypical compound. Extensive research in the last twenty yeaitsd#o the discovery of an



endogenous cannabinoid system that utilizes a number of different boaoidalike”
compounds which include arachidonoyl-ethanolamine (anandamide or AEAcltdeamoyl
glycerol (2-AG), virodhamine (O-arachidonoyl-ethanolamine (OAE), adial ether (2-
arachidonyl glyceryl ether) and N-arachidonoyl-dopamine (NADAJdiRjuez de Fonseca et
al., 2005). The discovery of two distinct cannabinoid receptorsGBe and CB), has spurred
research into developing commercially viable agonists targeting tkegptors e.g. dronabinol,
nabilone and Sativex® (containing- tetrahydrocannabinol and cannabidiol). The selective CB
receptor antagonist Rimonabant (SR141716) indicated for obesity and snceksagion, has
recently been withdrawn from the European market due to concernsdveesa effects, namely
depression and suicidal ideation.

Chronic use of both cannabinoids and opioids is associated with the rapopdeset of
tolerance which is defined by a progressive diminution of effidallowing prolonged drug
exposure. This phenomenon results in the need for higher doses to abkiesamie clinical
benefit which increases the risk of adverse events including drudo®es withdrawal effects
and dependence. The extent of development of tolerance varies amghfidepending on the
pharmacological effect e.g. opioid tolerance develops quicker taritgry retention and
respiratory depression effects compared to its analgesicteffRang et al. 2007). In fact,
tolerance to some effects of opioids e.g. constipation and miosis, doesaquotin humans
(Rang et al., 2007). Clinical studies evaluating tolerance to tHgesmaeffect of opioids have
reported a reduction in tolerance by using agents like calciumnehdiockers and the
cholecystokinin antagonists (Santillan et al., 1994; Timar et al., 2D0&himal studies, calcium
channel blockers (Smith et al., 1999), intrathecal magnesium andMa@arthy et al., 1998;

Larson et al., 2000), the phosphodiesterase inhibitor ibudilast (Ledebcar, €007) or



cholecystokinin antagonists like proglumide (Watkins et al., 1984; Woal, €t996) have also
been reported as promising remedies for analgesic toleraneevetbgollowing chronic opioid
use. Tolerance to cannabinoids has not been widely reported in ctattabs and it has been
suggested that extremely high doses may need to be consumed befarec&otan be observed
(Flom et al., 1975; Jones et al., 1981).

Simultaneous or successive use of both opioids and cannabinoids hae@snada the
last few years especially in terminally ill patientsg(eHIV and cancer patients). Thus the
potential interactions between these agents in terms of atidasaas well as the development
of adverse effects should be of concern. Studies in animals have demonstrated réguoneene
of tolerance to these agents and possible cross-modulation of themagbéogical effects
(Welch and Eads, 1999; Bass and Martin, 2000; Li et al., 2010). The irgrrbetween opioids
and cannabinoids stems from their similarities in cellular angiplogical effects, and is likely
influenced by the co-localization of their receptors (Sali@let2001). In spite of the large
number of studies that have been performed, there are still tenflipposing data, and
insufficient evidence to fully explain the tolerance phenomena obsdolesving chronic
treatment with these agents. This work described in this thfsarattempts to characterize the
nature of the tolerance, look at the possible basis for the pharmaedblogeraction between
these agents and describe the potential mechanisms assocthtdéwelopment of tolerance to
the effects of these agents and to determine whether the nmsohgncommonly shared or

distinct.



I1. Cannabinoid Phar macology

1. Cannabinoid Receptor Subtypes

There are two major subtypes of cannabinoid receptors namehalwaoid receptor
subtype 1 (CB and CB receptor. The first CBreceptor cDNA was cloned using the rat brain
(Matsuda et al., 1990). The @Beceptor which encodes fewer amino acids (360), displays a
48% amino acid sequence homology to thg @&Beptor (Munro et al., 1993). The existence of a
third cannabinoid receptor, the orphan receptor (GPR55), has been promeskdrbds binding
site sequence homology to classical cannabinoid receptors andtthieafdtis activated by the
cannabinoid receptor ligands 0O-1602 and abnormal cannabidiol (Slowe et al.,dl989etal.,
2007). In addition, the TRPV1 (transient receptor potential cation chautgamily V, member
1) or vanilloid receptor 1, a ligand-gated non-selective cation channeatactiby anandamide
(AEA) and N-arachidonoyl-dopamine (NAPA) has also been proposed tesespranother

cannabinoid receptor subtype (Huang et al., 2002).

2. Cannabinoid Receptor Distribution

A. Central nervous system distribution. The extent and pattern of ¢Beceptor
distribution correlates with modulation of region-specific functissogiated with the effects of
cannabinoids including alteration in memory, cognition, autonomic function randd
(Rodriguez de Fonseca et al., 2005). The hippocampus, cerebellum ecaudbstantia nigra,
nucleus accumbens, globus pallidus and some olfactory regions demonstrate a higlofesi
CB; receptor. The amygdala, medial hypothalamus and solitary nuclspkydia moderate
density of CB receptors whereas the thalamus and other parts of the braingtemiaeus of

the solitary tract express low levels of Of@ceptors. The regulation of pain by cannabinoid



receptor agonists directly correlates with ;QBceptor expression in the periaquaductal gray,
amygdala, raphe and the dorsal horn of the spinal cord where theoredepsity is relatively
low (Tsou et al., 1998; Farquhar-Smith et al., 2000). Although r€&ptors are predominantly
found on the presynaptic terminals where they appear to regidatmitter release, they have
also been identified on post-synaptic structures and glia (Rodregfual., 2001). Central GB
receptor distribution and density is comparatively sparse witkptec expression mainly
localized in the following regions: neurons of the piriform, orbitatual, motor and auditory
cortex (Svizenska et al., 2008). In addition, the anterior olfactory usicperiaquaductal grey,
substantia nigra pars reticulata and the pyramidal neurons onpihecampal allocortex also
express a low levels of GBeceptors.

B. Peripheral nervous system distribution. In the enteric nervous system, both
cholinergic and non-cholinergic sensorimotor submucosal neurons including thothe
myenteric plexus innervating the longitudinal muscle expressr&@ptors (Tyler et al., 2000;
Adami et al., 2002). Activation of these enteric receptors attentiaa®lease of acetylcholine
thus inhibiting smooth muscle contractility (Coutts and Pertwee, 19%éstinal contractility
mediated through non-adrenergic non-cholinergic (NANC) neuroalsasattenuated following
CB; receptor activation (Izzo et al.,, 1998). Furthermore, activation Bf i€ceptors in the
gastrointestinal tract inhibits intestinal and gastric fluidrston (Pertwee, 2001). In the pelvic
viscera, CB receptors are expressed in the vas deferens, bladder and the wadliwhere they
regulate smooth muscle contraction (Pertwee et al., 1992). Peliphgnession of CB
receptors is mostly restricted to the immune system oellading -cells, natural killer cells

and monocytes which are suspected to play an immunomodulatory roler(\&tahl., 2003).



CB, receptor transcripts have also been found organs associated withnthume response

including the spleen, thymus, tonsils and mast cells (Berdyshev, 2000; Sugiura and Waku, 2000)

3. Ligands Targeting the Cannabinoid Receptors

A. Endogenous ligands. Anandamide (AEA) was the first endogenous cannabinoid
receptor ligand discovered and thereafter, 2-arachidonylgly(2m() was identified (Devane
et al., 1992; Sugiura et al., 1995). 2-AG is a full agonist at botha@® CB receptors whereas
anandamide acts as a partial agonist for both thea@B CB receptors although it has higher
affinity for the latter (Hillard et al., 1999). The production of eraow@binoid neurotransmitters
appears to be triggered by the stimulation of postjunctional neurottéersraceptors (Giuffrida
et al., 1999). Following release into the synaptic cleft, the ligafihakes back into the cells via
an active and Naindependent transport mechanism (Beltramo et al., 1997). The segdeste
AG is eventually hydrolyzed by either monoacylglycerol lipag&\GL) or fatty acid amide
hydroxylase (FAAH) with the latter being the major player (Dinh et al., 2002).

Other recently discovered endocannabinoids include virodhamine (O-
arachidonoyldopamine), which acts as a partial agonist at cannab&oeiotors (Porter et al.,
2002; Walker et al., 2002); noladin ether (2-arachydonoyl glycémgrewhich targets both GB
and CB receptors but has higher affinity for the latter (Hanus et 20Q1); and N-
arachidonoyldopamine which acts as a ligand at; @Bd TRPV\ receptors and elicits
pharmacological responses associated with cannabinoid receptoti@ttimaluding analgesia
(Huang et al., 2002).

B. Exogenous ligands. The most widely used exogenous cannabinoids are the

phytocannabinoids derived fro@annabis sativgmarijuana) withA®-THC (Fig 1.1) being the



most thoroughly studied. There are four major classes of natwedlyrring and synthetic
exogenous cannabinoid ligands namely classical cannabinoida{el$iC, A®-THC and HU-
210), AC-bicyclic and ACD-tricyclic analogs (e.g. CP-55,940), amingiaktoles (e.g. WIN-
55,212-2) and the diarylpyrazole compounds (e.g. SR141716 and AM521) whichiractras
agonists and/or antagonists at the cannabinoid receptors (Rinao@aet al., 1994). In the
current study we use WIN-55,212-2 which is highly lipid soluble and ais full agonist at

both cannabinoid receptors though it has a two-fold higher affinity towards theeG#ptor.

4. Signal Transduction and Cellular Effects

Cannabinoid receptors are G protein coupled therefore ligand bindingesdaic
conformational change that results in the interaction of the r#@mpereceptor with its cognate
heterotrimeric G protein located within the cytosol. Following asgjomictivation of the
cannabinoid receptor and shifts in conformation of the G protein, the demfagated ¢z-
protein exchanges GTP for GDP then dissociates to forGTP and G subunits which act as
primary messengers for intracellular signaling.

Both CB, and CB receptors are negatively coupled to adenylyl cyclase via the G
subunit hence receptor activation reduces cytosolic CAMP levealspiartussis toxin sensitive
fashion (Howlett and Fleming, 1984; Howlett et al., 1986; Feldat.£1992). The reduction in
CAMP levels results in a decreased activation of CAMP depermgletein kinase A (PKA)
activity hence attenuating PKA modulated downstream eventshbmel activity is modulated
either directly via the G proteipy subunits or indirectly using other secondary messengers like
protein kinase A (PKA) (Childers and Deadwyler, 1996).; @&eptor agonists activate” K

channels resulting in Kefflux thus hyperpolarization of the cell membrane potentiahis T



action is accomplished by direct activation of the G proteiivated inwardly rectifying K
channel (GIRK) via the gg-protein subunit (Henry and Chavkin, 1995; Mackie et al., 1995).
Activation of A-type-K channels is inhibited by cAMP-dependent PKA hence the cannabinoid
induced reduction in cAMP-dependent PKA activity also results int@réatype-K channel
activity (Childers and Deadwyler, 1996). Cannabinoid receptor agandstsctly inhibit L-type
Cd* channels via the & subunit (Gebremedhin et al., 1999). Othef*@hannels inhibited by
cannabinoid receptors agonists include the N- and Q-typedBannels (Caulfield and Brown,
1992; Felder et al., 1993; Mackie et al., 1995). In a paradoxical fastabmum currents can
also be activated following GBreceptor activation in a pertussis toxin and phospholipase C
sensitive manner (Sugiura et al., 1996).

CB; receptor agonists have been reported to activate mitogentedtetein kinases
(p38 and p42/p44) which results in increased early gene expressiorbBzuat al., 1995;
Reche et al., 1998; Liu et al., 2000). Anandamide has also been demdntiratetivate
production of nitric oxide in the rat median eminence fragments and irarhuarterial
endothelial cells (Prevot et al., 1998). Focal adhesion kinase (FAKponsible for signal
transduction events and integrating cytoskeleton changes like tisynapsticity (neutric

retraction), is also regulated by cannabinoid receptor agonists (Degdineteal., 1996).

5. Summary of Cannabinoid Actions

Endogenous cannabinoids are distributed throughout the body and cannabirmimtsece
exist in tissues where endogenous cannabinoid innervations occurd as imelissues without
any cognate cannabinoid innervations. The effects appear to be mhéxigemarily 2 receptor

subtypes (CBand CB) with the majority of the pharmacological responses in thealesd



peripheral nervous systems being mediated through thead&eBptor. The effects mediated by
CB, receptors appear to focus more on the inflammatory processetheammmune system
(Newton et al., 2009). The effects that are important from acalirpoint of view include
regulation of gastrointestinal motility, ataxia, appetite, rehvdgarning and memory, analgesia
and body temperature.

The central nervous system effects of,@Bceptor agonists include analgesia, appetite
enhancement, modulation of muscle activity, and regulation of hormone arwtraesmitter
release (Di Marzo et al., 2001; Fride and Shohami, 2002; Fride €08B). Endocannabinoids
in the brain regulate the release of acetylcholine, dopamine, GAB#amine, serotonin,
glutamate, prostaglandins, norepinephrine and opioid peptides thus igdaéecting the
physiological function of the organism. Cannabinoid-induced reduction ofrdogaactivity in
brain areas involved in motor control and reward may explainfeéstedn motor co-ordination
and addiction, respectively (Giuffrida et al., 2001; Gardner, 2002). Cannabuohenasnstrate
effective analgesic activity in models of neuropathic pain and higeeb@en shown to work
synergistically with opioids in acute pain models (Welch and EHa&9). Neuropathic pain in
humans generally responds poorly to opioid agents but cannabinoids have beentcsh@wy
effective in alleviating pain associated spinal cord injury, peripherabpatiry, and nerve injury
(Wilsey et al., 2008). A neuroprotective role for endocannabinoids imghmatic brain injury
animal model (Mechoulam et al., 2002) may be due to inhibition of metgiotglutamate
signaling that results in toxic €ainflux or through an antioxidant effect that scavenges reactive
oxygen species (Hampson et al., 2000; Grundy, 2002).

The cardiovascular effects of cannabinoids include tachycardiaasen cardiac output

and elevated oxygen demand (Tashkin et al., 1977; Szabo et al., 2001). Otheacplagical
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effects of cannabinoids include peripheral vasodilation, orthostapiotéysion, and reduced
platelet aggregation (Lake et al., 1997). In the gastrointestiaei, tCB receptor activation
attenuates vagal drive leading to reduced gastric emptying amdti@ec and decreased
peristaltic activity (Coruzzi et al., 1999; McCallum et al., 19%9utts and Pertwee (1997)
demonstrated that activation of presynaptic, &8eptors, predominantly located on cholinergic
neurons in the myenteric plexus, results in the inhibition of releaseetylcholine from the
myenteric ‘S’ neurons thus inhibiting peristaltic activity. Oth@rarmacological effects of
cannabinoids mediated through £&ceptors include a reduction in sperm count (Hembree et
al., 1978) and an interaction with the hypothalamic—pituitary-adrenalvetich influences a

number of hormonal processes including hypothermia (Rawls et al., 2002).

[11. Opioid Phar macology

1. Opioid Receptor Subtypes

Several classes of opioid receptors have been identified tHatdenthe mu- (MOR),
kappa- (KOR), delta- (DOR) opioid and nociceptin receptors (opioidrékeptor [ORL-1]).
Two MOR subtypes, MORand MOR, have been identified and characterized based upon
variable biphasic binding characteristics and differential blockatleopioid effects by
naloxonazine (Pasternak, 2005). Two delta receptor subtypes; BARDOR, have been
characterized by DOR-selective agonists and antagonists wilisphay variable patterns of
supraspinal analgesia (Traynor and Elliott, 1993). Another deltptoragassification postulates
the existence of deljaand deltax subtypes based on the hypothesis that the.dsliatype is
complexed with MOR (or perhaps KOR) whereas the gglsubtype exists independently

(Traynor and Elliott, 1993). The existence of three subtypes of fiakapioid receptor (KOR
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KOR; and KOR) has been proposed based on radioligand binding studies, but currentig there
no categorical functional pharmacological evidence to fully suppast itea (Devi, 2001).
cDNA library screening has identified the opioid like receptor RI({) which has a high degree

of homology to the classical receptor subtypes. The existenuihef opioid receptor subtypes
namely sigmad) and epsilond) receptors has been proposed but there is either contradictory
data or insufficient evidence to support the claims of physiolbgixiastence and function of

these receptor subtypes (Contet et al., 2004).

2. Opioid Receptor Distribution

A. Central Distribution. The CNS comparatively expresses higher levels of opioid
receptors than the peripheral nervous system. One or more of tbeiomi+eceptor (MOR)
subtypes are expressed to the highest levels in brain regionmdhate the cerebral cortex
(especially laminae Il and 1V), thalamus, striosomes (simyt periaquaductal gray and the
substantia gelatinosa of the spinal cord whereas kappa opioid receptgpes (KOR) are
highly expressed in the hypothalamus, periaquaductal gray, clausind the substantia
gelatinosa of the spinal cord (Anand et al., 2010). The delta opioightoecsubtypes are
distributed in the pontine nuclei, amygdala, the olfactory bulbs and aetgx whereas ORL
expression has been identified in the cerebral cortex, amygdala, &ippos, septal nuclei,
habenula and the spinal cord. Regardless of the distribution, the rceituiaduction pathway
that mediates the effects of receptor activation is sinfidarall the receptors (Connor and
Christie, 1999).

B. Peripheral Distribution. Expression of MOR and KOR in the myenteric plexus of the

gut is well documented (Bagnol et al., 1997); activation of thespt@s results in a reduction
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of acetylcholine release from the myenteric ‘S’ neurons (Paton, 18&F-ppioid receptors
(MOR) are located on the soma and reduce transmitter rdbyakgperpolarization-mediated
reduction in excitability while kappa opioid receptors, located on xbe grminals, decrease
acetylcholine release by inhibiting calcium influx into the neéareninal (Kojima et al., 1994;
Coutts and Pertwee, 1997). In addition, the small and large intestizesxgdress DOR. Delta-
and mu- opioid receptors have also been identified in the vas defétarshdll et al., 1979;
Sheehan et al., 1986). Evaluation of testes, ovary, uterus, kidney and aigseeasuggests the
presence of MOR in these tissues. Sparse populations of the BE(ORQ@R have also been

reported to exist in these peripheral tissues as indicated in Table 1 (@litert1996).

3. Opioid Receptor Ligands

A. Endogenous Ligands. Endogenous opioid ligands are derived from long-chained
peptide precursor molecules. Pro-opiomelanocortin (POMC) is argoecfor opioid peptides
like B-endorphin and the enkephalins, as well as non-opioid peptides like betamaytta
stimulating hormone (MSH) and adrenocorticotropin (ACTI)endorphin displays high
affinity for delta- and mu- opioid receptors but has weak affifatythe kappa opioid receptors
(Corbett et al., 2006). Proenkephalin acts as a precursor for botandet-eu-enkephalin which
are MOR agonists (Corbett et al., 2006). The derivative peptidagetlefrom prodynorphin
include dynorphin-A and dynorphin-Bq- and p-neoendorphin (Goldstein et al., 1981).
Dynorphin A and B have a high affinity for KOR but also bind to M@ BOR (Corbett et al.,
2006). Pronociceptin acts as a precursor molecule for endomorphin-1 anénd2,
nociceptin/orphanin-FQ, a ligand at ORL-1. Other active endogenous tdersvalike

dermorphin, and deltorphin | and Il, have multiple precursors namelyepnodphin and
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prodeltorphin. Dermophin is highly potent and selective for MOR wherd@slens are highly
selective for DOR (Erspamer et al., 1989).

B. Exogenous Ligands. Opioids are naturally derived from the opium poppy plant
(Papaver somniferujrand the structure of most synthetic analogs is derived fiesetnaturally
occurring ligands. The chemical classification groups the opigahdls into four major classes
namely phenanthrenes (e.g. morphine [Fig 1.2], codeine, hydromorphone, levorphanol,
oxycodone, nalbuphine and hydrocodone), benzomorphans (e.g. pentazocine), phehyggsper
(e.g. fentanyl, alfentanil, sulfentanil, and mepiridine) and diplEpganes (e.g. propoxyphene
and methadone) (Trescot et al., 2008). Tramadol does not fit into dhg &dur groups stated
above hence is classified as an atypical opioid.

The pharmacological classification of opioid ligands is based on thenpbadynamic
properties and defines the compounds as agonists, antagonists, ah@aganists or agonists-
antagonists. Opioid receptor agonists include morphine, codeine, fentagtyladone and
oxycodone. The partial agonist buprenorphine has a high affinity butffmaoy at the MOR
and also acts as an antagonist at the KOR (Trescot et al., 2008).aktagonists have high
receptor affinity but are devoid of efficacy e.g. naloxone, naltrte and nalmefene. Opioid
agonist-antagonist agents e.g. pentazocine, nalbuphine and butopharnol, exhgonisinta

effects on the MOR but also show agonist activity on the KOR.

4. Signal Transduction and Céllular Effects

As illustrated in Fig 1.3, opioid receptors are part of the GR@Rré&amily which couple
to pertussis toxin sensitive heterotrimerig, Groteins. Upon receptor activation the GTP

conjugated heterotrimeric G protein exchanges GTP for GDP tksoathtes to form SGDP
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and G, subunit complexes that are ultimately responsible for initiatibrthe downstream
intracellular signaling. Opioid receptors are negatively coupbeddenylyl cyclase therefore
activation lowers cytosolic cAMP concentrations resulting in thehibition of a
hyperpolarization-activated cation channel (Ih) also known as tkenaker current thus
decreasing neuronal excitability (Childers, 1991; Ingram andiaMidl, 1994). Inhibition of
adenylyl cyclase activity is also associated with dinelibition of neurotransmitter release in a
PKA-dependent manner. Other pathways regulated by cAMP-depeR#éntincluding cell
differentiation, ion channel conductivity and metabolism are also inetyategulated by opioid
receptor activation (Krebs and Beavo, 1979; Schwartz and Rubin, 1983).

All opioid receptor subtypes have been shown to activate a variety of potassiumshanne
including the G protein-activated inwardly rectifying” Kkhannel (GIRK) and BK calcium-
sensitive potassium (Twitchell and Rane, 1993; Jan and Jan, 1997). Aatiwdtiopioid
receptors has also been shown to inhibit voltage dependent conductance by dendmudxia-se
and M-type channels (Madamba et al., 1999). Calcium channels idhiibitewing opioid
receptor activation include L-, N-, P- and Q- type voltage depewrdémntim channels (Samways
and Henderson, 2006). In some cell types, receptor activation caresigbin a paradoxical
increase in calcium levels by releasing calcium from aeflalar stores or enhancing its entry
via a dihydropyridine-sensitive mechanism (Samways and Henderson, 2006).

Opioid receptor activation has been shown to attenuate neurotransreittese.
Activation of the MOR in the vas deferens and the LM/MP premaragsults in the inhibition
of ATP and acetylcholine release, respectively (Hendersonl.etl@72; Kosterlitz and
Waterfield, 1972; Coutts and Pertwee, 1997). Inhibition of neurotransnettase has been

attributed to the activation of potassium conductance and/or inhibitioal@tim currents, or
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inhibition of hyperpolarization-activated cation channel (Ih) (Ingramad Williams, 1994). In
myenteric ‘S’ neurons, acetylcholine release is inhibited by M@R and KOR activation;
MOR-induced inhibition occurs via activation of Kurrents at the level of the cell soma, while
KOR activation inhibits the release through inhibition of ‘Gaurrents. Other effects of opioid
receptor activation include potentiation of NMDA currents viavation of PKC (Koyama and
Akaike, 2008).

Opioid agonists have been shown to stimulate mitogen-activated pkotage (MAPK)
activity via different routes: one pathway involveg &ubunit activation of phophatidyl-inositol
3-kinase (PK) that eventually results in MAPK activation via a serieplodsphorylation steps
(Polakiewicz et al., 1998); a second method involves beta-arrestoh walsis as an adaptor
protein to bind both c-Src and the agonist-occupied receptor to formtogemi signaling
complex that is internalized (Ignatova et al., 1999). The integthlzomplex activates an
extracellular signal regulated kinase (ERK), which is tramsést into the nucleus and thus
affects gene regulation through regulation of transcription facdoch as cAMP response

element binding (CREB) (Khokhlatchev et al., 1998).

5. Summary of Opioid Actions

The pharmacological effects of opioids are defined by theptecépe and its location.
There is however, combined overlap of the effects amongst ¢kptoes. Like MOR agonists,
DOR ligands also stimulate supraspinal and spinal analgesia, and teaelgase of hormone
and neurotransmitter but lack some of the other pharmacologi@dteffSimilarly, KOR
activation results in supraspinal and spinal analgesia, as svalbrae of the psychosomatic

effects and slowed gastrointestinal transit.
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The central effects of opioid include regulation of sensory arettafée components of
pain. Euphoria that presents as a pleasant floating sensationigtgted by opioid use. The
sedative effect of opioids is employed clinically to supplemenattien of hypnotic agents. At
standard doses, morphine disrupts normal rapid eye movement and non-rapiveysent
(NREM) sleep patterns. Stimulation of MOR in the brainstemesatsspiratory depression thus
elevating alveolar pCO2 levels. Opioids also have antitussive aatic nprroperties. Direct
stimulation of the chemoreceptor trigger zone results in nauseaocamiting especially with
apormorphine. Other central effects of opioids include regulation of bedperature; the
resultant effect depends on the receptor subtype activated edjiveehctivation of MOR in the
anterior hypothalamus results in hyperthermia whereas KOR #&gants/ation induces
hypothermia (Adler and Geller, 1987; Spencer et al., 1988). Centrahteati of MOR results
in supraspinal analgesia and physical dependence whereas ths effddOR, activation
include respiratory depression, miosis, euphoria, reduced gastroitesotility and physical
dependence. Kappa opioid receptor activation results in spinal aaakgdation, miosis and
inhibition of anti-diuretic hormone (ADH) release. The pharmacolbgeféects observed
following activation of the DOR include analgesia, antidepressdfects and physical
dependence.

The cardiovascular effects of opioids are complex and ligand depemdesit opioid
agonists do not have a direct effect on the heart with meperiding e exception since it
causes tachycardia through its antimuscarinic action. Opioid-indugeatemsion is probably
due to peripheral and venous dilation attributed to central depredsi@s@motor-stabilizing
mechanisms and the release of histamine. Opioids also regasdteintestinal processes; in the

myenteric plexus, activation of the MOR found on the soma of th&/f& neurons results in
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activation of a hyperpolarizing potassium current that leads to fidmtof acetylcholine release
whereas activation of the KOR located on the axon terminal resultshibition of calcium
currents thus depress neuronal excitability (Cherubini and North, 198bn&Kef al., 1994).
Other gastrointestinal effects include contraction of the bisangoth muscle. The sphincter of
Oddi may contract resulting in biliary reflux (Rang et al. 200He Tenal effects of opioids
include an increase in urethral, bladder, and sphincter smooth muscl@ndna reduction in
renal plasma flow. Other peripheral effects of opioids include ngewall relaxation and
histamine-induced pruritis.

Clinically, opioids are indicated for pain, congestive heart failassociated with
pulmonary edema, elevated intracranial pressure, diarrhea, chugrirgy (meperidine) and in
combination with other drugs for anesthesia. In spite of the largéeruaf clinical uses, there
are still forms of chronic pain that respond poorly to opioids. The develupai alternative
agents and protocols to the management of these types of pain hasrheamat of a shotgun
approach with the selection of agents based upon speculation rather than evideectheldss,
there are a number of agents that have been used either in ptace obnjunction with opioids
to manage certain types of pain refractory to opioids e.g. valparatearbamazepine or

cannabinoids for neuropathic pain (Rang at al. 2007).

V. The Phenomenon of Drug Tolerance

1. General Introduction

Tolerance occurs in response to chronic treatment when the phavgieabkffects of a
drug decrease such that larger doses are required to achiewanige response. Dosage

adjustment potentially results in a greater incidence of adedisets including drug overdose,
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development of withdrawal and enhanced drug dependence. Tolerance pemilaihee to
cannabinoids and opioids has been extensively studied and several aodedd tave been
developed to test both phenomena. Multiple forms of tolerance, mediateliffgrant sets of
adaptation, are characterized by variable time courses foropeveht (Bass and Martin, 2000;
Li et al., 2010) and have been associated with reduced responsivenesstasit thgstem to
different agonists that is either homologous or heterologous. Homologjeusnte presents as
limited alteration in responsiveness to specific agents usingatme seceptor or signaling
pathway whereas heterologous tolerance exhibits as an alemgohsiveness that extends to
agents that do not utilize the same receptor or signaling patiiway®r and Fleming, 2001).
The homologous form of diminished sensitivity has been shown to occur throsgtes of
desensitization events that are precipitated by prolonged exposuususdly very high
concentrations of an agonist. The latency to induce homologous desgisitivaries from a
few seconds to as long as days or weeks depending on the agonistpdomss, and model used
e.g. opioid induced homologous desensitization resulting from G protemupling occurs
within minutes (Law and Loh, 1999) whereas adenylyl cyclase (A@@gulation as a form of
adaptation may take hours to manifest (Nestler, 1993). In corftegstologous tolerance is
usually associated with adaptive changes in responsiveness that develomayger &érhe frame
and decay over an even longer time course e.g. a reduction irettegénic function of the
Na'K*ATPase (Fleming, 1999; Taylor and Fleming, 2001). While heterologousarioke is
certainly triggered by receptor-mediated events, the cellmpact extends to functions that are
not tied to that receptor or signaling pathway.

It is generally believed that homologous tolerance is exprdaseégl than heterologous

tolerance since it is associated with immediate receptmerdtent changes (e.g. uncoupling of
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the receptor from its cognate G protein, phosphorylation by GRKs, iradlmh of beta-arrestins
or changes in the adenylyl cyclase pathway) whereas hajeusidolerance is produced by non-
receptor dependent changes like protein expression which can takéodaeeks (Taylor and
Fleming, 2001). The reversal of desensitization occurs rehatouatkly following cessation of
the drug exposure and depends on the length of agonist exposure, agonisindistuk
physiological/cellular effect being assessed. The firame for recovery from heterologous

tolerance is much longer and may last for weeks (Li et al., 2010).

2. Role of Phosphorylation in Desensitization

Early studies proposed the major mechanism implicated in degatisiti to involve
phosphorylation of the receptor (Stadel et al., 1983; Pitcher et al., b93)cond messenger
kinases like protein kinase C or protein kinase A (Benovic et al., 198®WeVer, later studies
using PKC and PKA knockout animals identified beta-adrenergiqptacéinase [{-ARK),
subsequently termed G protein-coupled receptor kinase subtype 2 (GRK&)pther kinase
capable of phosphorylating th&-adrenergic receptor (Benovic et al., 198@)adrenergic
receptor §--AR) phosphorylation has been shown to occur through phosphorylatiomoat t
different regions; on serine residues (Ser262) in théngacellular loop by PKA and on the
serine residues (Ser355 and Ser356) in the proximal COOH termin@RKg (Tran et al.,
2004). The site of phosphorylation is dependent on the concentration of thet,agithi®KA
activity triggered at low agonist concentrations and the GRKteffeserved at higher agonist
concentration (Tran et al., 2004). In addition, studies have shown that FPKghosphorylate
GRK2 thus enhancing the ability of the latter kinase to phosphorydatesi activated GPCRs

(Chuang et al., 1995; Krasel et al., 2001). PKA has also been imglicatee phosphorylation
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of GRK-2 thus enhancing the latter’s ability to phosphorylatgR (Cong et al., 2001; Li et
al., 2006).

In line with the concept of functional efficacy, the ability ofigand to induce receptor
phosphorylation appears to be ligand dependent. This could result from sul#lglityain
signaling between different ligands targeting the sameptece.g. DAMGO to induces greater
MOR internalization compared with morphine (Schulz et al., 2004). In human embryonic kidney
(HEK) 293 cells expressing rat M@Rs well G protein-coupled inwardly rectifying potassium
(GIRK) channel subunits, DAMGO was shown to induce greater MO&nialization in a
GRK2-dependent fashion whereas morphine confers negligible inratnad that is PKC
dependent (Johnson et al., 2006). In the latter study, the desensitization by DAMGbeked
by expression of a dominant negative mutant GRK2 whereas that indycedrphine was

attenuated by PKC inhibitors.

3. TheRole of Beta-Arrestinsin Downregulation

Beta-arrestins have been demonstrated to be key players ftiagliteeceptor
desensitization (Lohse et al., 1990; Pitcher et al., 1992). Betanasrkave high affinity for the
phosphorylated GPCRs and function by sterically hindering and uncouplingcéygor from its
cognate G protein thus blocking the receptor-generated responsei¢Gamed Gurevich, 2004).
Fluorescence resonance energy transfer (FRET) analysibustraiied beta-arrestin dissociation
from the receptor upon agonist removal, even though the GPCR phssibhorylated (Krasel et
al., 2005). Beta-arrestin also directs the phosphorylated receptoGRECR/arrestin complex
into clathrin coated pits. Upon internalization, the GPCR ctrerebe dephosphorylated and

recycled or degraded by lysosomes (Krupnick and Benovic, 1998). GRKarrastins also act
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as multiprotein intracellular scaffolds, responsible for downstreawasioih of MAPK and other
long-term cellular signaling pathways which may contribute &stgity (DeWire et al., 2007,

Ribas et al., 2007).

4. The Role of Changesin Protein Levelsin Adaptive Heter ologous Tolerance

Cellular tolerance may be associated with a decrease iptoeqeotein levels due to
internalization that ultimately results in receptor degradaf®mavkin and Goldstein, 1984;
Bohn et al., 2004). However, levels of other cellular proteins may hisage as part of the key
elements of adaptation that play a role in the development and naeiotenf heterologous
tolerance. The proteins that may be engaged in this procesd kaly be proteins that play a
role in regulating general cell excitability since changegegponsiveness occur to agents that
employ very different signaling pathways. Chronic morphine expoBasebeen reported to
decrease the levels of the functional alpsabunit isoform of the N&K* ATPase responsible
for the regulation of membrane potential (Biser et al., 2002). Tki®é@n proposed to account
for a partial depolarization which results in increased supetsatysio stimulatory agents and
subsensitivity to multiple inhibitory agents (Meng et al., 1997; Tagfat Fleming, 2001; Li et
al., 2010). Development of tolerance has also been associated watlketadon of specific AC
isoforms involved in the long term adaptive phenomenon of CAMP supetantiyRhee et al.,

2000).

5. Functional Efficacy and Tolerance
The ability of different agonists targeting the same recepd stimulate different
signaling pathways has been explained by the concept of funatifficacy (Urban et al., 2007).

The concept ascribes the ligand-specific effects to variablewroations of the GPCR conferred
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by the agonist that results in activation of different setsesponses including the cellular
processes responsible for desensitization (Perez and Karnik, 2005).sStudithe MOR
demonstrate that DAMGO and etorphine both induce beta arrestin-GR&&ctions that lead
to MOR internalization whereas exposure to morphine does not indpeicsint internalization
(Keith et al., 1996; Zhang et al., 1998). It has been hypothesizedfttta@ method of
desensitization is agonist dependent, then resensitization and downoegolzuld also be
agonist dependent. This potential was illustrated by Schulz €2004) who discovered that
morphine-induced phosphorylation and subsequent dephosphorylation and resensdiztte
MOR occurs over a much slower timeframe than that associatedDRAMGO exposure.
However, the concept of the role of agonist efficacy in the development of fuh¢tilmmance is
not universally accepted since studies with both opioids and cannabine&shwvn a lack of
correlation between efficacy and the ability to induce desensiizéClark et al., 1999). Other
GPCRs that exhibit desensitization related functional selgcinelude ,-adrenergic receptor

and 5-HTc receptors (Urban et al., 2007).

V. Development of Opioid Tolerance

1. The Role of Receptor Uncoupling and Phosphorylation in Tolerance

As with most G protein-coupled receptors (GPCR), opioid receptoridanist regulated
by several processes including phosphorylation primarily by GHG&e (GRK) (Appleyard et
al., 1999) and secondary kinases like PKA and PKC (Smith et al., 20@én dgonist
activation, the GPCR assumes a conformation that is receptiyghésphorylation by GRK,
PKA or PKC (Smith et al., 2006). The PKC inhibitor, H7, and the PHibitor, KT-5720,

have been shown to reverse tolerance to the antinociceptive actipioiofs (Narita et al., 1996;
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Bernstein and Welch, 1997). Moreover, intrathecal administration of aati-sense
oligodeoxynucleotide to PKECmRNA inhibited the development of tolerance to morphine (Hua
et al., 2002). GRK phosphorylation of agonist-activated receptors resbksa-arrestin-induced
uncoupling of the phosphorylated receptor thus resulting in receptor spaesensitization.
Experiments assaying the coupling efficacy of MORs followihgoric opioid exposure have
illustrated functional uncoupling of the receptor that results educed GTPase activity,
attenuated ability of opioids to stimulate G protein-activatediardly rectifying K channels
(GIRK) and diminished regulation of calcium currents (Christial., 1987; Sim et al., 1996;
Selley et al., 1997). The reduced coupling efficiency has also bedutad to beta-arrestin
induced functional uncoupling of the receptors from their cogngteo@ins or the loss of cell

surface receptors (Chakrabarti et al., 1995a; Bohn et al., 2004).

2. TheRole of Beta-Arrestins and Receptor Internalization in Tolerance

Beta-arrestin has been demonstrated to sterically hinder thactime of an activated
receptor with its cognate G protein. In addition, this protein disects movement of the
receptor to clathrin-coated pits in the cytosol thus initiatmgrnalization, sequestration and
trafficking of receptors (Gurevich and Gurevich, 2004). Phosphorylation ajpioéd receptor
has been shown to increase its affinity for beta-arrestin. pflusphorylated receptor/beta-
arrestin complex is targeted for internalization through clattwated pits and subsequently
undergoes intracellular trafficking to subcellular compartmergsg. (lysosomes) where
degradation or dephosphorylation occurs (Schulz et al.,, 2004). Receptor doatwagul
inevitably results in the loss of downstream signal transduction sral key facet in the

development of homologous tolerance (Chavkin and Goldstein, 1984; Chakrablartl @9%a).
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The extent of internalization and downregulation of MOR is ligarmeddent as DAMGO
appears to have greater capacity to induce receptor downregulagonceampared to morphine
(Schulz et al., 2004; Johnson et al., 2006). Direct assessment of titg detiee MOR on the
cell surface has also shown downregulation in the brainsteowfaly chronic treatment with
morphine (Bernstein and Welch, 1998; Tao et al., 1998; Law and Loh, 1999nviiieeiment
of beta-arrestin in the desensitization of opioid signaling iféursupported by a study in which
beta-arrestin 2 knockout mice exhibited enhanced, prolonged analgestaptoima following
chronic opioid exposure (Bohn et al., 1999). Although beta-arrestins areategliin receptor
internalization, they also act as scaffolding proteins fordewpectrum of signaling molecules

thus facilitating downstream signal transduction (DeWire et al., 2007).

3. Duality of G protein Signaling and Effect on AC in Tolerance

Previous studies have reported that adenylyl cyclase can beedifally regulated by the
G, and G, subunits, derived from the heterotrimeric Gi protein, with therlatteancing and the
former attenuating adenylyl cyclase activity (Wang and ZBnt 1995; Sunahara et al., 1996;
Wang and Gintzler, 1997). In acute opioid exposurg, & tivity dominates whereas chronic
exposure shifts the balance towardg,.3@he shift in signaling from Ginhibitory to G,
excitatory induced following sustained opioid exposure is further antgahdy an increase in
the synthesis of those AC isoforms (AC IV) stimulated ky ®ivera and Gintzler, 1998).
Furthermore phosphorylation of Gsubunit by PKC results in an increased potency RftG
stimulate AC 1l thus augments AC activity (Chakrabarti et #398; Chakrabarti and Gintzler,

2003). This two pronged effect favoring activation of AC is triggegdprolonged opioid
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exposure and results in a synergistic stimulation of AC thdnghirom G, inhibitory to G,

excitatory.

4. Pleiotropy of Opioid Receptorsin Tolerance

As with most GPCR, opioid receptors interact with multiple Gginstincluding Gg,

Giw, Ga,z and also G (Chakrabarti et al., 1995b; Ho et al., 2003). Opioid receptor signadsig h
been reported to occur through both @hibitory) and G, (excitatory), depending on the length
of agonist exposure. Acute action of opioids is mediated throyghvli&reas chronic exposure
to morphine and other opioid agonists appears to shift the signalingdsoWaresulting in
increased production of cyclic AMP (Sunahara et al., 1996). in@iced adenylyl cyclase
activity raises cyclic AMP levels thus activating intrdglar signaling pathways which affect
neurotransmitter release and other intracellular pathwaysz(&imt al., 1987; Gintzler and Xu,
1991). Immunoprecipitation studies have also demonstrated an interactgiomf receptors
with Gg, whereas the interaction between the receptor apddé€zreases following chronic
exposure to opioids (Chakrabarti et al., 2005). Other data supporting ogiepdaecoupling to
Gs include the increased ability of opioids to enhance neurotransneiiéase and AC activity in
a cholera toxin sensitive manner following chronic morphine exposfend and Gintzler,
1997). This Gsignaling combined with previously mentioned switch {g.Gignaling following
chronic opioid exposure contributes toward adenylyl cyclase supetamtivwhich has been
proposed to be a key facet in the development of opioid tolerance. Ties@teons enable
opioid tolerance mechanisms to be pliable and represent part otla lonoader spectrum of

adaptational events that may surround and play an integral role in the developmeaman€éol
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5. Changesin Membrane Potential in Opioid Tolerance

Electrophysiological assessment of LM/MP neurons from morphireratl animals
have demonstrated a partial depolarization of the cell membraneiploteeedham et al., 1992;
Meng et al., 1997) that may account not only for the increased siyndibi excitatory agents
like K" ions, 5-hydroxytryptamine and nicotine but also the reduced resporssvieniahibitory
agents like morphine, CADO and clonidine (Schulz and Goldstein, 1973; Johnalon1&78;
Taylor et al., 1988). Additional studies associated the parggbldrization to a reduced
abundance of the N&K*-ATPase caused by decreased expression of its functionas alghanit
isoform (Kong et al., 1997; Biser et al., 2002). The time courseeftuction and recovery of
alpha subunit isoform protein has also been shown to parallel the timeecdaorsthe
development and recovery of heterologous tolerance following chronmhmerexposure (Li et

al., 2010).

V1. Development of Cannabinoid Tolerance

1. Receptor Phosphorylation and Desensitization in Tolerance

As with most GPCR, desensitization of cannabinoid receptors inv@®&SR kinase
(GRK) induced phosphorylation and beta-arrestin initiated receptor dewu@nd
internalization (Jin et al., 1999; Kouznetsova et al., 2002). PKA andy&rsirte kinase have
also been implicated in the desensitization process since PKAc&inase inhibitors have been
demonstrated to reverse the development of analgesic toleran@nriabmoids following
chronic WIN-55,212-2 exposure (Lee et al., 2003). Specific intraceltldanains including

S317, S426 and S430 have been identified to be critical for receptorsdestion since their
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disruption results in decreased tolerance development (Gaalia ¥398; Jin et al., 1999; Roche

et al., 1999).

2. Involvement of Beta-Arrestins, Receptor Internalization and Downregulation

Cannabinoid receptor downregulation in the CNS is well documentgthugh the
extent of the downregulation appears to be region dependent. The intdromlof the receptors
has been demonstrated in receptor-transfected cells (Hsigh 4999) and, like the opioid
receptors, it has been hypothesized that the agonist-activatezbo#oid receptor is targeted by
beta-arrestin which directs the phosphorylated receptor as a/@P€3Rn complex into clathrin
coated pits. Upon internalization, the GPCR can either be dephospbdrgiad recycled or
degraded by lysosomes (Krupnick and Benovic, 1998; Schulz et al., 2004). Cineatricent
with the cannabinoid receptor agoniafsTHC, CP-55,940 has also been shown to reduce CB
receptor levels (B.y in the caudate putamen (Oviedo et al., 1993), striatum but not in the ventral
mesencephalon (Rodriguez de Fonseca et al., 1994). As with opioid agdrastility of
cannabinoids to desensitize receptors appears to be ligand dependeanaimtamide, a poorly
stable endocannabinoid, failed to elicit downregulation/desensitizatidmereas R-
methanandamide, a more stable analog, induced it (Romero et al., 1989)eBians that show
the highest magnitude of cannabinoid receptor downregulation includertdieibem, caudate
putamen, globus pallidus, substantia nigra, nucleus accumbens, amygdaldalaypas,
thalamus and PAG: the basal ganglia output nuclei show a modeggecimareceptor number
following chronic cannabinoid exposure (Sim-Selley and Martin, 2002).

A reduction in CB receptor mRNA transcription has also been demonstrated in the

caudate putamen followin’-THC or CP-55940 exposure (Caberlotto et al., 2004). Importantly,
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cannabinoid receptors appear to be more sensitive to downregulationbdraithe&eompared to
other Gyo-coupled receptors, such as the MOR and %xHE&ceptors (Sim et al., 1996; Sim-
Selley et al., 2000). Resensitization of an internalized receptjuires dephosphorylation by
phosphatases and it has been proposed that endosomal acidificationfactuesinternalized
receptor to assume a conformation conducive for receptor dephosphorytat®rallowing

receptor recycling (Hsieh et al., 1999).

3. Duality and Pleiotropy of Cannabinoid Signaling and AC Superactivation in Tolerance

As with chronic opioid exposure, persistent cannabinoid exposure has beamsttated
to result in increased adenylyl cyclase activity followingagonist-precipitated withdrawal (Fan
et al., 1996; Rubino et al., 2000). Studies in@Bnsfected cell lines have demonstrated the AC
superactivation phenomenon. The cellular basis for the superactivationohdseen fully
defined, but it is suspected to be due to increased activatiopasidGlecreased activation of the
Gi-family of G proteins (Rhee et al., 2000). Moreover, studies in-C©8lIs transfected with
CB; receptors show concentration-dependent selective superactivaé@ tgpes I, 1ll, V, VI,
and VIII which increase cAMP levels. The cAMP increase imidated in part, by free G

subunit (Rhee et al., 2000).

4. Role of Protein Kinasesin Tolerance

The cannabinoid induced reduction in cAMP-dependent PKA activity hasgreposed
to result in disinhibition of focal adhesion kinase (FAK) whichium activates Src tyrosine
kinase that ultimately results in the development of toleraneetiiMet al., 2004). In support of
this idea is the data that shows inhibitors of Src tyrosine kittaseverse analgesic tolerance

induced following chronia\®-THC exposure (Lee et al., 2003). Chronic cannabinoid exposure
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also results in the uncoupling ofJroteins from the receptor resulting in disinhibition of AC
and increased activity of c-AMP-dependent PKA (Martin et al., 20@KA activity has been
proposed to be involved in the development of tolerance since inhibition of rBgUAts in
attenuation of tolerance development (Lee et al., 2003). In contragstitors of PKC, PKG and
phosphoinositide 3-kinase (PI3K) where shown to be ineffective in rages$iTHC induced
tolerance to analgesia assessed using the tail flick éissayet al., 2003). The onset, extent and
duration of the development of cannabinoid tolerance has also been shownliganoke
dependent thus suggesting the existence of potentially distinct m&tisami receptor regulation

(Bass and Matrtin, 2000; Sim-Selley, 2003).

V1. Interaction of the Opioid and Cannabinoid Systems

1. Common Cedllular Effects/Signaling Pathways

Significant similarities in the signal transduction events hawn bebserved between
opioid and cannabinoid systems. Both receptor families’ systenapted to pertussis toxin
sensitive heterotrimeric if protein thus activation results in comparable downstream signaling
pathways instigated by the &Gand Gg, subunits. The Gisubunit attenuates adenylyl cyclase
activity thereby reducing cAMP production (Howlett et al., 1986; dend, 1991). Other
common cellular effects include inactivation of N, P/Q, and R-g€ channels (Rhim and
Miller, 1994; Howlett et al., 2002); activation of the MAPK pathwBpaboula et al., 1995)
and activation of G protein-activated inwardly rectifying potassium (Gléttannels (McAllister
et al., 1999). As with most GPCRs, chronic activation of both recepstersy results in
phosphorylation of the receptor by GPCR kinases (GRK) and PKAy(k¢ al., 2008).

Interaction between the phosphorylated receptor and beta-arrestinssimgseenbly of adapter



30

proteins responsible for internalization of the receptors throughriclatoated pits (Krupnick

and Benovic, 1998; Hsieh et al., 1999).

2. Shared Pharmacological Effects

The comparable anatomical distribution patterns between opioid amubhiaoid
receptors may represent the basis for the similar pharmacall@jfects observed with agents
targeting the receptors. Activation of KOR, MOR and; @&eptors in the gastrointestinal tract
has been shown to reduce acetylcholine release thus attenuatsgnal peristalsis and
increasing ileum transit time (Paton, 1957; Coutts and Pertwee, 189iHe vas deferens, both
MOR and CBreceptors have also been shown to reduce smooth muscle contr@dtitityes et
al., 1975; Pertwee et al., 1992). Analgesic activity seen followiBg &hd opioid receptor
activation is directly related to the presence of the cannabinoidopioil receptors in the
amygdala, dorsal horn, periaquaductal gray and raphe. Other common phagiat effects
include precipitation of hypothermia, sedation and euphoria, and the develomhent

dependence.

3. Common Phar macodynamic Substrates Underlying Tolerance Development

A. General overview. Like most GPCRs, both opioid and cannabinoid receptors’ signal
transduction are negatively regulated by receptor uncoupling, phosglwrylaternalization
and degradation (Bailey and Connor, 2005). Upon activation, both receptdresaiaie
phosphorylated by G protein-coupled receptor kinases (GRKs) and subbetpuahtto beta-
arrestin proteins which inhibit additional signaling by impedinghier coupling between the
receptor and its cognate G protein (Ferguson, 2001; Connor et al., 2004). The naturarmietole

whether homologous (i.e. reduced responsiveness limited to agonistsyiagplioe same
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receptor or signaling pathway) or heterologous (i.e. alteratironssponsiveness that extend to
innate cellular properties that regulate global function sucklasxcitability), is determined by
the specific adaptive cellular changes that occur within thencedsponse to chronic alterations
in the environment such as chronic drug exposure. Homologous toleranaelg associated
with receptor dependent modifications like receptor uncoupling fronpréieins, receptor
internalization or changes in cell signaling pathway and mostiyreawithin hours/days after
exposure whereas heterologous tolerance is often charactéyzewn-receptor dependent
modifications that are non-specific in nature and expansive in cblaréely. membrane
depolarization or changes in protein expression that regulagrajecell function (Taylor and
Fleming, 2001)). As outlined in previous sections, the adenylyl @ydaperactivation and
reversal of response that is associated with toleranceni®lad¢erved with both receptor systems
following chronic agonist exposure (Sunahara et al., 1996; Wang andegii@97; Rhee et al.,
2000). A number of other components of the cell have been proposed as lggiggdem the
adaptive process which has led to considerable controversy as naedpansible cellular
modification has been identified (Taylor and Fleming, 2001; Williatnal., 2001; Mizutani et
al., 2005; Gintzler and Chakrabarti, 2008).

B. In vitro studies to define the cellular basis of tolerance. It should be pointed out at
the onset that many of th@ vitro studies employ expression systems or relatively acute
exposure to high concentrations to effect the adaptive changeefdreeiit is not surprising that
many of these studies have been evaluating the cellular msefsamif desensitization as
opposed to long term post-adaptive change that might occur asliaofeextended exposurin
vitro studies using N18TG2 neuroblastoma cells co-expressing delta @pidi CB receptors

demonstrate that the opioid and cannabinoid receptors present in thssareeoupled to
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different isoforms of Gi proteins or isoforms and that their siggghathways converge only at
the level of adenylyl cyclase as evidenced by the additiextetin the ¥S] GTR/S binding
(Shapira et al., 1998).

Studies using cultured cells have reported conflicting data onhethbeterologous or
homologous tolerance is expressed following chronic exposure toapests. Studies in HEK-
293 cells co-transfected with DOR and {CBeceptors demonstrate the development of
heterologous tolerance following exposure to an opioid agonist (etoyphimereas chronic
cannabinoid agonist (desacetyllevonantradol [DALN]) exposure pratapit homologous
desensitization (Shapira et al., 2003). The asymmetric expresdieteoblogous desensitization
was also accompanied by asymmetric heterologous receptor dovati@gydxpressed as an
etorphine induced a reduction in cannabinoid receptor abundance; DALN onh#rehand
failed to reduce the level of DOR. In contrast, studies uti@g_OS-7 cell line also transfected
with DOR and CB receptors resulted in heterologous desensitization and heterolegepsor
downregulation following chronic exposure to either desacetyllevorhtréDALN) or
etorphine (Shapira et al., 2003). Moreover, studies using cultured splenatsteshowed
heterologous desensitization to cAMP inhibition following chronic exposuseither opioids or
cannabinoids (Massi et al., 2003). These interactions between opioidararabinoids suggest
that the diverse interplay between the two receptor systembt rbig influenced by the
cell/tissue/model system employed and the parameter(ssadsé@ he differential results may be
due to different levels of enzymes or isoforms involved in the agaggsensitization; namely
beta-arrestin, G protein-coupled receptor kinase (GRK), PKA, Rifibther kinases. A number

of investigators have suggested various components of the celirmggpathways as candidates
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for the cellular locus of tolerance, including the protein kinaasgsnylyl cyclases, transcription
factors and tyrosine kinases (Shapira et al., 1998; Shapira et al., 2003).

5 hour exposure of excised guinea pig ileum to either an opioid or aboaoideXx vivo
followed by assessment of the ability of various agents to infgoitogenic contractions in the
longitudinal muscle/myenteric plexus (LM/MP) preparation, demorstrdie development of
symmetrical heterologous tolerance (Basilico et al., 1999). Hawewe studies have been
performed to determine whether the heterologous tolerance obdehesdng in vitro opioid
exposure in this LM/MP model can be extrapolated tomanvo exposure model. Other studies
using a similar approach have demonstrated that chianidtro exposure to cannabinoid
agonists leads to a reduction in cannabinoid responsiveness (Pertwee et aGub@@®i et al.,
2006). However, it should be noted that the effects of cannabinoid re@gmoists in the
LM/MP model system do not reverse so the loss of responsivenegsotds after exposure
could reflect a general reduction in responsiveness of the system.

C. In vivo studies investigating the cellular basis of tolerance. Studies using intact
animals have often reported conflicting results on the developmentevblogious tolerance or
changes in receptor population following chronic opioid or cannabinoid expdseterologous
tolerance, as evidenced by reduced responsiveness to the anaffgesiofeA®-THC, was
observed in morphine tolerant mice (Thorat and Bhargava, 1994). On thmehatite studies
using rats observed an opposite effect i.e. analgesic hyperdgnsit A>-THC in morphine
tolerant animals (Rubino et al., 1997). Furthermore, the effect of chopmid exposure on
cannabinoid receptor population has provided varying results. Chronic moms{posure has
been reported to decrease ;aBceptor levels in the rat hippocampus (Vigano et al., 2003). In

contrast, other investigators have observed an increase in receptorr nanthe caudate
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putamen and limbic structures (Gonzalez et al., 2002). These discoedalts may have been
influenced by differences in the species used, the use ofetiffdoses and the different brain
regions assessed. Interestingly, Cichewicz and Welch (2003) dentemhstthat co-
administration of low doses of®-THC and opioid agonist morphine does not result in the
development of analgesic tolerance but in fact maintains high am@pdcn to both agonists
without changing the level of MOR, KOR and DOR. Synergistidgassa following concurrent
use of cannabinoid and opioid agonists has also been reported (Welch ds)d1B809;
Cichewicz, 2004). In contrast, Smith et al. (1994) reported symmidhtetarologous tolerance
betweenA®-THC and the KOR agonists U-50,488H and CI-977 in the mouse tail tBitk
following chronic treatment with a selective KOR (U-50,488H) agonia’efHC.

The development of heterologous tolerance in the isolated LM/MP falipwehronic
morphine exposurm vivo has been known for decades and was demonstrated to extend to both
inhibitory agents and excitatory agents that did not employ thee ssignaling pathways
(Goldstein and Schulz, 1973; Johnson et al., 1978; Taylor et al., 1988). TMPPLMYuUrons of
morphine tolerant animals show a partial depolarization of thke membrane potential
(Leedham et al., 1991; Meng et al 1997) that has been proposed to accahet ifareased
sensitivity to excitatory agents like"Kons, 5-hydroxytryptamine and nicotine and reduced
responsiveness to inhibitory agents like morphine, CADO and clonidine GQiolensal, 1978;
Schulz and Goldstein, 1973). It was further suggested that thel mhapialarization may be
associated with the observed reduced function of thgéKNeATPase caused by a decreased
expression of the alphaubunit isoform of the sodium pump (Kong et al., 1997; Biser et al.,
2001). However, no data have been published to date on the effect of ahnaneccannabinoid

exposure on the sensitivity of the LM/MP to excitatory ageiks hicotine, K and 5-
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hydroxytryptamine.  Such studies might be helpful in identifying tpecific cellular
mechanisms that need to be explored to define the cellular basis for tolerance.

D. Effect on the endogenous system. Cannabinoid agonists have been shown to
independently influence the levels of endogenous opioid receptor ligahd$iC and other
endocannabinoids (except anandamide) have been shown to increasdldatrdeeels of
dynorphin in the spinal cord thus enhancing KOR stimulation and ana({yéssan et al., 1999;
Welch and Eads, 1999). It has been proposed that cannabinoids may induceabe ofl
endogenous opioids (Pugh et al., 1997; Welch and Eads, 1999; Houser et al., 2000ptidrhis
is supported by studies which have demonstrated that opioid receptgorasits can block
cannabinoid-induced antinociception in the tail-flick, hot plate and pagsspre tests
(Manzanares et al., 1999). Furthermore, chraidHC exposure has been shown to increase
prodynorphin and proenkephalin gene expression in the rat spinal cordeaptprelanocortin
gene expression in the arcuate nucleus (Corchero et al., 1997). Aassaneproenkephalin
MRNA in the rat ventro-medial nucleus of the hypothalamus and periaqabgiay (PAG) has
also been observed following chronic treatment W#THC or methanandamide (Manzanares
et al., 1998). Opioid exposure has also been reported to alter the déwwidocannabinoids;
chronic morphine exposure reduced 2-arachidonoyl-glycerol (2-AG)slevghout altering
anandamide levels in several brain regions e.g. striatum, coipgqchmpus, limbic area and
hypothalamus (Vigano et al., 2003). These data point to a complepiagteetween the opioid
and cannabinoid systems which poses a challenge for dissectmficspathways involved in

the development of tolerance to these agents.
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VIl. Methods of Assessing Cannabinoid and Opioid Tolerance

1. Behavioral and Physiological Tests

The development of tolerance to cannabinoids and opioids has been evdlyated
measuring the following physiological effects: blood pressure dsjore miotic effect and
respiratory depression efficacy. However, none of these systave provided results as robust
and reproducible as those that have been developed using the nociceptivad, rdgutatory and
locomotor activities that are associated with the acute admainst of both opioids and
cannabinoids. These three systems have been utilized substamtiladlyassessment of not only
the acute actions but also as models against which to detect tblpiegnt of tolerance
following chronic treatment.

A. Antinociception. This method assesses change in threshold required to elicit a
response to noxious stimuli following a challenge dose of an analgesnot. Several
antinociceptive methods have been used e.qg. tail flick, hot plate, pasupeand radiant heat
assays (Spina et al., 1998; McQuay, 1999). The tail flick tesnerglly regarded as a measure
of spinal antinociception whereas the hot plate is thought to asspsss@nal analgesia
(Manzanares, Corchero et al. 1999). The analgesic effect of opioidsaandbinoids is well
documented in both acute and chronic models and the development of totertdreanalgesic
effect has been extensively studied using these model systemnsiraiciception (Spina et al.,
1998; McQuay, 1999). Pain transmission appears to be regulated by opiotdrarabinoid
receptor activation in the following regions: periaquaductal graygdala, raphe and the dorsal
horn (Rang et al., 2007).

B. Hypothermia. The hypothermic effect of opioids is receptor dependent and iseaffec

by a variety of factors including ambient temperature, drug,desel of restraint, and the
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species or strain used (Baker and Meert, 2002). Morphine exposurmllyemesults in
hyperthermia at warmer ambient temperatures and hypothetroaolar ambient temperatures
(Rosow et al., 1980; Handler et al., 1994). The hypothermic efficacy oidsps also agonist
dependent with morphine exhibiting a very shallow dose-response regpiaasnpared to that
of loperamide (Baker and Meert, 2002). The nature of the resp@ma@ears to be receptor
dependent since MOR stimulation appears to induce hyperthermi@ashKOR precipitates
hypothermia (Xin L et al., 1997). Opioid receptors located in thepgiedypothalamus and
nucleus accumbens (Baldino et al., 1980; Tseng et al., 1980) have beeratgdpin the
development of the hypothermia, though peripheral MOR stimulatiooggrdmide, a selective
agonist with limited blood brain barrier penetration, also produces astiagt hypothermia
(Smith et al., 2006).

The hypothermic effect of cannabinoids has, in part, been attributee tctivation of
CB; in the preoptic anterior hypothalamus (Sim-Selley, 2003). Steieotajection of the
selective CB antagonist SR141617A into the preoptic anterior hypothalamus atteribhates
hypothermic effect of WIN-55,212-2 in this brain region (Rawls t28102). The development
of tolerance to the hypothermic effect in cannabinoids is well doct@den mice and rats and
was one component of the cannabinoid tetrad that was originally proiogkrlet al., 1988;
Rawls et al., 2002) to compare cannabinoid agonists. However, fewessthdve been
performed characterizing the temperature regulation impacarofabinoids and opioids using
the guinea pig. Furthermore, the hypothermic response to cannabippesrsato be much
more robust and less variable than the hypothermic responses observed to opioids.

C. Catalepsy and hypomotility. The cataleptic effect of cannabinoid and opioids is dose

dependent and is mostly observed at higher doses. Catalepsy cansbedasseng the ring test
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described by Pertwee (1972) which measures the ability ahanal to remain motionless after
being placed on “the ring” which consists of horizontal wire mfdh.5 cm diameter that is
attached at a point on its circumference to the top of a 16 cntestaisteel tube held vertically.
The development of tolerance to this cataleptic effect of cannakagonists has been reported
to occur within 9 days after chronic exposure in mice (Bass andinyi@&000). Reduced
locomotor activity following acute administration of both cannabinoids @mdids is well
documented; the hypomotility response to a drug can be assessedciog @in animal into
activity cages where animal movement is measured bydiagothe total number of photocell
beam interruptions (Wise et al., 2007). The latency for the developofeoterance to the
hypomotility effect of cannabinoids is 1.5 days after initiation afgdexposure (Bass and
Martin, 2000). Tolerance to the hypomotility effect morphine (10mgh&s) also been reported

following prolonged opioid exposure (Timar et al., 2005).

2. Isolated Tissue and in vitro Tests

A. Longitudinal muscle/myenteric plexus (LM/MP) preparation. The guinea pig
LM/MP model system has been shown to be reliable and robust fasslessment of tolerance
and dependence to a number of agents following chronic drug treatneavia(RRet al., 1983;
Taylor et al., 1988; Johnson and Fleming, 1989; Taylor and Fleming, 200Imdidet was first
characterized as a useful method to assess the acute actmaids by Paton et al. (1965) and
was then later used by Goldstein and his associates (Schulz ahste®0l1973) as a model
system to assess the development of tolerance following chopid treatment. The LM/MP
preparation assesses the impact of chronic treatment on thty abilan agonist to inhibit

electrically induced neurogenic contractions of the smooth muskieaddition, this model
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system is also easily employed to determine the ability xoftagory agents to induce a
contraction and has been used to illustrate the development of supetiertei excitatory
agents following chronic opioid treatment (Goldstein and Schulz, 1973; Johhatn E78).
Both cannabinoid and opioid agonists reduce intestinal peristaltictyactirough activation of
cannabinoid (CB or opioid receptors (KOR and MOR), respectively. Studies haverstiat
activation of these receptors results in the inhibition of acetytehoklease from the myenteric
‘S’ neurons thus attenuating peristaltic activity (Coutts antdnRer 1997). The MOR and GB
receptors are found on the soma and reduce acetylcholine reledsgdipolarization and
reduction in excitability while the KOR are located on the axemminals and decrease
acetylcholine release through inhibition of N-type voltage-senssl@um channels (Kojima et
al.,, 1994). To date, few studies have been conducted using this model syséssess the
impact of chronic cannabinoid treatment on the sensitivity toa®ecyt agents or to characterize
the nature of the tolerance that develops following chronic cannabinoid treatment

B. Vas deferens model. The presence of MOR and €Beceptors in the mouse vas
deferens has been used effectively to assess the acuts effepioid and cannabinoid agonists
(Christopoulos et al., 2001; Pertwee et al., 2002). Activation of thexssptors inhibits the
excitability of the noradrenergic neurons in the tissue thatemonsible for the production of
smooth muscle contraction (Hughes et al., 1975; Pertwee et al., 199R).akdDCB receptor
agonists dose-dependently inhibit electrically induced neurogenic actatrs of smooth
muscles in these tissues (James et al., 1991). Thus, the mousesvassdeds been employed as
a model to assess the development of tolerance following chronimémaby comparing the
potency of agents to inhibit neurogenic contractions in a manneastmithat described for the

ileum LM/MP preparation.
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C. Cdll line and expression system. HEK-293, COS-7 cell lines andenopus oocytes
have been used to assess the development of tolerance to cannabinoid®idad Sipapira et
al., 2003). It should be pointed out that these systems require thedtianmsté receptors and/or
the appropriate signaling partners in order to develop acute respwssv® agonists which
makes the system less realistic so that data generatedhfesm studies needs to be interpreted
carefully. Tolerance can be assessed by comparing the alfiliagonists to open GIRK
channels, activate €achannels or reduce cAMP levels before and following opioid and
cannabinoid agonist exposure. Since the expression systems ahg eguaded to agonists over
shorter periods of time using higher concentrations, these chronicuegsdsdies may be more
utilitarian in evaluating the mechanisms underlying the developmedes#nsitization rather

than “tolerance”.

VIII. Purpose of Current Study

Data generated from studies investigating the characteresmtidsmechanisms of the
development of opioid and cannabinoid tolerance have often been contradictamlagdous.
This may be due, in part, to differences in the models used fissusus animal), the dosage
regimen employed, and/or whether drug exposure is accomplisivaa or in vitro. Therefore,
in spite of the extensive investigation that has been done in tlas taee precise nature and
mechanism of the interactions between the opioid and cannabinoid syeteimsow those
interactions impact upon the modifications in responsiveness followimgnic treatment
remains elusive. A clear consensus is yet to emerge regahgingechanism(s) underlying the
development of tolerance to opioids and cannabinoids individually and vergtéeles have

evaluated how chronic exposure to agonists targeting one systeats aasitivity to agonists
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targeting the other. Relatively few studies have compared the deweiomitolerance to the
hypothermic, analgesic (antinociceptive) and ileum longitudinal raustdiibitory effects of
cannabinoids and opioids in the guinea pig. Advantages of the guinea pigitice fact that it
exhibits closer anatomical, physiological, neurological and developmsimilarities to the
humans (Mansour et al., 1988; Bot et al., 1992). The guinea pig has also been used exasnsively
a model for studying gastro-intestinal and respiratory phygiol and assessment of opioid
tolerance (Chavkin and Goldstein, 1984; Hunter et al., 1997; Gray et al., 2001).

Based on the overlapping neuroanatomical localization of recegutdrshe comparable
cellular signal transduction pathways that are involved in the aatiens, the candidate
hypothesized that bidirectional heterologous tolerance to the hypatheamalgesic and
gastrointestinal inhibitory effects of these agents will devétdlowing chronic exposure to
cannabinoid or opioid receptor agonists. The candidate developed an exparipian to
address the hypothesis that tolerance may overlap between opmadsannabinoids. The
experimental plan was based upon the following specific dithsfo compare and contrast the
effect of chronic in vivo cannabinoid or opioid exposure on the setsioVithe LM/MP to
excitatory agents like nicotine; (2) To determine if chronic cannatblapioid exposure results
in changes in the MOR and ¢€Beceptor abundance; (3) To evaluate the distribution of MOR
and CB receptorexpressing neurons in the terminal LM/MP and pre-optic hypothalamic area,;
(4)To evaluateeffect of chronic drug exposure on the development of tolerance to thesinalg

and hypothermic effects of opioids and cannabinoids
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Table 1.1 Peripheral and central distribution of mu-, delta, and kappa-opioicbrecept
The table below shows the respective relative distribution of nelta,dand kappa-opioid

receptor transcripts in peripheral and central tissues (Mansour et al. V@@t et al., 1996).
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Mu-opioid receptor

Kappa-opioid recepto Delta- opioid receptor

(1) () (A)
CNS
Spinal cord high high moderate
Cerebral Cortex high high high
Hypothalamus high high high
Cerebellum moderate low -
Thalamus high high -
Raphe high high low
PAG high high low
Amygdala high low high
PERIPHERY
Stomach low
Small intestine moderate moderate moderate
Large intestine low low moderate
Liver low - low
Adrenal moderate low moderate
Kidney moderate low low
Lung low low low
Heart - Low/moderate low
Endothelium - - -
Spleen high Low/moderate low
Synovium - - -
Testis moderate low moderate
Ovary moderate low low
Uterus moderate low low
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Table 1.2 Peripheral and central distribution ofy@Bd CB receptors
The table below shows the respective relative distribution qfa@B CB receptors in peripheral

and central tissues (Mansour et al., 1994).
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Cannabinoid receptor 1

Cannabinoid receptor 1

(CBy) (CByp)
CNS
Hippocampus high low
Cerebellum high -
Substantia nigra high low
Nucleus accumbens high -
Caudate high -
Globus pallidus high -
Olfactory regions high low
Amygdala moderate -
Medial hypothalamus moderate -
Nucleus of the solitary tract low -
Thalamus low -
Brainstem low -
Amygdala low -
Raphe low -
Dorsal horn of the spinal cord low -
PAG moderate low
PERIPHERY
Gastrointestinal tract high -
Vas deferens, bladder present -
Uterine wall present -
Spleen - present
Thymus - present
Tonsils - present
Mast cells - Present
B-cells, natural killer cells - present

monocytes
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Figurel.1 Chemical structures of the cannabinoid receptor ligertiC and WIN-55,212-2
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Figure 1.2 Chemical structure of the opioid receptor ligand: Morphine
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Figure 1.3 Common Signal Transduction Pathways Employed by dpid Cannabinoid

Receptor Agonists
Common cellular signal transduction pathways activated following @pimu- kappa- and

delta) or cannabinoid (GBand CB) receptor activation.
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CHAPTER TWO: MATERIALSAND METHODS

I. Chemicalsand Drugs

DAMGO ([D-Ala?, N-Me-Phé, Gly-ol]-Enkephalin acetate), WIN-55,212-2 [(R)-(+)-
[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-bexazin-6-yl]-1-
napthalenylmethanone], morphine (morphine sulfate pentahydrate sabtine (nicotine
hydrogen tartrate) and CADO (2-chloroadenosine) were procunad $igma-Aldrich Co. (St.
Louis, MO). For organ bath studies, solutions of DAMGO, morphine and@®ere made by
dissolving their respective salts in distilled water while lthel soluble agent, WIN-55,212-2,
was first dissolved in a vehicle containing DMSO/normal sqlin@) from which serial dilutions
were made using normal saline. Parenterally administereghmer was dissolved in normal
saline whereas WIN-55,212-2 was dissolved in a vehicle consistingrofal saline and 10%

DMSO (v:v).

Il. Animals

Dunkin-Hartley guinea pigs (Charles-River labs; Raleigh, NCgither sex weighing
200-4509g were used in the study. The animals were housed two peritageasss to food and
water ad libitum The guinea pigs were kept in the animal facility for one weekermit
acclimation prior to initiation of the treatment. All experinargrocedures employing animals
were reviewed and approved by the Institutional Animal Care andCOsenittee of the Brody
School of Medicine at East Carolina University and were conductextcordance with the
guidelines for the humane use of animals in research (NIH “Ptigalth Service Policy on

Humane Care and Use of Laboratory Animals” [revised 2002]). yEeHort was made to
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reduce the use of animals to the minimum number required to achidfigient statistical

power.

[11. Drug Exposure/Administration Schedules.

1. Morphine 7-day s.c. Administration Schedule

Previous studies have demonstrated that chronic exposure to morphimeliea
implantation and s.c. injection produces tolerance to opioids and othes #ugnts qualitatively
and gquantitatively similar (Li et al., 2010). The following dosmegimen was used for the
morphine s.c 7-day exposure: day 1, 10mg/kg b.i.d.; day 2 and 3, 20mg/kg b.i.d.; days 4, 5 and 6,
40mg/kg b.i.d; and day 7, 80mg/kg b.i.d. The drug was injected 12-hour0(a0n. and 10:00
p.m.) and the animals were euthanized between 9 and 10 a.m. the foltayirajter the last
dose. This protocol was based on one previously employed in guineaopigoduce
dependence (Mizutani et al., 2005) and has been employed in previdies $h this laboratory
(Li et al., 2010). The animals were weighed daily prior to dosinglamappropriate dose given
subcutaneously. The animals were also examined daily for sigdssa@dmfort. The control

animals were injected with the drug-free vehicle in a similar fashion.

2. WIN-55,212-2 5-day i.p. Administration Schedule

WIN-55,212-2 was administered intraperitoneally at a dose of 6mp0fg body weight
once daily for 5 consecutive days. The drug was injected at 10:0Gadhthe animals were
euthanized between 9 and 10 a.m. the following day after the lastTdewserug regimen was
adapted from a previously used regimen (Spina et al., 1998) and waBechdidised upon
preliminary experiments which determined that this time perioaeatment was necessary for

tolerance to be induced. The animals were weighed prior to dasthgxamined daily for signs
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discomfort. The control animals were injected with the drug-frdecleein a similar dosing

schedule.

V. Longitudinal Smooth Muscle-Myenteric Plexus (LM/MP) Model

1. Longitudinal Smooth Muscle-Myenteric Plexus (LM/MP) Preparations

The LM/MP from treated animals was removed and isolated asopsdyidescribed by
Taylor et al. (Taylor et al., 1988). Segments of the ileunrevebtained from animals sacrificed
by decapitation following isoflurane anesthesia. The abdomen wasdfmeegpose the cecum.
The 10 cm section of ileum closest to the cecum was removed aatdéd, and 2-4 cm
segments of ilea from the adjacent 10 cm of ileum were used to set thePLMédarations. The
segments of ilea were threaded onto a glass rod and, using assediormoistened with Krebs
solution, the LM/MP carefully stripped tangentially from the pointnzésenteric attachment

until the muscle-nerve preparation was detached from the total area elineg(Hig 2.1).

The resulting sheet of LM/MP was tied at each end with atfiread, passed through
platinum-ring electrodes and placed in a 10 ml organ bath contaimeizs Kuffer solution. One
thread was tied to a PowerLab force transducer and the atedrtb a tissue holder. A basal
tension of 1.0 g was set and isometric tension generated by tloéernmass recorded using the
PowerLab/Chart 5 computer program (AD Instruments, Colorado Sprir@k,tf€ough a 4
channel power lab system using a 4 channel Quad bridge convertEacmtgkD instruments,

Colorado Springs, CO).

The tissues were maintained at’G7n a physiological Krebs buffer solution bubbled
continuously with a mixture of 95% A8% CGQ, consisting of the following (in mM): NacCl

(117), KCI (4.7), CaGl(2.5), KHPOy (1.2), MgSQ (1.2), NaHCQ (25) and Dextrose (11.5).
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Neurogenic contractions were elicited via electrical stitmiausing supramaximal voltage
delivered to the tissue through platinum-ring electrodes usitighalation system consisting of
a Grass S48 stimulator connected to the electrodes by a Nbedttemuator and Stimu-splitter.
To ensure only nerve endings were stimulated, the following parametre used: voltage
(50V); impulse duration (<1msec); delay setting (zero); and frequ@nt Hz). Fig 2.2 shows a
typical cumulative concentration response curve for 2-chloroadenosineneanogenic

contractions of the LM/MP.

2. Measurement of LM/MP Sensitivity to Inhibitory Agents

Following the equilibration period, the tissues were exposed to cuwaljaincreasing
concentrations of the inhibitory drugs (final concentrations in thendogéh ranging between 1
nM and 10 pM). Three 5 min washes followed by three 15 min wastlesdrug free Kreb’s
solution were performed between concentration-response curvefeoénlifdrugs permitted full
recovery of the amplitude of neurogenic contractions. In each exgdrinwo LM/MP
preparations from each test group of animals (i.e. placebo andrdatget groups) were studied
simultaneously and the responses of the tissues from the sama ameraged. The effect of
each agonist on the amplitude of the neurogenic contractions veamuhetd and calculated as
percent inhibition from the original amplitude (Fig 2.3). Due to the highly lipophitiereaf the
cannabinoid agonist, WIN-55,212-2, concentration-response curves for this ageneisiiways
constructed last as neurogenic contractions following exposure tagém did not recover in
spite of numerous washes. Each of the other agonists was allermatequence to reduce the
impact of the sequence upon the calculategy, Nalue. Geometric mean 4 values are

calculated and used for comparison among treatment groups for gawistaas previously
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described (Taylor et al., 1988). Computer assisted analysis oteacéntration-response curve

using Sigmaplot® software (SPSS Inc.) was employed to determinesthe IC

3. Measurement of LM/MP Sensitivity to a Stimulatory Agent

The procedure outlined above was also used for experiments usingaiedh the only
difference being the absence of electrical stimulation smcetine elicited contractions by
ganglionic stimulation of acetylcholine release. Nicotine (fibath concentrations ranging
between 0.31M and 100uM) was added in a non-cumulative manner with at least threan5 mi
washes performed before the next drug concentration was adelgubriRes were calculated in
grams of tension or percent of the maximum contraction for $suidi The values were used to
determine the E& (i.e. concentration required to produce 50% of the maximum response) and to
calculate the maximum tension produced by nicotine. Computer dssistdysis of each
concentration-response curve using Sigmaplot® software (SPSS wvias.) employed to

determine the E&.

V. Receptor Protein Analysis

1. Tissue Homogenization

Western blotting was used to determine the MOR andrE€&eptor protein levels in the
LM/MP. The LM/MP tissue prepared as outlined earlier was itchately snap frozen in liquid
nitrogen then stored at -8D pending homogenization at which time the tissue was thawed,
weighed and placed in ice-cold protease inhibitor buffer (0.25 M sud@semM EDTA, 4.08
mM phenylmethylsulfonyl fluoride, 1ImM 4-aminobenzamidine and 1 mdJaditracin) and
homogenized using a glass homogenizer (PowerGen 125; FisherfigiBittsburgh, PA). The

homogenate was centrifuged at 14,000 rpm for 5 seconds and the supernatant usedir analy
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2. Protein Concentration Deter mination

Spectrophotometric protein determination was performed usingrege®i&CA protein
assay kit (Pierce Biotechnology, Rockford, lllinois). Tissue homdgenar standard samples
were mixed with Pierce® BCA reagent A/B solution and absorbamasemeasured in triplicate
using the Synergy HT spectrophotometer (BiTek®, South CoasbMe&k) at a wavelength of
562 nm. The sample absorbance was calculated and protein concentrdtiapslated from a
standard curve generated with data from serially diluted pesrdmed standard samples of

bovine serum albumin.

3. Western Blotting

For each protein of interest, preliminary immunoblot experimergse performed to
verify the specificity of the primary antibodies employed aodoptimize conditions of the
appropriate range of protein, the optimal primary and secondabpdgtconcentrations for the
immunoblot procedure. The Western blotting procedure is similar topteatously described
(Biser et al., 2002). Homogenates containing 10 ug total proteie l@aded on 10% precast
Tris-HCI Ready gels (Bio-Rad Laboratories, Inc., Hercules,) @Ad size fractionated via
electrophoresis at 110 V using a Mini-PROTEAN 1l Cell (BiodRaboratories, Inc., Hercules,
CA). The proteins were then transferred to nitrocellulose membesoaked in transfer buffer
using a Trans-Blot SD semi-dry transfer cell (Bio-Rad Latooies, Inc., Hercules, CA). After
allowing the membrane to completely dry, it was prehybridingate€-made Odyssey® blocking
buffer (Li-Cor Biosciences, Lincoln, NE) for 3 h. The membrane washed with phosphate
buffered saline (PBS: 137 mM NaCl; 2.7 mM KCI; 10.1 mM,NRO, and 1.8 mM KHPQOy)

containing Tween 20 (0.1%) three times for 15 min, and incubated overntghthe primary
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antibody. The following primary antibodies were used; mouse ardeglidehyde 3-phosphate
dehydrogenase (GAPDH) (1:60,000 — Millipore, Burlington, MA), rabbit-lsi@R (1:2000 —
Millipore, Burlington, MA) and rabbit anti-CB(1:200 — Cayman, Ann Arbor, Ml). Following
incubation, the blots were washed three times with PBS-T andatezulfor 1 h with the
appropriate secondary antibody obtained from Li-Cor® Biosciencesalbin®lE). The final
blot was washed an additional three times in PBS to removexamgs secondary antibody

before detection using the Odyssey® near-infrared imaging syste@o(R® Biosciences).

V1. Immunofluor escence Assessment

1. Tissue preparation

A. Longitudinal muscle/myenteric plexus preparation. lleum segments (1 cm) excised
from the terminal ileum were placed in cold PBS solution and angitudinally along the
mesenteric border. The sheet of tissue was then pinned on a diggéate containing Sylgard®
with the mucosal side facing up. The tissues were incubated ged divernight in 4%
paraformaldehyde. Following the overnight incubation, the paraformaldelrgs removed by
rinsing the tissue with PBS. The mucosal and circular layers veenoved using fine forceps
under a microscope and the LM/MP immersed and stored in PBSniogt@.1% sodium azide
at £C pending immunofluorescence probing.

B. Preparation of brain sections for near-infrared and immunofluorescence
imaging.

Animal Perfusion and Tissue Fixing

Guinea pigs were first weighed then anesthetized with Keta(Bmeng/ml)/Xyalazine

(15 mg/ml) administered via intraperitoneal injection (0.10 ml/100 g)ybedight. The
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anesthetic effect was checked after 3 — 5 min to determinehe&rhéte animal was non-
responsive to toe pinch. The procedure was performed by two people; one person hehdahe ani
in position and the other performed the dissection and perfusion. Onceithel &dad been
positioned, an incision was made in the lower abdominal area theongitublinally along the
midline towards the thoracic cavity to expose the heart. Oncéhthracic cavity had been
opened and heart exposed, an incision was made on the right atriumtiehpegfusate would
exit. Cold PBS buffer was then transcardially perfused via the left ventriolg &$0 ml syringe
with a 23G needle, until a clear perfusate exited of the rigiihat Once the PBS infusion was
complete, a cold solution of 4% paraformaldehyde in PBS was idjaute the left ventricle
until the animal’s extremities became stiff. Thereafter,tbad was decapitated and the brain
carefully extracted from the skull. The brain was then immeirset®o paraformaldehyde and
stored overnight at°€. On the following day, the brain was transferred and stored in PBS
containing 25% sucrose for at least 48 h pending sectioning.

Brain Sectioning

The sectioning of brain tissue was performed using the Leica VT1@0€&8ome brain
slicer (Leica Microsystems, Bannockburn, IL). First the brairs wkced and aligned in the
guinea pig brain matrix (Kent Scientific, Torrington, CT) where it wa®dlin a coronal fashion
at the -12.5 mm plane away from bregma to divide the cerebehdntha cerebrum (Fig 5.3).
The cerebrum was further sliced into two sections by makirayanal section at the bregma as
shown in Fig 5.3 The brain segments were then attached to theesaayplising super-glue and
aligned to allow minimal movement of the blade during each sectigasg. Sectioning of the
brain was executed with the brain fully immersed in cold PBS. rElselting sections of

approximately 4Qum thickness were immersed and stored in cold PBS containing 0.1% sodium
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azide at 4C pending immunofluorescence probing. A total of 13 distinct regiotieeaferebrum

were sectioned (Fig 5.6).

2. Immunostaining Procedure

A. LM/MP preparation for immunofluorescence imaging. The CB receptor was
localized using a rabbit primary polyclonal antibody (Cayman, AriioArMI) directed against
the C-terminus (1:50) and the secondary antibody was a donkey antidébGHconjugate
(2:200 — Jackson Immunoresearch, Westgrove, PA). MOR was detectedaugirag primary
polyclonal antibody (Santa Cruz, Santa Cruz, CA) directed aghm$-terminus (1:50) and the
secondary antibody was a donkey anti-goat Cy5-conjugate (1:100 — Jackaandrasearch,
Westgrove, PA). Prior to primary antibody incubation, the LM/N&#Bues were blocked with
donkey serum (10%) for 45 min. Dual-labeling experiments were peztbmith simultaneous
incubation of antibodies targeting both MOR and;CG8ceptors. The tissues were incubated
overnight using the primary antibodies at 4°C. Following the overnigbatmon, the tissues
were washed with phosphate buffered saline (PBS) and then iedub@at 4 h at room
temperature in a mixture containing both FITC- and Cy5- conjugaedndary antibodies.
Negative control experiments excluded the primary antibodies asel tbeealed negligible faint
labeling due to non-specific binding of the secondary antibodies (Fig. 2.2).

B. Coronal brain sections.

Coronal sections for near-infrared imaging

Initial studies involved attempting to outline general MOR and @Beptor distribution
and visualize the anatomical landmark structures in the 13 corotiahseaf the cerebrum (Fig.

5.4). This was accomplished by tagging MOR and @Reptors with near-infrared secondary
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antibodies. Following coronal sectioning of the guinea pig braiheafdrementioned coronal
planar co-ordinates (Table 5.1); the brain slices were inculvatednear-infrared antibodies
targeting the MOR and GBeceptors. The CBeceptor was localized using a rabbit primary
polyclonal antibody directed against the C-terminus (1:50 — CaymanA#&or, MI) and the
secondary antibody used was a goat anti-rabbit (1:5000 — Li-Cor &moss. Lincoln, NE).
MOR was detected using a goat primary polyclonal antibody tdotleagainst the C-terminus
(1:50 — Santa Cruz Biotechnology, Santa Cruz, CA) and the secondargdgntised was a
donkey anti-goat (1:15000 — Li-Cor Biosciences. Lincoln, NE). The braitioes were first
incubated in 0.1% Triton X-100 in PBS for 25 min followed by three 10 naishes with PBS.
Prior to primary antibody incubation, the LM/MP tissues were bidcké&h donkey serum
(10%) for 45 min and rinsed using PBS. Thereafter, the tissuesineefigated overnight in a
cocktail of anti-CB and anti-MOR primary antibodies in 2% BSA in PBS at 4°C. Follovlieg
overnight incubation, the tissues were washed with PBS and thentedtdba4 h in a mixture
containing both secondary antibodies targeting MOR and r€é&ptors. Following incubation
with the respective secondary antibodies, the LM/MP tissuesmeuated on slides, allowed to
dry in total darkness, and then coverslipped pending imaging. Neasréd imaging of these
slices was performed using the Odyssey imaging system (Li-Cori&mags. Lincoln, NE.

Coronal section for immunofluorescence imaging

The method used to localize the MOR, Cféceptors and gonadotropin releasing
hormone (GnRH) is identical to the one outlined above for the LM/MP.cbheentrations of
primary and secondary antibodies used for MOR ang r€8eptors are identical to those used
for the LM/MP (see APPENDIX F). In addition, GnRH was used asager protein for the

preoptic anterior hypothalamic neurons where the hormone is exclusk@igssed. GnRH was
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localized using a mouse primary polyclonal antibody directed agtiasC-terminus (1:500
Santa Cruz Biotechnology, Santa Cruz, CA) and the secondary antibabwasa donkey anti-
mouse Cy3-conjugate (1:500 — Jackson Immunoresearch, West Grove, HeAgxperiment
assessed GnRH distribution in coronal sections 7, 8, 9, 10, 11 and 12 sineeatles
anatomically relevant sections based on the location of the hypotal®nly the brain slices
that displayed GnRH immunofluorescence were used for later lamipdéing studies targeting the
MOR, CB, receptors and GnRH. Triple-labeling experiments were peedmvith simultaneous
incubation of antibodies targeting GnRH (gonadotropin releasing hormonelR 8@ CB
receptor populations. The tissues were incubated overnight usingrtifaypantibodies at 4°C.
Following the overnight incubation, the tissues are washed with phosplféeeed saline (PBS)
and then incubated for 4 h at room temperature in a mixture caggdhi C-, Cy5- and Cy3-

conjugate secondary antibodies.

3. Image Acquisition and Processing

A. LM/MP preparation. A Zeiss® LSM 510 laser scanning confocal microscope and
imaging system was used for image acquisition and processiegdditkey anti-rabbit Cy5-
conjugated antibody was excited at 633 nm, whereas the donkey anig@atonjugated
antibody was excited at 488 nm. In dual-labeling experiments, a caepoage targeting both
the FITC- and Cy5- conjugates was scanned so that the iroalgebe merged or separated and
analyzed offline. Fig 2.2 shows prototypical immunofluorescence images lo¥ivP.

B. Coronal brain sections. Confocal imaging was performed as outlined above targeting
FITC- (CBy), Cy5- (MOR) and Cy3-conjugated secondary antibodies. The donkenabbit

Cy5-conjugate was excited at wavelength 633 nm, whereas the domikgpa FITC- and
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donkey anti-mouse Cy3-conjugates were excited at wavelengths 48&ndm550 nm
respectively. In triple labeling experiments, a composite imaggeting the FITC-, Cy3- and
Cy5-conjugates was scanned simultaneously and could be sepanadédyyed offline. Co-
localization of MOR and CBreceptors was analyzed in the hypothalamic neurons where GnRH

was observed.

4. Assessment of MOR and CB; Receptor-lmmunopositive Cells

Qualitative analysis was used to determine the distributiorerpattnd extent of co-
localization of MOR and CB receptor positive neurons. Cells were considered to be
immunopositive if they expressed visually detectable labeling.umamositive neurons with
bright to faint labeling were analyzed, because the fairglifap could represent low protein
expression in positively labeled cells. Zeiss® LSM software weasl to capture the images and
Image J® software was used to analyze the distribution and mossicalization of MOR and
CB; receptor-immunopositive neurons, and was also employed to detetieindensity of
immunopositive neurons. The density of immunopositive neurons was asbgssaehting the
number of immunopositive neurons in a manually circumscribed region ofytheteric ganglia
(i.e. number of neurons/area of circumscribed region). The area oirttumscribed region was
computed using Image J® software whereas the number of visutdlgtat@de immunopositive
neurons was counted manually. Neurons expressing both receptor prowmsceounted
individually and converted to a density based upon the circumscribedeeatizated. The
relative expression of co-localized was expressed as a pe&eenitahe total population of
neurons possessing both receptor proteins versus those neurons expitssingOR or CB

receptor proteins only.
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VI1Il. Behavioral Tests

1. Paw Withdrawal Test

All animals were acclimated to the observation room for 1 h prior to asses&aseline
paw pressure on both hind paws was measured prior to injecting theevahabiug. The paw
pressure test consisted of gently holding the body of the guineahilig the hind paw was
exposed to increasing mechanical pressure (Fig 2.4) using thelRzeldeo analgesimeter
model 2500 (IITC Life Science, Woodland Hills, CA) . The digital ga@ssure applicator tip
was used to exert a force on the paw in a related fashion tBaheall and Selitto test of
mechanical nociception (Randall and Selitto, 1957). The pressure arasly applied to the
plantar surface of the hind paw using a cone-shaped pusher with a rayndsdllustrated in
Fig. 2.4. The force (measured in grams) at which the guinea ithgirew its hind paw was
defined as the paw pressure threshold. A cut-off was set at @Qogevent tissue damage.
Antinociception was then assessed using the minimum presswesvaquired to elicit a
withdrawal at a specific time period after vehicle or thsgy administration. The mean pressure
(in grams) required to elicit the withdrawal response wasrmdeted (istandard error of the
mean (S.E.M.)) at the following time intervals following drug ohigke administration: 0
(baseline), 15, 30, 45, 60, 90 and 120 min. Antinociceptive activity was delsnal increase in
the pressure required to elicit the withdrawal response. Tgoketarthe antinociceptive effect of
an agonist was defined as a reduction in the antinociceptive efféw challenge dose such that
the maximum amount of pressure required to elicit a paw withdnaasldecreased. Challenge
doses used were determined based on preliminary studies done g8 @#Es®ptimum dose

required to produce an adequate and quantifiable analgesic responsess@dsenant intervals
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were based on the latent time required to observe an effecgpgireximate time of the

maximum effect and the maximum duration of the effect.

2. Hot Plate Analgesia Test

The procedure used is similar to that previously described (BaandnMalmberg,
2007). Guinea pigs were brought to the testing room and allowed to aiizénfor 1 h prior to
testing. The response to a thermal stimulus was measured usihglate analgesia meter (IITC
Life Science, Woodland Hills, CA). Based on preliminary studiesyds determined that
optimum results would be achieved if surface of the hot plate wateddo a constant
temperature of 5€C. Once the animal was placed on the hot plate which is surroupdedidar
acrylic cage, a timer was activated and the latency to respitimeither a paw lick or paw flick
was measured by deactivating the timer when the response warvembsTo prevent tissue
damage, a cut-off point of 40 seconds was used if the guinea pipididspond. Each animal

was tested only once.

3. Hypothermic Testing

Assessment of rectal body temperature has been extensieelytasnonitor the acute
actions of many drugs including the cannabinoids which produce a rodgligttion in core
temperature (Rawls et al., 2002). The method employed was adagtadéd by Spina et al.
(1998). All measurements were made in a quiet room at an andmepérature of 2&. After a
1 h period of acclimatization in the test room, body temperatusemeasured with a digital
rectal thermometer inserted to a constant depth of 2.5 cm. Followengameter insertion, a 15
sec equilibration period was allowed to lapse before the tempewaasreecorded. The animal

was gently held during temperature measurement but was unredtiand allowed to move
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freely at all other times. The rectal temperature was meaatited following time intervals post
drug administration: 0 (baseline), 15, 30, 45, 60, 90 and 120 min. A baselingaemgevas
assessed twice prior to drug challenge. Though rectal temperas measured itf, these
values were converted 1€ in and results were expressed as the me&hE&M of theC change

from baseline temperature.

VII. Data Analysis

1. LM/MP Studies

For the LM/MP organ bath experiments, the sensitivity of a grdufissues to an
inhibitory agonist was determined by calculating the meantivegkhg of the concentration
producing 50% inhibition of the electrically induced contractions{I& SEM). Percent
inhibition was calculated using the mean contraction height at tkienma inhibition following
addition of a given concentration of agonist, divided by the averageacboir height 1 min
before exposure to the initial dose of that agonist. Differeimcegnsitivity to a given agonist
between two groups of tissues (drug-treated vs. vehicle treabegpsyrwere determined by
comparing the geometric means§ralues and the mean ratio of geometric meayp Values
(calculated as the mean antilog of the difference i i@lues between the two groups). For
nicotine stimulation experiments, the &@.e. the concentration of drug required to produce a
contraction magnitude equal to 50% of the maximum contraction obtairledt iissue) and the
maximal isometric tension developed were determined and comparealys&s of the
immunoblotting results was performed by comparing the receptor primteGAPDH protein
intensity ratios (i.e. MOR or GBeceptor/GAPDH densitometric units) between the control and

the test groups. Immunofluorescence images were analyzed totapixaiyi determine the
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density of neurons expressing MOR or ;QBceptor protein. The density of immunopositive
neuron co-expressing both MOR and;GBceptors was also assessed and further computed as a
percent of MOR or CBreceptor expressing neurons Significant differences betwededt and
control groups were determined using unpaired Student’'s “t” test. Cmmparf mean values
between three or more groups was performed using one-way AN@@Wéwed by the
appropriate post hoc test, usually Tukey’s test, with the probalsirgl lbof< 0.05 accepted as

significantly different.

2. Hypothermia and Analgesia Studies

Student’'s t-test for unpaired samples was used to analyze #émom rectal
temperature change and maximum analgesia thresholds. i&thtsialysis was performed for

each time point. p value 0.05 considered as a statistically significant difference.
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Figure 2.1 Anatomy of the different layers of the ileum
lllustration depicting the layers of the ileum (Berne and L&£988). The inner layer consists of
the mucosal layer followed by the submucosal plexus and circulaclesu The outer layer

comprises of the myenteric plexus and the longitudinal muscle.
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Figure 2.2 Typical immunofluorescence images depicting MOR or; C&ceptor expressing
neurons of the LM/MP stretch preparation:
A: MOR-immunopositive neuror8: CB; receptor-immunopositive neurorts. negative control

(primary antibodies excluded from the exposure)
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Figure 2.3Typical LM/MP tracing illustrating concentration dependent rddacdin neurogenic
contractions following cumulative exposure to 2-chloroadenosine

Representative tracing showing the intrinsic efficacy of CAD® electrically-induced
neurogenic contractions of the LM/MP preparation from the guinealgugh. The LM/MP
tissue was exposed to cumulatively increasing concentration$eofinhibitory drug, 2-
chloroadenosine (final organ bath concentrations ranging between 1nM and 1®eMjfect of
2-chloroadenosine on the amplitude of the neurogenic contractions wasnidetl and
calculated as percent inhibition from the original amplitude. They Nalue was the

concentration at which the tissue contraction falls to 50% of the initial amplitude.
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Figure 2.4 Method for mechanical analgesia assessment (paw pred3ure tes

A Randall-Selitto analgesimeter model 2500 (IITC Life Sciemgepdland Hills, CA) used to
assess the analgesic effects of agonists and the developne&etarice following chronic drug
exposure. The digital paw pressure applicator tip is used toakate on the plantar surface of
the hind paw in a fashion related to the Randall and Selitto testeohanical nociception

(Randall and Selitto, 1957).
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CHAPTER THREE: COMPARISON OF THE CHARACTERISTICS OF TOLERANCE
IN THE GUINEA PIG LONGITUDINAL MUSCLE/MYENTERIC PLEXUS
PREPARATION AFTER CHRONIC IN VIVO EXPOSURE TO OPIOID VERSUS

CANNABINOID RECEPTOR AGONISTS.

|. Abstract

Few studies have compared the nature of tolerance that develépsirfg chronic
opioid treatment with that which develops after chronic cannabinoid exposthhe same tissue
and species. The degree and character of tolerance induced pyeXpoaure to morphine or 5
day exposure to the cannabinoid receptor agonist, WIN-55,212-2, was eadgicemparing
the ability of DAMGO (MOR selective agonist), CADO (non-stile adenosine receptor
agonist) and WIN-55,212-2 (non-selective cannabinoid receptor aganmisthibit neurogenic
contractions of the longitudinal muscle/myenteric plexus (LM/lfeparation and the ability of
nicotine to elicit contractions in the LM/MP. Chronic morphine trestt resulted in tolerance
to all inhibitory agonists (rightward shift in g values of 4-5-fold) and an increase in the
responsiveness to the excitatory effect of nicotine while chronic WIN-52 Zkposure resulted
in subsensitivity only to WIN-55,212-2. Chronic WIN-55,212-2 treatment sogmfly reduced
CB; receptor but not MOR protein abundance while chronic morphine treatndemdtdchange
either receptor protein level. Thus, in contrast to the heterologarariok that develops after
opioid treatment, tolerance in the LM/MP following chromicvivo WIN-55,212-2 exposure is
associated with the development of homologous tolerance that is ageohjpy a decrease in
CB; receptor abundance. The heterologous tolerance observed following cimommhbine

exposure suggests that the two receptor systems share a nundess dor convergence of
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action that could serve as the cellular basis of toleranceddtiaealso suggests that the cellular

basis of tolerance differs between the two systems.

[. Introduction

While opioids have been used as analgesics, anti-diarrheals, andisussd in palliative
care for many years, the conventional therapeutic use of canrdsbam related agents in the
treatment of glaucoma, muscle spasticity, obesity, cachexia, anaasd possibly as
immunomodulatory agents has only just begun to emerge. The use of bho#bicaids and
opioids has been associated with the rapid emergence of tolerargse gk Martin, 2000;
Alvarez et al., 2002) resulting in a need for higher doses to a&chievsame pharmacological
effects. Tolerance to common pharmacological effects likegasia@, hypomotility, hypothermia
and inhibition of gastrointestinal motility is well documented wvitiese two agents (Martin et
al., 2004, Bailey and Connor, 2005). However, unlike the development of toléoatheeacute
intestinal effects of opioids, there is little information frominaal models regarding the
development of tolerance to the acute gastrointestinal effecemafibinoidsn vivo (Pertwee et
al.,, 1992; Basilico et al.,, 1999). Guagnini et al. (2006) have reported théopleeat of

tolerance in human intestinal tissue followggvivoexposure to cannabinoids.

There is a growing body of evidence pointing toward convergence antharaatty of
activity and cell signaling pathways between the two recepstess that may act in concert to
alter many of the pharmacological effects of each includingdénelopment of tolerance.
Common cellular effects include: coupling through @roteins leading to inhibition of adenylyl
cyclase (Howlett and Fleming, 1984); inactivation of N, P/Q, angpR-C&" channels (Rhim

and Miller, 1994; Howlett et al., 2002); activation of the MAPK pathBguaboula et al.,
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1995); and activation of G protein-activated inwardly rectifyingapsium (GIRK) channels
(McAllister et al., 1999). There is also evidence of comparabtehiliton of cannabinoid and
opioid receptors within the ileum, vas deferens, caudate-putamen, dopgcampus,
substantia nigra and hypothalamus (Rosow et al., 1980; Ross et al. REQ@8;et al., 2002).
Cellular co-localization of cannabinoid and opioid receptors in botlegh&ral nervous system
and peripheral neurons (Salio et al., 2001)may contribute to the cteksdld physiological and
clinical effects (Manzanares et al., 1999) including dependenceodsrdnice (Lichtman and
Martin, 2005). The nature of tolerance, whether homologous (i.e. redupedsa®ness limited
to agonists employing the same receptor or signaling pathevalgeterologous (i.e. adaptive
alterations in responsiveness that extend to agents using diffegtor and/or signaling
pathways), can be characterized by the specificity of changesponsiveness. The character of
the tolerance also provides information regarding the most ldadlylar and molecular adaptive
changes that occur to account for the altered responsiveness. Homdlalgoarsce is mainly
associated with receptor-dependent modifications such as receptor luimgdugm G proteins,
receptor downregulation through internalization and degradation, mgefan the common
components of the cell signaling pathway. In contrast to this dfpelerance that develops
mostly within hours/days, the heterologous form of tolerance develasnouch longer time
periods (days/weeks) and is often characterized by non-ceagpendent modifications in cell

function (Taylor and Fleming 2001).

Chronic exposure to opioids and cannabinoids has been shown to result ineadapt
alterations in adenylyl cyclase and the enzyme’s coupling too&ips which may alter the
responsiveness of agonists for other receptors coupled througino®ins such as cannabinoids

(Nestler, 1993; Rhee et al., 2000; Gintzler and Chakrabarti, 2006). Caoidatnlerance has
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been suggested to be dependent on protein kinase A (PKA), Src kinase (Le20@Baland also
nitric oxide (Spina et al., 1998) whereas development of opioid tolerascbeen suggested to
be dependent on protein kinase A (Nestler, 2001; Gintzler and Chakrabag), protein kinase
C, and is associated with a decrease in the abundance ophlagsalbunit of the sodium pump
(Taylor and Fleming, 2001). Several laboratories have demonstrateelopi®ent of
heterologous tolerance in the LM/MP following chronic exposure tqgphiwoe (Johnson et al.,
1978; Taylor et al., 1988). Electrophysiological assessment of tlBNieurons of morphine
tolerant animals shows a partial depolarization of the cell mamebpotential (Leedham et al.,
1992; Meng et al., 1997) that accounts for the increased sensitivitgitatery agents like K
ions, 5-hydroxytryptamine and nicotine and reduced responsivenaskilddory agents like
morphine, CADO and clonidine (Schulz and Goldstein, 1973; Johnson et al., 1978). Later studies
tied the partial depolarization to a reduction in the function ofNG@K*-ATPase caused by
decreased expression of its alpeabunit isoform (Biser et al., 2002; Li et al., 2010). However,
despite extensive research, no data have been published on theoé&ftdubnic in vivo
cannabinoid exposure on the sensitivity to excitatory agents likeindcoK® and 5-
hydroxytryptamine. Homologous tolerance among cannabinoid receptorsegaramelyA®-
THC, CP-55,940 and WIN-55,212-2 has been reported in the guinea pig ileuet @ari994).
Studies usingn vitro exposure of the LM/MP preparation to opioid and cannabinoid agonists
have reported the development of heterologous tolerance extending to bo#binaid and
opioid agonists (Pertwee et al., 1992; Guagnini et al., 2006) but no studiessbassed whether
this type of change in response also occurs folloviimgivo exposure. Investigations using
intact animals have reported conflicting and often discordanttsesual changes in receptor

abundance following chronic opioid or cannabinoid exposure. Chronic opioid expasubeen
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illustrated to decrease GBeceptor levels in the rat hippocampus (Vigano et al., 2003) or evoke
an increase in the caudate putamen and limbic structures, whereasabts have reported no
significant change (Thorat and Bhargava, 1994). The varying resaitdhave been influenced

by differences in the species used, doses and brain regions dsstssever, no studies have
assessed the effect of chroimcvivo exposure to either opioids or cannabinoids on both MOR

and CB receptor protein in the LM/MP.

The guinea pig LM/MP model is a reliable, robustvitro model for evaluating the
development of both tolerance and dependence (Rezvani et al., 1983; Johnsoanand, Fl
1989). Activation of both cannabinoid (©Band opioid (kappa- and mu-) receptors attenuates
ileal intestinal peristaltic activity. GBand mu-opioid receptors (MOR) are located on the soma
and reduce transmitter release by hyperpolarization-mediathettion in excitability while
kappa opioid receptors, located on the axon terminals, decreasgctalete release by
inhibiting calcium influx into the nerve terminal (Kojima et al., 1994; Coutts anthvie, 1997).
The present study investigated the changes in LM/MP sengsitwviinhibitory agents (WIN-
55,212-2 [non-selective cannabinoid receptor agonist], DAMGO [selddti¥@ agonist] and 2-
chloroadenosine (CADO) [adenosine receptor agonist]) and an excitag@yt (nicotine)
following chronic in vivo treatment with morphine or WIN-55,212-2. CADO was included
because previous studies suggested that it hyperpolarized ‘S’ namebpsoduced inhibition of
neurogenic contractions through a mechanism different from thatogbhame (Meng et al.,
1997). Assessment and comparison of the effect of chionitvo opioid versus cannabinoid
exposure on LM/MP sensitivity to nicotine and CADO would also prowdgght into the

possible mechanisms that may contribute to the development of tolerance.
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Studies usingn vitro exposure of the LM/MP preparation to opioid and cannabinoid
agonists have reported the development of heterologous tolerance exteruttiy cannabinoid
and opioid agonists (Pertwee et al., 1992; Basilico et al., 1999; Guagrahi 2006) but no
studies have assessed whether this type of change in respoasefollowingin vivo exposure
or whetherin vivo exposure to either agonist alters @Bceptor and/or MOR protein abundance
in the LM/MP. Based upon previous reports on the development of symahéieierologous
tolerance in the LM/MRex vitroexposure model (Basilico et al., 1999), it was hypothesized that
gualitatively similar tolerance will develop following vivo drug exposure. Since previous
studies have demonstrated that;GBceptor activation results in a significant degree of; CB
receptor internalization (Sim et al., 1996; Sim-Selley et28l00) whereas morphine displays
cellular desensitization with low MOR internalization (Johnson let 2006), we further
hypothesize that the tolerance induced by; C8&ceptor activation will be associated with
receptor level changes whereas chronic morphine exposure wilhdate changes in receptor
protein levels. In light of the controversies, conflicts and limigata comparing the
development of tolerance following chronin vivo opioid or cannabinoid exposure, the
candidate set out to determine whether chrami@ivo exposure to opioids or cannabinoids
would: (1) result in the development of heterologous tolerance; (2) lead to aeas® in
responsiveness to nicotine; (3) produce changes in régeptoror MOR protein abundance.
The candidate predicts the development of symmetrical heterolagetentce following chronic
exposure to either opioid or cannabinoid receptor agonists. The toleraduaeed by
cannabinoid exposure is anticipated to involve changes in receptor abundereasmopioid

exposure will result in non-specific subsensitivity with no changes in reqaotein.
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1. Experimental Protocol

1. Longitudinal smooth muscle/myenteric plexus (L M/MP) preparations

In the present study, guinea pigs were subjected chronic exposumghine or WIN-
55,212-2 in an effort to induce the development of tolerance. The WIN-53,8li2g regimen
was adopted from previously used regimens (Spina, Trovati et al. 18688yvas modified
following preliminary experiments performed to determine whenrdote is induced The
following dosing regimen was used for the morphine s.c 7-day ex@aday 1, 10mg/kg b.i.d.;
day 2 and 3, 20mg/kg b.i.d.; days 4-6, 40mg/kg b.i.d; and day 7, 80mg/kg b.i.d TBbl€his
protocol was based on one previously employed in the guinea pig to produeedelece
(Mizutani, Arvidsson et al. 2005). Morphine was injected 12-hourly (10:00aach10:00 p.m.)
and WIN -55,212-2 was administered intraperitoneally once daily (1210 for 5 days. The
drugs were administered in the animal housing facility wheneegupigs were given free access
to food and water. On the day of the experiment, following the chroniceskposure, the guinea
pigs were euthanized and the terminal ileum excised.

The organ bath assays were performed following chronic drpgsexe i vivo or in
vitro). Assessment of tolerance to inhibitory agents (WIN-55,212-2, CADQramghine) in
the LM/MP preparation involved determination of cumulative doses ofdthg required to
inhibit neurogenic contraction by 50%. In addition the experiments alsEssed the effect of
chronic WIN-55,212-2 or morphine treatment on the sensitivity of tdéMP preparation to
nicotine. The values were used to determine thg E€. concentration required to produce 50%
of the maximum response) and to calculate the maximum tension produced by nicotine.

Statistical analysis of the data was done using the studesttas the 16, (concentration

required to inhibit neurogenic twitches to 50% of initial) andsdg&Concentration required to
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induce 50% of maximum LM/MP tissue contraction) values. Signifiddfarences between the
test and control groups were determined using unpaired Studentéstt'Comparison of mean
values between three or more groups was performed using one-way ANgllv\ed by the

appropriate post hoc test, usually Tukey’s test, with the probalsirgl lbof< 0.05 accepted as

significantly different..

2. Receptor Protein Analysis

The Western blotting procedure is similar to that previously describedr(8i al., 2002).
Homogenates were loaded on 10% precast Tris-HC| Ready Bjeld)R@d Laboratories, Inc.,
Hercules, CA) and size fractionated via electrophoresis at 1i€ing a Mini-PROTEAN Il Cell
(Bio-Rad Laboratories, Inc., Hercules, CA). The proteins weretthesferred to nitrocellulose
membranes presoaked in transfer buffer using a Trans-Bloe®Ddsy transfer cell (Bio-Rad
Laboratories, Inc., Hercules, CA). After allowing the membreame&ompletely dry, it was
prehybridized in pre-made Odyssey® blocking buffer (Li-Cor Bersees, Lincoln, NE) for 3 h.
The membrane was washed with phosphate buffered saline (PBShicaniaveen 20 (0.1%)
three times (15 min/wash) and incubated overnight with the primaityody. The following
primary antibodies were used; mouse anti-GAPDH (1:60,000), rabbiM&-(1:2000) and
rabbit anti-CB (1:200). Following incubation, the blots were washed three timds RBIS-T
and incubated for 1 h with the appropriate secondary antibody obtained Lir@uor®
Biosciences (Lincoln, NE). The final blot was washed an addititmae times in PBS to
remove any excess secondary antibody before detection usingdifsse®® near-infrared

imaging system (Li-Cor® Biosciences).
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V. Results

1. LM/MP organ bath assay

Treatment for 7-days with morphine resulted in the development of reitygigy to 2-
chloroadenosine (CADO), DAMGO and WIN-55,212-2, suggesting that the lejeus
tolerance previously reported extends to cannabinoid agonists a®wdlustrated in Fig 3.2,
concentration-response curves showed a significant rightward fehmiftall agonists and
comparison of the calculated s3values of the morphine and vehicle treated groups revealed a
significant reduction in responsiveness as indicated by the sigmify lower Gy values:
DAMGO, 6.8 vs. 7.5 (p 9.05); CADO, 6.6 vs. 7.1 (p €.05); WIN-55,212-2, 7.5 vs. 8.2 (p <
0.05). The calculated magnitude of rightward shift (i.e. ratio chrmk&s, values) or loss of
sensitivity of the treated compared to the control group was 4.8dolBAMGO, 3.5-fold for
CADO, and 5.2-fold for WIN-55,212-2. The calculated mean ratio ef ¥@lues (based on the
determined geometric meansiGralues for each group) for tissues obtained from animals that
received morphine compared to the control group was not significaffdyedit among the three
agonists hence the degree of tolerance development was quantitetivgharable (F (2, 5) =
1.07, p = 0.37). In addition, analysis of the maximum inhibitory effeceémh of the agonists
between the control and morphine-treated groups did not show anyicstififissignificant
difference in the magnitude of the maximum inhibitory response ®MGO and CADO.
However, chronic treatment with morphine did lead to a significahtaten (23%; p <0.05) in

the maximum response to WIN-55,212-2.

As illustrated in the concentration-response curves presented B IEi5-day treatment

with WIN-55,212-2 resulted in a reduction in sensitivity to WIN-55,216hB as shown by the



85

ICs5o values for the WIN-55,212-2 and vehicle groups: DAMGO, 7.67 vs. 7.73 (p > 0.05);
CADO, 7.2 vs. 7.3 (p > 0.05); WIN-55,212-2, 7.3 vs. 8.3 (65). Data calculated from Fig 2
revealed that the magnitude of rightward shift in the concemtra¢isponse curve (i.e. ratio of
mean |G values) was 1.3-fold for CADO, 1.1-fold for DAMGO and 9.8-fold forNAB5,212-

2. The rightward shift of the Kg values was only significantly different for WIN-55,212-2,
suggesting that homologous tolerance had developed in the LM/MP pi@paialowing
chronicin vivo cannabinoid treatment. Analysis of the maximum inhibitory effecealed a
statistically significant reduction (25%; p &05) in the maximum inhibition of neurogenic
contractions produced by WIN-55,212-2 in tissues obtained from animalsicdty treated
with WIN-55,212-2. Interestingly, a small but significant reducti{11%; p_<0.05) in the
maximum inhibitory response to DAMGO was also observed in those Sssues obtained
from animals chronically treated with cannabinoid agonist. In csmtironic cannabinoid
treatment produced no significant change in the maximum inhibit@yonse obtained to
CADO in the same tissues. The impact of chronic drug treatometite response of the LM/MP
to nicotine, illustrated in Fig 3.3, revealed no statistically ficamt difference in the nicotine
ECso values following either chronic morphine (treated, 5.32 vs. vehicle; $.450.05) or
WIN-55,212-2 treatment (treated, 4.98 vs. vehicle, 5.34; p > 0.05). However, chrorpbine
treatment (treated, 3.7 g vs. vehicle, 2.44 g; @G5) but not WIN-55,212-2 treatment (treated,
2.73 g vs. vehicle, 2.68 g; p > 0.05) produced a significant increase tatuda of the

maximum contractions produced by nicotine (Table 3.2).
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2. MOR and CB; receptor protein abundance assessment

In light of the fact that chronic agonist exposure often resultsdeptor downregulation,
we assessed whether the treatments had any effect gutorepeotein levels. Fig 3.4 shows
results of Western blot analyses performed to assess possibigesha the MOR and GB
receptor protein abundance following chronic opioid or cannabinoid exposure.it@ivnt
analysis involved comparison of the specific receptor protein to GARESsity ratios (MOR
or CB; receptor/GAPDH densitometric units) between the control andettegroups. CB
receptor protein analysis showed a statistically significasttuction in receptor protein
abundance in homogenates from tissues obtained from the WIN-55,212t&d tigraup
compared to the control (Fig 3.4A) as indicated by a 32%Q®%) lower CB receptor/GAPDH
intensity ratio. In contrast, no statistically significant elifihce was observed in the
MOR/GAPDH intensity ratios between the control and WIN-55,212-atdce groups. As
illustrated in Fig 3.4B, 7-day morphine treatment did not alter eith®R or CB receptor
protein abundance. For both treatments, no statistically signifidéertetice was observed in the
GAPDH levels between control and drug-treated tissue homogethate implying that the total

cellular protein levels remained relatively constant.

V. Discussion
Based upon the similarity of cellular, physiological and pharmga@beffects of cannabinoids
and opioids, and the conflicting results regarding the charactdolefance that develops
following chronic exposure, experiments were conducted to deternhieiher parenterah vivo
exposure to either opioids or cannabinoids results in the developmenteddnt® that is

gualitatively similar. In order to assess potential cellulachagisms, the candidate also sought
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to determine the LM/MP sensitivity and responsiveness to exgitatgents like nicotine
following chronic drug treatment. Since we hypothesized that dahror@atment with
cannabinoids or opioids could evoke receptor-dependent changes in cellsestegated the
impact of chronic opioid or cannabinoid exposure on both the MOR andeC&tor protein
abundance. The present study found important qualitative simdaofighe tolerance that
develops following chronic 7-day morphine exposure with that previouplyrtexl in bothin
vivo andin vitro exposure studies (Taylor et al., 1988; Basilico et al., 1999; hl.e2010).
However, the qualitative nature of the change in sensitivitg tamited number of agents
observed following chronic WIN-55,212-2 treatment appears to contiisttlvat previously
observed in morphine tolerant animals which exhibit subsensitivity teargety LM/MP
inhibitory agents and increased responsiveness to excitatory diggentscotine (Schulz and
Goldstein, 1973; Johnson et al., 1978). This difference in the charadter tlerance could
have important implications for defining the potential mechanisnsutiderlie the development
of the phenomenon in the guinea pig and could provide an avenue to explooenthieatorial
use of these agents therapeutically.

The development of heterologous tolerance following chronicvivo exposure to
morphine is consistent with previously reported data that have shwemarice to develop
between 1 and 4 days of exposure, become maximal by day 7 anith femaeveral days
beyond that (Taylor et al., 1988; Li et al., 2010). However, these afiesthetudies to examine
the question of whether the heterologous subsensitivity observed follalinagic in vivo
opioid exposure extended to the cannabinoid receptor agonist, WIN-55,212k2, iMIMP
model. The observed subsensitivity to WIN-55,212-2 substantiates prestimliss using the

LM/MP that revealed similar heterologous tolerance followingowtarin vitro exposure to
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opioids (Basilico et al., 1999). However, the change in responsivenescewspanied by a
significant reduction in the maximum response suggesting that teyealso be a change in
efficacy (Stephenson, 1956). Since opioids and cannabinoids employ compsagalaléng
pathways, shared components of these pathways offer some sitbsclatadaptive changes
could occur. However, the basis for the difference in efficacydcalso reside in the receptor
reserve that is present for each receptor family. As denabedtin these studies, chronic
morphine treatment did not alter the abundance of either MOR oré&cBptor protein; this is
consistent with the maintenance of the maximal inhibitory effect of DAM@&® saggests that a
non-receptor dependent adaptive mechanism is, at least in part, relptorsine development
of tolerance. Furthermore, the inability of chronic morphine exposusdit@we MOR protein or
the maximal effect of DAMGO is consistent with previous stsidieowing that morphine has a
low capacity to induce MOR internalization and downregulation (Johnsah,e2006) and
supports the fact that the mu-opioid receptor reserve approachés #89 LM/MP (Chavkin
and Goldstein, 1984). The lab has previously proposed that the non-receptor depkadges
underlying the heterologous tolerance involve a partial depolarizatiimeaesting membrane
potential (Meng et al., 1997) secondary to a reduction in the level of the functionalalpbait
of Na'/ K*-ATPase (Kong et al., 1997; Biser et al., 2002; Li et al., 2010). [f&eton in the
membrane potential ultimately accounts for the reduced sensitivitghibitory agents (e.g.
DAMGO, CADO and WIN-55,212-2) and the enhanced responsiveness to @ycégents like
nicotine. The reduction in WIN-55,212-2 maximal response could also lemredaused by a
non-receptor mediated change since the cannabinoid system in the LM/MP appeaesd low
functional reserve susceptible to chronic drug exposure (Basiliab, €6999; Guagnini et al.,

2006). The fact that CADO appears to inhibit neurogenic activity thrauggilular mechanism
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different from that of morphine (Meng et al., 1997) and WIN-55,212-2 (€auttl Pertwee,
1997) suggests that the adaptation events precipitated by chronic moexpogure must
involve some alteration in basic cellular function.

In contrast to chronic opioid exposure, chroimiozivo cannabinoid exposure resulted in
the development of homologous tolerance that was expressed asoé $essitivity to WIN-
55,212-2 only as evidenced by a 9.8-fold rightward shift of the concentrasponse curve.
Interestingly, the maximum responses to both WIN-55,212-2 and DAMG@db@ADO were
also significantly decreased. However, the reduction in maveffedt was significantly greater
for WIN-55,212-2 than DAMGO and was associated with a selecadection in the CB
receptor protein abundance that would account in part for the dedreenaxima. The fact that
the percent reduction in GBeceptor protein levels was relatively proportionate to tHaatéon
in maximal effect of WIN-55,212-2 (32% vs. 25% respectively) furtkarforces the idea that
the CB receptor system in the LM/MP may possess a low function@ptec reserve as
observed followingn vitro exposure (Basilico et al., 1999; Guagnini et al., 2006). The reduction
in CB; receptor protein abundance is consistent with previous studies whicimsteated robust
cannabinoid receptor downregulation that occurs through beta-arresliat@dedesensitization,
internalization and ultimately degradation (Gonzalez et al., 200%. tdlerance induced by
chronicin vivo cannabinoid exposure mediated by;@8ceptor activation may involve at least
two components; one related exclusively to;@8ceptor downregulation (receptor-dependent
and specific) and another possibly through dual internalization efr€fptors and MOR as
heterodimers (receptor-dependent but non-specific). Studies haveedepetérodimerization of
MOR and CB receptors resulting in signaling through common G proteins (Haph,e2008).

Receptor heterodimerization has also been reported to result mecaaiization of MOR and
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other G protein-coupled receptors (e.g. somatostatin receptord)agndlso been reported to
result in receptor desensitization (Pfeiffer et al., 2003). Iatemation or uncoupling of
MOR/CB; receptor heterodimers following chronic CEceptor activation would also result in
as small a reduction in the apparent functional efficacy of M@Rhe heterodimers contributed
to the total receptor population. The possibility also exists Heataick of correlation between
the change in responsiveness and receptor protein abundance might notsioéogibally
relevant.

The absence of increased responsiveness to the excitatatyoéffecotine after chronic
cannabinoid exposure contrasts to the elevated responsiveness obsenaghimarnolerant
animals (Schulz and Goldstein, 1973; Johnson et al., 1978) and the enhancedmrmigegponse
observed in these studies. Since opioid-induced supersensitivity is thoulghassociated with
a partial depolarization of the resting cell membrane potefiMeahg et al., 1997), this could
imply that chronic cannabinoid treatment does not alter theestihg membrane potential of
neurons in the LM/MP model. Furthermore, it could signify that cannabexposure may not
alter Na/K* ATPase isoform expression or function, a proposed key facet maimenance of
the resting membrane potential, as observed following chronic opipidsese (Biser et al.,
2002). Previous studies assessing the development of tolerance havel repaitieting data on
the interactions between opioids and cannabinoids suggesting that the ditemslay between
the two receptor systems could be influenced by the cell/trasael system employed and the
parameter(s) assessed. The differential results may beéoddiéferent levels of enzymes or
isoforms involved in the adaptive desensitization; namely adewryiglase, beta-arrestin, G
protein-coupled receptor kinase (GRK), PKA, PKC and other kinag#so(t and Dewey,

1978; Hine, 1985; Smith et al., 1994; Thorat and Bhargava, 1994)
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It is concluded that the type and nature of tolerance exhibitdeeiguinea pig LM/MP
model following chronicin vivo WIN-55,212-2 treatment is qualitatively and mechanistically
different from that observed following chronic morphine exposure de#ipét large number of
similarities between the two systems. The data presenttdsiistudy provide support for the
concept that the development of tolerance is a function of des@reerging influences and is
subject to considerable variation that may impact upon the catirdaesses that are employed
to elicit the adaptive response (Taylor and Fleming, 2001). Thehatctannabinoid treatment
produces tolerance that is primarily homologous in nature comparkd teterologous form of
tolerance associated with chronic opioid exposure provides an impartautation upon which
to develop mechanistic studies. Furthermore, the data raise #ibilggghat such differences
in adaptive responses to these agents could be employed to leaddification in the

therapeutic management of patients with these agents.



92

Table 3.1Schedule for morphine subcutaneous injection

Dose escalation schedule for parenteral (subcutaneous) administration of mtophidays.



Day Morphine dose (mg/kg body weight)
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Table 3.2Geometric mean 1§ and maximal efficacy values for the inhibitory effect of WIN
55,212-2, DAMGO and CADO following 7-day treatment with morphine or 5idegtment
with WIN-55,212-2.

The geometric mean kg values for agonists (the agonist concentration required to redece
amplitude of the neurogenic twitch of the LM/MP to 50% of its ihieue) are displayed as -
log M (x S.E.M.). The maximal efficacy depicts the % inhibition tlae highest agonist
concentration. Statistically significant differences (p05) are identified by *. The N values

for the experimental sets are between 6 and 13.
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Experimental Agonist
Treatment WIN-55,212-2 DAMGO CADO
Morphinevs.

Control - 1Csg

(-log M £ S.E.M.)

8.23 7.52 5.16* 7.51 6.83 4.8* 7.12 6.58

3.5¢
(+0.18) (20.2)  (¥2.0) (+0.21) (20.2)  (#4.1) (20.13) (¢0.1)  (0.9)

Maximal efficacy  97.32 73.87* 86.55 76.06 95.87 88.17

(% Inhibition) (x4.3) (+4.8) (£5.6) (+5.7) (x2.7) (x2.6)
WIN-85,212 vs. 8.32 7.33 9.77* 7.73 7.67 1.1 7.29 7.17 1.3
Control - ICs

(-log M £ S.E.M.)

Maximal efficacy

(% Inhibition)

(+0.18) (+0.15) (+12.7) (+0.08) (+0.05) (+0.41) (+0.05) (+0.05)  (+0.4)

94.76  70.37* 95.13  84.29* 96.99  95.76
(#2.3)  (#3.7) (#2.9)  (£3.4) (#3.0)  (£2.9)
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Table 3.3 Geometric mean Band maximum isometric tension values for nicotine following
chronic treatment with either WIN-55,212-2 or morphine.

The geometric mean Egvalues for nicotine (the agonist concentration required to elicit the
amplitude of the neurogenic twitch of the LM/MP to 50% of its mmativalue) are displayed as
-log M (x S.E.M.). Maximal efficacy depicts the maximum nsric tension attained in
LM/MP. Statistically significant differences €@.05) are identified by *. The N value for each

experimental set is 4.



97

Nicotine

Morphinevs. Control - ECsgg

5.45 (£0.03) 5.32 (20.1) 1.35(x0.2)
(-log M £ S.E.M.)
Maximal efficacy (g) 2.43 (x0.1) 3.66 (+0.4)*
WIN-55,21-2 vs. Control - ECx
5.34 (£0.10) 4.98 (+0.25) 2.3 (¥2.8)

(-log M £ S.E.M.)

Maximal efficacy (g) 2.68 (+0.2) 2.73 (x0.3)
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Figure 3.1 Mean concentration-response curves for DAMGO (A), CAB) and WIN-55,212-2
(©) in longitudinal muscle/myenteric plexus from control and guipiga chronically treated
with WIN-55,212-2.

A significant rightward shift of the curve was observed for VBB212-2 only. No significant
rightward shift observed for DAMGO and CADO. Significant redwttin the maximum
response was observed to both WIN-55,212-2 and DAMGO. StatistsigHificant differences

(p< 0.05) are identified by *. The N values for the experimental sets are betwedriB.a
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Figure 3.2 Mean concentration-response curves for DAMGO (A), CAB) and WIN-55,212-2

(C) in longitudinal muscle/myenteric plexus from control and guiiga chronically treated

with morphine.

A significant rightward shift of the concentration-response cuvas observed for DAMGO,
CADO and WIN-55,212-2. The maximum response obtained to WIN-55,212-2 was significantly
reduced. Statistically significant differences (@.05) are identified by *. The N value for each

experimental set is 8.
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Figure 3.3 Mean concentration-response curves for nicotine in lomgitushuscle/myenteric
plexus preparations obtained from morphine or WIN-55,212-2 pretreated gugseand their
respective controls.

No significant change in the B§&values for nicotine was observed following chronic treatment
with morphine (A) or WIN-55,212-2 (B). Fig. 3.3C shows a bar graph cangpére maximal
tension values attained by nicotine stimulation in the control andgtesips. A significant
increase in nicotine maximal effect is observed in morphingéegleanimals. Statistically

significant differences @0.05) are identified by *. The N value for each experimental set is 4.
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Figure 3.4 Comparison of MOR and Ci&ceptor protein levels following chronic morphine or
WIN-55,212-2.

Fig 3.4A illustrates the ratio of the GBeceptor or MOR protein intensity to the GAPDH
intensity from animals treated chronically with WIN-55,212-2. BigB illustrates the ratio of
the MOR or CB receptor protein intensity to the GAPDH intensity from aninta¢sted
chronically with morphine. Respective prototypical images of thenunoblot membrane
showing the density of the MOR and Cprotein are shown below the bar graphs._p®.65
considered to be statistically significant. The N values Herdxperimental sets are between 4

and 6.
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CHAPTER FOUR: COMPARISON OF THE EXPRESSION OF TOLERANCE TO
HYPOTHERMIA AND ANALGESIA IN THE GUINEA PIG FOLLOWING CHRONIC

OPIOID VERSUS CANNABINOID EXPOSURE.

|. Abstract

The candidate previously reported that chroniwivo treatment with morphine resulted
in the development of heterologous tolerance in the guinea pigudimgl muscle-myenteric
plexus (LM/MP) whereas chronic WIN-55,212-2 exposure resulted in hoousotplerance.
Few studies have compared tolerance that develops to the hypothedranalgesic activity of
opioids and cannabinoids with that observed in the guinea pig LM/MP mbalefance was
induced by chronic morphine (7 days) or WIN-55,212-2 (5 days) exposure asbebdy
determining the alteration in response to challenge doses of WIN-55,202 morphine.
Hypothermia was measured by a rectal thermometer whildhane@l and thermal analgesia
were assessed using the paw pressure and hot plate testdjuwelgpdte nature of tolerance
observed in the hot plate test corresponds closely to that observed UMiNE studies
(CHAPTER THREE) where morphine pretreatment produced heterolagieuance and WIN-
55,212-2 pretreatment resulted in homologous tolerance. In contrast tsutis irethe LM/MP
studies, WIN-55,212-2 pretreatment produced tolerance to the analffestcoé morphine in
the paw pressure model despite the fact that it did not produce siaalye¢his model. Unlike
chronic treatment with WIN-55,212-2, chronic morphine treatment did not enthlerance to
the hypothermic effect of WIN-55,212-2. However, since only a veogest hypothermia was
observed in response to a morphine challenge, tolerance to tluisvedie difficult to assess and

may not be biologically relevant. The results suggest that theeradttolerance that develops in
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one model system cannot be inferred to another even in the sanes gpece chronic morphine
treatment produced heterologous tolerance in the hot plate test andgousotolerance in the
hypothermia model while chronic WIN-55,212-2 treatment elicited homo®dolerance in the
LM/MP, hypothermia and hot plate models but heterologous tolerantieeimpaw pressure
model. The present findings affirm the notion that the nature of ralerdepends on the model,
drug, species, and regimen used. Our data also suggest that ylsesarfdblerance using vivo
test systems involves complex neuronal interactions and that raudgpular effects at various

sites in the signal cascade may induce differential functional tolenawitiéerent models.

Il. Introduction
Common pharmacological effects observed with the use of opioid and candabinoi

agonists include the ability to induce hypothermia, sedation, hypotemsiongciception and
inhibition of both intestinal motility and locomotor activity (Bloom andvizzy, 1978; Smith et
al.,, 1994; Bass and Martin, 2000). These common effects are rooted immtlae sellular
signaling events and comparable central and peripheral distributiotheofopioid and
cannabinoid receptors within the ileum, vas deferens, caudate-putamsal, ippocampus,
substantia nigra and hypothalamus (Rosow et al., 1980; Ross et al. REQ@8;et al., 2002).
Common cellular signaling pathways between the two receptor systems icclygdimg through
Gii proteins leading to inhibition of adenylyl cyclase (Howlett arehfihg, 1984); inactivation

of N, P/Q, and R-type Ghchannel (Rhim and Miller, 1994; Howlett et al., 2002); activation of
the MAPK pathway (Bouaboula et al., 1995); and activation of G protewvated inwardly
rectifying potassium (GIRK) channels (McAllister et al., 199@gllular co-localization of

cannabinoid and opioid receptors in both the central nervous system aplde@rineurons
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(Salio et al., 2001) may contribute to the closely related physoalognd clinical effects
(Manzanares et al., 1999) including the development of dependence anicwlgiahtman and
Martin, 2005).

Considerable numbers of the studies that have been undertaken tovtgthes chronic
opioid or cannabinoid exposure results in the development of toleraaitkénagent have often
reported conflicting and discordant results. The differential effectislde based on the fact that
the analgesic effects of these agents follow from activatidhedf receptors in the one or more
of the following brain areas associated with the pain pathwajaquexductal gray, amygdala,
raphe and the dorsal horn of the spinal cord (Tsou et al., 1998; Farquhlare$rait, 2000).
Furthermore some studies have reported cellular co-localizafiospioid and cannabinoid
receptors in the superficial dorsal horn of the spinal cord andate-putamen (Hohmann et al.,
1999; Rodriguez et al., 2001; Salio et al., 2001). In one study, morphinent@deimals were
reported to be hypersensitive A6-THC (Rubino et al., 1997) whereas in a separate study,
morphine dependent animals exhibited a decrease in the analfesio®A’-THC (Thorat and
Bhargava, 1994). Furthermore, Cichewicz and Welch (2003) discoveredothadoses of
cannabinoids curtailed the development of morphine tolerance while\pngstre levels of the
three major opioid receptors. Though most behavioral studies haveedoaus analgesic
tolerance, few studies have investigated the nature of toleraaitcdavelops to the hypothermic
effect of these agents (Rosow et al., 1980; Rawls et al., 2002). Tiad¢dsgmssible alteration in
opioid and cannabinoid agonists’ hypothermic potency could be related nepthréed presence
of both MOR and CBreceptors in the hypothalamus and the fact that activation & tii¢sese
receptors results in the regulation of body temperature. Furbihernchronic cannabinoid

exposure has been reported to regulate levels of MOR in the hyputisal (Corchero et al.,
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2004). Possible mechanisms that could be involved in development of tolarelucke ichanges
in receptor abundance or levels of the endogenous ligands. Previous atisgdiesing the effect
of chronic drug administration on receptor abundance have often gegort#licting results; in
one study chronic morphine exposure resulted in an increase in canda@oeptor density
(Rubino et al., 1997) while in another the receptor density seemed betdltered (Thorat and
Bhargava, 1994). In addition, the change in cannabinoid receptor abundancentplagoid
exposure appears to be region dependent and varies amongst diffe@es gVigano et al.,
2003; Gonzalez et al., 2005). The effects of cannabinoid pretreatment ot igmeptors has
been reported to involve a time dependent increase in MOR densityab@bserved in several
brain regions including the amygdala, thalamus and hypothalamus (@oetha., 2004). The
interaction between the cannabinoid and opioid systems as evidendesl dypgs-regulation of
their endogenous ligands may also play a critical role in thétajuae nature of tolerance
observed with these agen®s-THC and other endocannabinoids (except anandamide) have been
shown to increase extracellular levels of dynorphin in the spm@ thus enhancing KOR
stimulation and analgesic (Mason et al., 1999; Welch and Eads, 1998ttast, the effect of
opioid exposure on the endocannabinoid levels seems limited since chxpusue to
morphine did not affect the levels of anandamide or 2-AG in thdwtrjaortex, hippocampus,
limbic area or hypothalamus.

The assessment of mechanisms involved in the development toleranoennviao
model is complicated since it is dependent on complex neuronal neter&ctions involving
multiple synaptic connections that may have different receptor papuldistribution. Thus,
most studies are conductéu vitro using isolated tissues or cell lines. Mastvivo studies

performed have used mice and rats: The current study used the gugienodel whose
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advantages include the fact that it exhibits closer anatomicgsigbbgical, neurological and
developmental similarities to the human that is well establisfwes making it an appropriate
model for studying gastro-intestinal, respiratory and opioid tetergdChavkin and Goldstein,
1984; Hunter et al., 1997; Gray et al., 2001). Studies investigating Yle&dment tolerance to
cannabinoids in the human and guinea pig ilea have reported comparalite trass further

reinforcing the similarities between the two species anditiliy of using the guinea pig as an
animal model (Guagnini et al., 2006).

There is a growing body of evidence pointing toward convergence anthamaatty of
activity and cell signaling pathways between the two recepstess that may act in concert to
alter many of the pharmacological effects of each includiegdevelopment of tolerance (Bass
and Martin, 2000). The effect of chronic cannabinoid or opioid pretreatmentpathlermic or
analgesic efficacy of opioid and cannabinoid agonists is hard to daéiné seems to be
dependent on complex neuronal networking activated by these agohestgodl of the present
study was to evaluate the effect of chromcvivo cannabinoid or opioid exposure on the
expression of tolerance to the hypothermic effects or analgésitis of both agents. Based on
these similarities in signal transduction pathways, and compaaabl®mical distribution and
co-localization of their respective receptors, it was hypatkdsthat chronic treatment with
either agonist would lead to the development of heterologous tolet@iice hypothermic and
analgesic effects of these agents. Furthermore the studissigated how the qualitative nature
of tolerance to the analgesic and hypothermic effect of opioidsamthbinoids compares with

that observed in the guinea pig LM/MP following chromi&ivo treatment.
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[11. Experimental Protocol

The present study investigated the development of tolerance t@nidlgesic and
hypothermic effect of cannabinoid and opioid agents following chronatntient with either
agent. Drug pretreatment regimens employed were based on gleseusly used in other
studies to induce tolerance or dependence (Mizutani et al., 2005; Spwha E298) and by
preliminary studies performed in the laboratory. The treatmegimens that were employed
were identical those outlined previously (CHAPTER THREE) whichevelown to induce the
development of tolerance in the LM/MP model. Briefly, morphine walsnimistered
subcutaneously twice daily (10:00 a.m. and 10:00 p.m.) for 7 days ircalatesxy dose fashion
whereas WIN-55,212-2 was administered intraperitoneally once d&tp0 a.m.) for 5 days.
Animals were tested between 9:00 and 10:00 am on the following @ayadministration of the

last dose (12 h after the last dose of morphine and 24 hrs after the last dose of WIN-55,212-2)..

1. Analgesia Assessment

All animals were acclimated to the observation room for 1 h poi¢ing initiation of any
assessment. Baseline mechanical (paw pressure) or thermalgtedtanalgesia was measured
prior to injecting the challenge drug. The Randall and Selittosastused to assess mechanical
nociception (Randall and Selitto, 1957). In this test, pressure aasatly applied to the plantar
surface of the hind paw using a cone-shaped pusher with a rounded tiprdéhérieasured in
grams) at which the guinea pig withdrew its hind paw was defisdgtle paw pressure threshold.
A cut-off was set at 600 g to prevent tissue damage. Mean redpoesteold was determined at
the following time intervals after acute drug administrati@ifbaseline), 15, 30, 45, 60, 90 and

120 min. Tolerance was defined as a reduction in the antinocicepieet @hcreased threshold



112

for withdrawal) of the challenge dose of agonist such that the maxiamount of pressure
required to elicit a paw withdrawal was decreased. Challengesdesployed (morphine
10mg/kg or WIN-55,212-2 6mg/kg) were selected based on prelimihaaies done to assess
the optimum dose required to produce an adequate and quantifiable analgesic response.
The hot plate analgesia procedure used was similar to that pigw@ssribed (Bannon
and Malmberg, 2007). The response to a thermal stimulus was measimgda hot plate
analgesia meter (lITC Life Science, Woodland Hills, CA)aed constant temperature of’60
Once an animal was placed on the hot plate, the timer was adtaatl the latency to respond
with either a front paw lick or flick was determined. To preussue damage, a 40 second cut-
off time period was used at which the animal was removed frorhdhplate and a time of 40
seconds recorded as the latency. Challenge doses (morphine 6muvkiy-66,212-2 3mg/kg)
were determined based on preliminary studies done to assess thanopdivse required to
produce an adequate and quantifiable analgesic response. The dosestheekdot plate test
were lower than those used to assess mechanical analgesihighedoses resulted in latency

values beyond the 40 second cut off threshold.

2. Hypother mia Assessment

Assessment of body temperature using a rectal thermomesepaviormed in a quiet
room at an ambient temperature of@5After a 1 h acclimatization period in the test room,
body temperature was measured with a digital rectal theetesrimserted to a constant depth of
2.5 cm. Following thermometer insertion, a 15 sec equilibration pevesd allowed to lapse
before the temperature was recorded. The rectal temperatsimaeesured at the following time

intervals post challenge drug administration: 0 (baseline), 15, 30, 4306and 120 min.
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Baseline temperature was measured twice prior to drug challemgyphine 10mg/kg or WIN-
55,212-2 6mg/kg) and the results expressed as the me&E.M of the°C change from
baseline. Baseline temperature was also recorded to detewhether chronic treatment with
either agonist had any impact upon core body temperature.

The Student’s t-test (unpaired) was used to analyze the maxiectal temperature
change or analgesia threshold for mechanical and thermalAesiysis was also done at each

time point. A p value< 0.05 was considered to be statistically significantly different.

V. Results

1. Assessment of acute analgesic response following chronic treatment

A. Paw pressure test. The analgesic effect of morphine (10mg/kg body weight) was
determined using the paw pressure assessment method in controle(tsdatéd) vs. drug-
treated (7- day morphine or 5-day WIN-55,212-2 treated) guinea figse. analgesic effect of
morphine was evident within 15-30 min and persisted throughout the obsepetioeh with the
highest values of pressure required to elicit retractionimgnfjom 400 to up to 600g (Fig.
4.1.A). The maximum analgesic effect was observed between 45 and & footh the vehicle
and test groups. As illustrated in Fig. 4.1.A and B, significdother pressure was required to
elicit a paw withdrawal in the test animals chronicallytedawith either cannabinoids (318 g vs.
557 g, p_<0.05) or opioids (217 g vs. 398 g, 0<05) compared to the vehicle groups following
morphine challenge implying that tolerance had developed in response to the tkaiment.

Results presented in Fig. 4.2.A and B illustrate the absenmeyadnalgesic response to
acute challenge with WIN-55,212-2 (6 mg/kg) in either vehicledrag-treated groups. In an

effort to determine the basis for the lack of response, doses of58/BN2-2 up to 18mg/kg
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were evaluated during the preliminary experiments without ipiglény apparent analgesic
effect. Therefore, the development of tolerance could not be assessed sinakye@si@aresponse
to WIN-55,212-2 was observed even in naive animals in this model of analgessanasges

B. Hot Plate Analgesia Test. The analgesic effect of morphine (6mg/kg body weight)
and WIN-55,212-2 (3mg/kg body weight) was determined by hot platssasseat in vehicle
treated controls vs. test (7-day morphine or 5-day WIN-55,212-2 treated)snifine challenge
doses of morphine and WIN-55,212-2 used were determined in preliminaryinespis in
which a dose dependent analgesic effect of both agents that occutinedange of 1-10 mg/kg
of morphine and 1-6 mg/kg of WIN-55,212-2 was observed. As illustratedyidB and Fig.
4.4, comparison of the latency to thermal response (sec) bethveenarphine- and vehicle-
treated groups shows the development of significant tolerance to the anaftgetiof morphine
(9.0 vs. 23.5 seconds;_pG<05) and WIN-55,212-2 (9.8 vs. 26.8 seconds;(0%) as indicated
by the substantial loss of latency to respond. Comparison of theyldtetiermal response (sec)
between WIN-55,212- and vehicle-treated groups shows the developmenérahte to the
analgesic effect of WIN-55,212-2 (12 vs. 26.3 secondsQ@S) but not to morphine challenge

(22.3 vs. 36.0 seconds; p > 0.05).

2. The effect of chronic treatment on the hypother mic response

The hypothermic effect of morphine (10mg/kg body weight) and WIN-55,212-2
(6mg/kg) was determined by rectal body temperature assessmeehicle treated controls vs.
drug-treated (7-day morphine or 5-day WIN-55,212-2 treated) gyigs. The challenge doses
used were based on preliminary studies performed which show addpsedent reduction in

rectal temperature with both agents. Body temperature wassadsat baseline (0 min), 15, 30,
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45, 60, 90 and 120 min after challenge drug administration. Followirgnichtreatment with
either cannabinoids or opioids, challenge with morphine or WIN-55,212-2 cksaltgeadily
increasing hypothermia at an ambient temperature 6 #tat peaked around 90 min after acute
exposure. The hypothermic effect of WIN-55,212-2 was considerably tatidtisally more
pronounced than that observed with morphine (maximum change in tempefafu88 + 0.23
°C for morphine versus 3.81+ 0.17°C for WIN-55,212-2; .65).

As illustrated in Fig. 4.5A, comparison between morphine and vehled¢et animals
shows the development of tolerance to the hypothermic effecogghime (0.10 vs. -0.43°C; p <
0.05). In contrast, comparison between WIN-55,212-2 and vehicle treatedlsriFig 4.5B)
shows that no tolerance develops to after the hypothermic effecdrphine challenge (0.34 vs.
1.3°C; p > 0.05). This lack of effect could have been influenced by thetifat morphine
produced only modest hypothermia and/or by the wide variability inypethermia values. The
hypothermic effect of morphine appears to develop slowly, and setneak around 90 min
for both groups. Fig. 4.6 illustrates the results of studies in whiclcleerand drug-treated
animals were challenged with WIN-55,212-2. Challenge with WIN-55218- mg/kg) in
animals chronically treated with morphine did not reveal the develupofetolerance to the
hypothermic effect (vehicle: -4.2 vs. test -3.8°C p > 0.05). The maxi hypothermic effect
peaked at 90 min for both groups and by 120 min the body temperature hadawared to
baseline levels. The studies further assessed the hypothdfacicad lower challenge doses of
WIN-55,212-2 (1Img/kg and 3mg/kg) following chronic exposure with morphine. rébelts
depicted in Fig. 4.7 indicate that the development of tolerance waspparent with both
challenge doses, thereby reinforcing the results observed with58/R12-2 (6 mg/kg) and

suggesting that the highest dose was not supramaximal. Fig. 4.8 shd@se-response curve
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constructed by determining the maximal hypothermic effect d4\88,212-2 using the 1mg/kg,
3mg/kg and 6mg/kg challenge doses in control and morphine pretreatedlsanihe data
indicate that the hypothermic effect of WIN-55,212-2 was dose-depeadd, furthermore, that
no tolerance developed to that effect in animals treated chligniagh morphine. In contrast,
chronic WIN-55,212-2 treatment resulted in the development of tolertmcthe acute
hypothermic effect of WIN-55,212-2 (6 mg/kg) challenge (contr®l79°C; test -2.49°C; p <
0.05) as shown in Fig. 4.6B. The maximum hypothermic effect was @asat\00 min for both
groups and extended to at least 120 min which was chosen as theetiioé to stop the
experiment. Preliminary studies in the laboratory demonstrated atise WIN-55,212-2

exposure produces a long lasting hypothermic effect spanning up to 6 h.

V. Discussion
Complex interactions have been observed in the development of tolevatheedffects

of opioids and cannabinoids especiallyinnvivo models where the complex neuronal network
interactions are vast (Taylor and Fleming, 2001). It is forrgason that mechanistic studies on
the development of tolerance are perfornmeditro using isolated tissue or cell models (Johnson
et al., 1978; Shapira et al., 2003; Li et al., 2006). The current stadtyireed the development of
tolerance using the vivo approach cognizant of the complication presented by the complex
neuronal network interaction in assessing and interpreting théogewent of tolerance to the
effects of opioids and cannabinoids observed in the whole animal. Resoitdhe present study
clearly indicate that the interplay between the cannabinoid anddogystems is very
complicated and that development of tolerance to these effects may bde@pgon the model

being assessed and the acute effects of the agonist in the model.



117

The current study reports the development of tolerance to the aoabféect of
morphine in the paw pressure model following pre-treatment with-8#,212-2 despite the fact
that WIN-55,212-2 did not acutely induce analgesia in this model. &ffeet could have
occurred through various pathways. One mechanism could involve an tnditecellular
interaction between the opioid and cannabinoid system whereby actiadt CB, receptors
results in non-specific adaptive desensitization through sequeswattommon G proteins and
making them unavailable to couple to other receptors (Vasquez and, l1&80). This activity
would result in a reduced potency of agonists whose receptors usarbdssproteins and thus
would result in the development of heterologous tolerance; howevedetleopment of this
effect would be dependent on the co-localization/co-expression of MOR améc&ptors in the
same neurons. Studies reporting co-localization of MOR and f(@Beptors in regions
responsible for pain regulation (e.g. the superficial dorsal horheo$pinal cord (Hohmann et
al., 1999; Salio et al., 2001) and caudate putamen (Rodriguez et al., 206&)}o support this
notion. Another possible pathway could involve a network interaction betwedwdheceptor
systems whereby the cannabinoid receptor input resides on neutmasnoregions upstream of
the neurons engaged in the response such that its down-regulation esuitdrr the reduced
activation of the downstream endogenous opioid system hence tolergheeattalgesic effect
of agonists targeting the latter would be evident. In support optbosal are reports that show
the attenuation ofA°-THC analgesia by the opioid antagonist, naloxone (Manzanarak, et
1999), and the fact tha’-THC administration elevates pro-opiomelanocortin (POMC) levels i
the hypothalamus, and increases the expression of preproenkephali®&AGhsepinal cord and
striatum (Corchero et al., 1997; Manzanares et al., 1998). Sincebgamidareceptor activation

has been proposed to induce the release of enkephalins, hence perforpgngissive or
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synergistic role in opioid analgesia (Pugh et al., 1996; Pugh e19l7), the cannabinoid
analgesic system may be perceived to be upstream of the opi@@tamsc such that
downregulation of the system would negatively regulate the opioidnsy<Deir results are
consistent with this idea since chronic cannabinoid exposure rasulte development of
tolerance to opioid-induced analgesia in the paw pressure moaeh{ Emd Bhargava, 1994). It
should be noted that WIN-55,212-2 did not elicit mechanical analgesasahid imply that the

paw pressure model may not be a sensitive enough model system to entpt\WIN-55,212-

2 does not produce analgesia in the model hence tolerance could noessedssStudies in
humans have also reported absence of analgesia to cannabinoids inpgEimilmodels (Naef et
al., 2003).

The development of tolerance to the thermal analgesic eff@tf55,212-2 following
chronic morphine exposure appears to be related to the reduction in agmating. Since
cannabinoid analgesia is in part dependent on the release of enkeffhadin®et al., 1996; Pugh
et al., 1997), it follows that opioid receptor desensitization (possiblg to receptor
downregulation) following chronic morphine exposure may indirectly resula decreased
efficacy of cannabinoids (Manzanares et al.,, 1999). This would be @mtsisith the
heterologous tolerance observed to the analgesic effect of 3&/B-2-2 following chronic
opioid exposure and correlates with the tolerance observed in the RMibtlel. In contrast,
chronic WIN-55,212-2 treatment did not result in tolerance to morphialéenlge in the thermal
analgesia model. The development of homologous tolerance in the themmaigesia model
following chronic WIN-55,212-2 pretreatment also supports the adaptive desgiosn of the
cannabinoid signaling and is consistent with WIN-55,212-2-induced €8eptor-mediated

desensitization and downregulation observed in the LM/MP (CHAPTER [3).important to
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note that other studies have reported contrasting results in time dblenhanced analgesia
(Welch and Eads, 1999); however, it should also be considered that theedimens and
animal models used in these studies significantly differ ftomse used in the present study. The
ability of chronic cannabinoid exposure to elicit tolerance to thdgesia effect of opioids
appears to be dose-dependent since exposure to low non-analgesic domasabinoids has
been shown to maintain or augment analgesic sensitivity to opididsaffand Bhargava, 1994;
Welch and Eads, 1999). The difference between the nature of tolevhser/ed in the paw
pressure or hot plate analgesia models following WIN-55,212-2 preaticould be a function
of variance in the spinal and supraspinal analgesia pathways anelatimeerdistribution and
interaction between the activated opioid (mu- and kappa-) and canithl@ceptors involved in
analgesia. Differences in the analgesic pathways engagedraveddeom the fact that the hot
plate test more closely resembles a supraspinal response invbighgr centers of the
ascending and descending pathways including the PAG, the thalamhgptitealamus and the
cerebral cortex, whereas the paw pressure is mainly & teflder spinal control (Mansour et al.,
1988; Kieffer, 1999). Differences in these pathways may have profofexcisedn the type of
tolerance observed since the spinal response may only reflecctidar between receptors
located on the first-order afferent fibers (A-delta or Cejypnd the dorsal root ganglia in the
spinal cord whereas the supraspinal response additionally involves ketafonuclei in the
higher centers (Almeida et al., 2004). The involvement of multiple nutl¢he expressed
response to pain offers another level of complexity since such pathveguently involve both
excitatory and inhibitory pathways that may be differentiallgrad by the same agonist through
the same receptor. Furthermore, permutations of possible trdesadbetween opioid and

cannabinoid receptors may also be vastly different since both kappawanopioid receptors
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are involved in morphine-induced analgesia, and have been reported &ctiatet co-localize
with the CB receptors (Manzanares et al., 1999; Salio et al., 2001). The hetstpgdrfirst-
order afferent neurons activated (C-type fibers versus A-tgiafibers) by different noxious
stimuli (thermal vs. mechanical) should also be considered (Alnetiala, 2004). The levels and
activity of opioid (mu- or kappa-) and GBeceptors may also vary between the afferent fibers.
These factors may have a great influence on the input-output reftagpidashe spinal cord and
could have profound impact on the type of tolerance observed in theseowabs. Tolerance to
the acute analgesic effect of WIN-55,212-2 or morphine could have atctinreugh
desensitization of signaling in the following brain areas whef@RVand CB receptors are
expressed: amygdala; hypothalamus; cortex; PAG; or dorsal hohe apbinal cord (Rosow et
al., 1980; Rodriguez et al., 2001; Salio et al., 2001; Rawls et al., 2002)toBlenicroscopy
studies in rats have demonstrated co-localization of MOR andré&fptors in the following
areas involved in pain regulation: dorsal horn; and caudate-putamen (iadagal., 2001;
Salio et al., 2001). Furthermore, studies in cells cotransfectadM@R and CB receptors have
demonstrated heterodimerization of these receptors (Hojo et al., 2@fefdsing a much closer
interaction between the convergent signaling pathways ifeiteptors are expressed in the same

neurons.

The development of tolerance to the hypothermic effect following ahinig exposure
appears to be a physiological adaptation dependent on whether arngmiteermic effect is
observed with the pretreatment agent. WIN-55,212-2 produced robust hypatiseiporting
the well documented significant role for cannabinoid receptors in tamope regulation (Rawls

et al., 2002). A desensitization of the {Bceptor signaling in the hypothalamus, consistent with
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robust downregulation of GBreceptor-mediated effects (Oviedo et al., 1993; Rodriguez de
Fonseca et al., 1994), could also result in the type of homologouanttdeas that which was
observed in the current study. In contrast, the modest hypothelbsgaved in response to acute
opioid treatment may be due to the fact that morphine activates hotlamd kappa- opioid
receptors which produce opposing effects on core temperature hdtHatter producing
hypothermia and the former hyperthermia (Rosow et al., 1980). The nggbedhermic effect
produced by morphine may not have been sufficient to trigger a physial adaptive response
that would extend the reduced responsiveness to the hypothermicoéfigttl-55,212-2. This

is consistent with previously published data that show that the usmiohally effective or sub-
effective doses of cannabinoids and opioids does not induce toleranah (&dl Eads, 1999)
and reinforces the idea that the development of tolerance is anvadaggponse of cells and
tissues that is dependent upon chronic agonist activation of receptwrscaiididate speculates
that the absence of heterologous tolerance to WIN-55,212-2-induced hypatHehmiwing
chronic morphine exposure may be due to the fact that the sldyitti@n in body temperature
may not facilitate a significant pharmacological stimulnsetvoke adaptation responses in the
temperature regulation pathway that possibly includes cannabinoigtoecdRosow et al.,
1980). WIN-55,212-2 pretreatment produced a robust reduction in body temperature ttet resul
in the development of tolerance to the cannabinoid hypothermic efiféxttype of selective
adaptational response correlates with previously reported data iMtiMP model (CHAPTER
THREE). However, it could not be ascertained whether WIN-55,212-2 gra@geaproduced
heterologous tolerance since acute morphine challenge eliaotedast hypothermic effect with
high variability. It should be noted that hypothermia results froranaptex interplay between

the CNS and peripheral processes. Based upon the results obtaihed study, additional
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studies would be required to isolate the specific pathways rttezgt be involved in the
development of tolerance.

In light of the differences observed in the development of tolerarneede opioids and
cannabinoids, it is concluded that the analysis of the development @nidein intact animal
models is complicated by the possible network interactions bettheetwo receptor systems
and their respective signaling pathways and the complex neumabrkst engaged in most
outcomes being assessed at the level of the whole animf@redites in the animal species can
also make it difficult to interpret and compare results with tilosehave been obtained in other
laboratories. Further studies are required to fully elucidateeiteptor interactions and possible
role that receptor co-localization between the endogenous opioid mmaboaoid networks may
play in hypothermia and analgesia models that were employe@lhasmMn the mechanism(s)
responsible for the development of tolerance. In light of the resbiésned in the hypothermia
assessment, there is need to assess the distribution of theaMDEB receptor distribution in
the hypothalamus to determine whether the possible codatiah of both receptor systems that
has been reported in the hypothalamus may serve as a site thrbigghtiae alteration in

responsiveness is developed.
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Figure 4.1Effect of morphine challenge on mechanical analgesia following #raaghine or 5-
day WIN-55,212-2 treatment

The analgesic effect of morphine (10mg/kg body weight) was rdeted by assessing the
pressure required for paw retractiok. control vs. morphine (7 day$: control vs. WIN-
55,212-2 (5 days) treated animals. Analgesia was measured atd#&3ehin), 15, 30, 45, 60,
90 and 120 min after challenge dose injection. Each point representedan + S.E.M of
measurements from at least 4 guinea pige) Tést (morphine or WIN-55,212-5 treated) group,
(o) control (vehicle treated) group. *p 0.05 considered to be statistically significant. The N

value for each experimental set is 4.
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Figure 4.2Effect of WIN-55,212-2 challenge on mechanical analgesia follokidgy morphine

or 5-day WIN-55,212-2 treatment

The analgesic effect of WIN-55,212-2 (6mg/kg body weight) wasroeted by measuring the
pressure required to elicit paw retraction using the RandatteSelodel systemA: control vs.
morphine (7 daysPB: control vs. WIN-55,212-2 (5 days) treated animals. Analgesia was
measured at baseline (0 min), 15, 30, 45, 60, 90 and 120 min after challeaggeti®on. Each
point represents the mean + S.E.M of measurements from atdlegisinea pigs. «) Test
(morphine or WIN-55,212-5 treated) groum) (control (vehicle treated) group. * 0.05

considered to be statistically significant. The N value for each experinsenia 4.
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Figure 4.Zffect of morphine challenge on thermal analgesia followingy7rdarphine or 5-day
WIN-55,212-2 treatment

Assessment of the thermal analgesic effect of morphine kénhbg/dy weight) determined using
the hot plate test. Time to withdrawal was determined manbgllyisual inspection of the
animal movementsA: control vs. morphine (7 day®: control vs. WIN-55,212-2 (5 days)
treated animals. The level of analgesia was measurededinea® min), 15, 30, 60, 90 and 120
min after challenge dose injection. Each point represents the mm8aA.M of measurements
from at least 4 guinea pigse)( Test (morphine or WIN-55,212-5 treated) group) ¢ontrol
(vehicle treated) group. *8 0.05 considered to be statistically significant. The N valuesdoh

experimental set ranges from 4 — 6.
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Figure 4.4Effect of WIN-55,212-2 challenge on thermal analgesia following 7rdasphine or
5-day WIN-55,212-2 treatment

Assessment of the thermal analgesic effect of WIN-55,212-2 (3nhgfttg weight) determined
using the hot plate test. Time to withdrawal was determined rihaiyavisual inspection of the
animal movementsA: control vs. morphine (7 day®: control vs. WIN-55,212-2 (5 days)
treated animals. Analgesia was measured at baseline (01%jr80, 60, 90 and 120 min after
challenge dose injection. Each point represents the mean + StEiglasurements from at least
4 guinea pigs.«)Test (morphine or WIN-55,212-5 treated) group), ¢ontrol (vehicle treated)
group. A *p value< 0.05 considered to be statistically significant. The N valueefach

experimental set is 4.
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Figure 4.5Effect of morphine challenge on rectal body temperature followingy#vaaphine or
5-day WIN-55,212-2 treatment

Assessment of the hypothermic effect of morphine (10mg/kg bodyhtyeletermined by rectal
body temperature measuremeht.control vs. morphine (7 day#: control vs. WIN-55,212-2
(5 days) treated animals. The change in core temperaturassessed at baseline (0 min), 15,
30, 45, 60, 90 and 120 min after challenge dose injection. Each point représemean *
S.E.M of measurements from at least 4 guinea pigps.T€st (morphine or WIN-55,212-5
treated) group, d) control (vehicle treated) group. * 0.05 considered to be statistically

significant. The N value for each experimental set is 4.
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Figure 4.6Effect of WIN-55,212-2 challenge on rectal body temperature followirdpy
morphine or 5-day WIN-55,212-2 treatment

Assessment of the hypothermic effect of WIN-55,212-2 (6mg/kg bodghtyedetermined by
rectal body temperature measuremeit.control vs. morphine (7 day®: control vs. WIN-
55,212-2 (5 days) treated animals. Hypothermia was assessedlaeb@smin), 15, 30, 45, 60,
90 and 120 min after challenge dose injection. Each point repredentedan + S.E.M of
measurements from at least 4 guinea pigs.Test (morphine or WIN-55,212-5 treated) group,
(o) control (vehicle treated) group. *p 0.05 considered to be statistically significant. The N

value for each experimental set is 4.
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Figure 4.7Effect of 7-day morphine treatment on the hypothermic effectifferent doses of
WIN-55,212-2 challenge.

Assessment of the hypothermic effect of WIN-55,212-2 (ImgAkpdr 3mg/kg B] .body
weight) determined by rectal body temperature measuremidgpothermia was assessed at
baseline (0 min), 15, 30, 45, 60, 90 and 120 min after challenge dosgomjdtach point
represents the mean = S.E.M) (Test (morphine treated) groum)(control (vehicle treated)
group. *p< 0.05 considered to be statistically significant. The N valuedoh @xperimental set

ranges from 7 - 8.
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Figure 4.8Dose response curve of the maximal WIN-55,212-2 hypothermic dfidotving 7-
day morphine treatment.

Comparison of the maximal hypothermic effect of WIN-55,212-2 chadlgdgng/kg, 3mg/kg
and 6mg/kg) following 7-day morphine or vehicle treatment. Hypotleenvas assessed at
baseline (0 min), 15, 30, 45, 60, 90 and 120 min after challenge dosgomjdtach point
represents the mean + S.E.M of measurements from at leastebhqigs. ¢) Test (morphine
treated) group, d) control (vehicle treated) group. * 0.05 considered to be statistically

significant. The N value for each experimental set ranges form 4 - 8.
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CHAPTER FIVE: ASSESSMENT OF MOR AND CB; RECEPTOR DISTRIBUTION IN
THE LM/MP AND HYPOTHALAMUS FOLLOWING CHRONIC IN VIVO EXPOSURE

TO OPIOID OR CANNABINOID RECEPTOR AGONISTS.

|. Abstract

Cellular co-localization or co-expression of receptors is coresid® be one of the pre-
requisites for intracellular interaction of signaling systelRew studies to date have assessed the
relative distribution and/or possible co-localization of;@Bnnabinoid receptor and mu-opioid
receptor (MOR) in either the LM/MP or hypothalamus and whetinemot this characteristic
could be related with the qualitative nature of the tolerance toyfathermic or gastrointestinal
inhibitory effects that are observed following chronic opioid or cannabiegposure. The
candidate previously reported that chronic administration of morphisalted in the
development heterologous tolerance in the LM/MP model while chronikl-3%,212-2
treatment not only evoked homologous tolerance associated with are&fiétion in CB
receptor protein. Based on these data and the closely relatesirgastinal inhibitory effects
observed with both opioids and cannabinoids, the candidate hypothesized that sldastantial
co-localization of MOR and CBreceptors in the LM/MP. Furthermore since the hypothalamus
is a common locus for the regulation of body temperature througinrsgecific MOR and CB
receptor activation, also it was predicted that there would ng&xe co-expression of these
receptors in the hypothalamus. The present study used multiplexplmemunofluorescence to
examine the expression of MOR and Cceptors in the LM/MP as well as the preoptic

hypothalamic area, a key region responsible for regulation of botyetature. Results from the
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study revealed a comparable distribution of MOR and @eptors in both myenteric and
preoptic anterior hypothalamic neurons. In addition, the results dera@astextensive co-
localization of the receptors in both tissues. Up to 50% of the neaxpmessing MOR or CB
receptor protein in the LM/MP co-expressed both receptors whapeto 89% of hypothalamic
neurons co-expressed MOR and 0Bceptors. The receptor co-localization suggests that the
two receptor systems share a number of sites for convergematiaf that could serve as the
cellular basis of tolerance which include receptor-dependent arelfeptor-independent but

signaling pathway-dependent components.

[. Introduction

There is a growing body of evidence pointing toward convergence anthamatty of
activity between the MOR and the €Beceptor systems that may alter the cellular signaling
pathways involved in producing many of the effects including the develoipof tolerance.
There is also evidence for a similar neuroanatomical distoibuti cannabinoid and opioid
receptors within the ileum, vas deferens, caudate-putamen, dorsaldngpes; substantia nigra
and hypothalamus (Rosow et al., 1980; Ross et al., 1998; Rawls et al.{l210@rrelates with
common pharmacological effects, namely hypothermia, hypomotikifalepsy and decreased
gastrointestinal motility. Furthermore, some studies have repatedcalization of these
receptors in the superficial dorsal horn of the spinal cord (Hohnea al., 1999; Salio et al.,
2001) and caudate putamen (Rodriguez et al., 2001).

Our previous studies using the LM/MP model (CHAPTER THREE) tedeghe
development of heterologous tolerance following chronic opioid exposurectimtasted

distinctly with the receptor-specific alteration in responsiversesd reduction in CBreceptor
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protein levels following chronic cannabinoid exposure. Furthermore, presiodies assessing
the development of tolerance to the hypothermic effects of opioids and cannabinoid3TERIA
FOUR) seem to point to a possible interaction between the twensystince chronic WIN-
55,212-2 treatment appears to induce the development of heterologous toleratice t
hypothermic effect of morphine, though chronic morphine treatmentrddeseem to affect the
hypothermic potency of WIN-55,212-2. Based on these data and the deportelation of
neuroanatomical distribution and physiological effects betweena@® opioid receptors in the
LM/MP and hypothalamus, it was hypothesized that there is signtfico-localization of both
receptor populations in LM/MP neurons that provides a common sitellofacanteraction
between the opioid and cannabinoid receptor system (Rawls et al.,, 20€lR)larCco-
localization of cannabinoid and opioid receptors in the central nervotersygsd peripheral
neurons (Salio et al., 2001) is suggested to contribute to the cletsgdr physiological and
clinical effects (Manzanares et al., 1999) including analgdsypaothermia, gastrointestinal
inhibitory activity and the development of dependence and tolerancktrfian and Martin,
2005). Both cannabinoid and opioid receptor agonists reduce intestinahlperesttivity via
cannabinoid (CB and opioid (kappa- and mu-) receptor activation, respectivelydiest have
shown that activation of these receptors results in the inhibitiozlezse of acetylcholine from
myenteric ‘S’ neurons that are the motor neurons to the longitudmacle resulting in
decreased peristaltic activity (Coutts and Pertwee, 1997). BIARCB receptors are located on
the soma and reduce transmitter release by hyperpolarizatiopdmyng GIRK channels while
kappa opioid receptors are “presynaptic’ on the axon terminals ardade acetylcholine
release by inhibiting calcium influx necessary for tranwnitlease (Kojima et al., 1994; Coutts

and Pertwee, 1997). Approximately 15% of the myenteric ‘S’ moéarons (Dogiel type |) are
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reported to be cholinergic neurons and over 98% of these cholinergic neutbesguinea pig
have been reported to express,; C&eptors (Coutts et al., 2002). In contrast, only 43% (mostly
Dogiel type 1) of the cholinergic neurons express MOR (Ho et al.,, 2003 therefore
reasonable to assume that co-localization of MOR andr&&ptors within the same neurons is

likely to exist though the extent of co-localization is unknown.

The hypothermic effect of these agents is, at least inpadiated via the hypothalamus
(preoptic anterior hypothalamic area). Previous studies using amd rats have shown the
expression of MOR and GBeceptors within the anterior hypothalamic area (Rosow et al., 1980;
Rawls et al., 2002; Zheng et al., 2005). Furthermore, direct microonecfithe CB receptor
agonist WIN-55,212-2 into the preoptic hypothalamic area of the sabb&an associated with
acute hypothermia that can be abolished by the cannabinoid reespagonist rimonabant
(Rawls et al., 2002). Stimulation of opioid receptors has been shown uib iregeceptor-
dependent regulation of body temperature; MOR selective agonistsarappe induce
hyperthermia whereas KOR agonists produce hypothermia (Adler alhet,3.987; Spencer et

al., 1988).

In the current study the candidate assess MOR andr&ptor distribution in the
LM/MP and the preoptic anterior hypothalamic area. The adgastaf the guinea pig model
include the fact that it exhibits closer anatomical, physicklgneurological and developmental
similarities to the human which makes it an appropriate modes$témtying gastro-intestinal,
respiratory and opioid tolerance (Chavkin and Goldstein, 1984; Hunter £9@r., Gray et al.,
2001). In addition, the guinea pig does not exhibit an excitatory actia@pitbds and the

distribution of opioid receptors in regions of the CNS more clossbmeles that of human than
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that observed in the rat (Mansour et al., 1988; Bot et al., 1992). Howevenapmedrawback to
using the guinea pig as a model for CNS studies is the lackmprehensive information
outlining specific anatomical co-ordinates for different regiohshe brain. Only a handful of
atlases have delineated specific regions of the guinea pig brast are too general and predate
the current standards of comprehensive outlining of specific brgione (Rapisarda and
Bacchelli, 1977). The absence of specific stereotaxic co-orditat® hampered its favorability
as a model for assessing CNS effects; however, some stushesragpped co-ordinates for
specific areas of the brain including the hypothalamus, brainstemabréin and midbrain
(Luparello et al., 1964; Tindal, 1965; Voitenko and Marlinsky, 1993). Anotherbdmeikvis that

it is difficult to infer neuronal CNS projections in the guineafpagn those described for other
species since inter-species variability between neurons ofdhe type has been observed

(Livneh and Mizrahi, 2010).

In light of our previous studies that show a 32% reduction in @Beptor protein
following WIN-55,212-2 treatment (CHAPTER THREE), it was impottéo characterize the
possible changes in distribution and localization of MOR and f@Beptor expression and
investigate the possible presence and extent of co-localizatithre receptor populations. This
information will be critical in delineating the possible int#ians between the two receptor
systems in the regulation of body temperature and gastrointestioidity. Based on our
previous assessments in which WIN-55,212-2 pretreatment appears to iolduaace to the
hypothermic effect of morphine (CHAPTER FOUR) and the studibschwhave shown
expression of MOR and GBeceptors in the hypothalamus (Gulledge et al., 2000; Zherg et a

2005) and the fact that>-THC administration elevates pre-opiomelanocortin (POMC) levels i
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the hypothalamus, (Corchero et al., 1997; Manzanares et al., 1998), #&lssakypothesize
extensive co-localization of these receptor populations will beestith this region. The
experimental plan was based upon the following specific ai)n$o identify the distribution of
MOR and CBreceptors in the LM/MP and in the pre-optic anterior hypothalamus (PCaHd)
evaluate the presence and extent of co-localization of these rexaptareurons in these
regions.2) To determine whether chronic drug exposure would modify the abundance and/or
distribution of MOR and CB receptor positive neurons in the terminal LM/MP and

hypothalamus, and to assess whether the extent of receptor co-localization was altered.

The unavailability of reliable stereotaxic coordinates madwaperative for us to devise a
method for determining the location of the preoptic anterior hypathedaThe current study
employed antibodies targeting gonadotropin releasing hormone (GnRidynene primarily
expressed in the GnRH-secreting neurons mostly found in the preopeicor hypothalamus
(POAH), to identify this region in coronal sections of the guinea lpiain. A previously
published article outlining the stereotaxic co-ordinates of tip@thalamus was used as a basis
to confirm and locate the preoptic anterior hypothalamus (PORu)afello et al., 1964). The
current study demonstrates the presence of robust co-loaalizd4tMOR and CBreceptors in
both the LM/MP and POAH thereby providing further correlative ewidefor the possible
functional interaction between the MOR and ;Ciceptor systems that may relate to the

mechanism by which tolerance develops.
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[11. Experimental Protocol

1. LM/MP Preparation

The LM/MP whole mount preparation was prepared as outlined e@@HAPTER 2) by
obtaining segments of ileum that were flushed free of intestimadents and opened along it
mesenteric border, stretched and pinned in a chamber made ofgdsxigntaining Sylgard® to
which the segments were pinned for dissection. The whole mounésthem fixed in 4%
paraformaldehyde overnight prior to immunofluorescence probing witthapy and secondary
antibodies. Preliminary tests were performed to optimizectreentration of primary and
secondary antibodies to be employed (APPENDIX D). The ré&eptor was localized using a
rabbit primary polyclonal antibody directed against the C-teus(1:50 — Cayman, Ann Arbor,
MI) and the secondary antibody used was a donkey anti-rabbit FifQegate (1:100 — Jackson
Immunoresearch, West Grove, PA). MOR was detected using a gaoaryrpolyclonal
antibody directed against the C-terminus (1:50 — Santa Cruz Bioteghmn@anta Cruz, CA)
and the secondary antibody used was a donkey anti-goat Cy5-con{age@® - Jackson
Immunoresearch, West Grove, PA). LM/MP sections were incubatédl# Triton X-100 in
PBS for 25 min followed by three 10 min washes with PBS. Prior tmagpy antibody
incubation, the LM/MP tissues were blocked with donkey serum (109#)5onin and rinsed
using PBS. Thereafter, the tissues were incubated overnight irk@ito¢ anti-CB, and anti-
MOR primary antibodies in 2% BSA in PBS at 4°C. Following the ovétnigcubation, the
tissues were washed with PBS and then incubated for 4 h ixt@encontaining both Cy5- and
FITC-conjugated secondary antibodies targeting MOR andr&f®ptors, respectively. Negative
control experiments excluded the primary antibodies and thesde@vesligible faint labeling

due to non-specific binding of the secondary antibodies (Fig. 2.2). Fojancubation with the
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respective secondary antibodies, the LM/MP tissues were mountedies) slllowed to dry in

total darkness, then cover slipped and retained until viewing.

2. Preparation of Brain Sections

Animals were anesthetized and transcardially perfused as dutinreéHAPTER TWO.
In brief, animals were first anesthetized using Ketamine (8&miji)Xyalazine (15 mg/ml)
administered via intraperitoneal injection (0.10 ml/100 g body weighigwed by opening of
the chest cavity to expose the heart, Initial transcardial penfugas performed using PBS until
perfusate was clear and thereafter 4% paraformaldehyde pedased until the animal
extremities became stiff. Brains were then removed, postfixd&a paraformaldehyde for 24 h
and later immersed in PBS solution containing 25% sucrose prioctiorseg. The preparation
of brain slices and incubation of antibodies was performed as outhn€@HAPTER TWO.
Sectioning of the brain was executed using the Leica VT1000S vileadboan slicer (Leica
Microsystems, Bannockburn, IL) with the brain fully immersed itdd@BS. The resulting
sections of approximately 40m thickness were immersed and stored in cold PBS containing
0.1% sodium azide at°@ prior to immunofluorescence probing. Initial studies involved
attempting to outline and visualize the anatomical landmark stescin 13 coronal sections of
the cerebrum (Figs.4). This was accomplished by tagging:C8ceptor and MOR proteins with
near-infrared secondary antibodies as outlined in CHAPTER 2.iNfeared imaging of these
slices was performed using the Odyssey imaging syste@diBiosciences. Lincoln, NE) in an
effort to define the regions of greatest receptor density.

The first step in quantitative immunofluorescence imaging involvadtifgieng the brain

sections expressing GnRH, the preoptic anterior hypothalaméc raeeker. For these initial
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studies, sections (7, 8, 9, 10, 11 and 12) were used since these wereicaligtoetlevant

sections where the hypothalamus is located based on the grossrstafcthe cerebrum. For
subsequent experiments, only the brain slices that displayed GnRbhofiloorescence were
used for triple labeling studies targeting the GnRH,; C&eptor and MOR proteins. The
concentrations of primary and secondary antibodies used fpal@BMOR are identical to those
used for the LM/MP (see APPENDIX F). In addition, GhRH waslus® a marker protein for
the preoptic anterior hypothalamic neurons where the hormone is iegblugexpressed.

GnRH was localized using a mouse primary polyclonal antibody diregainst the C-terminus
(1:500 Santa Cruz Biotechnology, Santa Cruz, CA) and the seconddrgdgntised was a

donkey anti-mouse Cy3-conjugate (1:500 — Jackson Immunoresearch, West Grove, PA).

3. Confocal Imaging

A Zeiss® LSM 510 laser scanning confocal imaging system &aamscope were used
for image acquisition and processing of immunopositive neurons taggdte &-1TC- (CB),
Cy5- (MOR) and Cy3-conjugated secondary antibodies. In LM/MP ldbaling experiments, a
composite image targeting the FITC- and Cy5-conjugateseased simultaneously that could
be merged or separated and analyzed offline. For triple labelingreepés (using FITC-, Cy3-
and Cy5-conjugates), an initial scan was performed targetinQytBesnRH fluorophore so as to
identify the preoptic anterior hypothalamic area. Thereaftarpraposite image targeting the
FITC- and Cy5-conjugates was scanned simultaneously. All infagesslides were captured
using identical parameters for laser intensity, detector gainhgdan size and amplifier offset.
Co-localization in the brain tissues was only examined in braeasawhere GnRH-positive

neurons were detected.
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4. Assessment of MOR and CB;-lmmunopositive neurons

A qualitative analysis of the scanned images was used to detethre distribution
pattern and the extent of co-localization of MOR and, @& eptor-immunopositive neurons.
Cells were considered to be immunopositive if they expressed lyisietbctable fluorescent
labeling. Immunopositive neurons with bright to faint labeling werdyaed, because the faint
labeling may represent low protein expression in positively labeddld. The Zeiss® LSM
software was used to analyze the distribution and co-localizatiohGiR and CB receptor-
immunopositive neurons and Image J® software was used to quantdgribiy of the neurons
per defined unit area. The relative expression of co-localizslexpressed as a percentage of
the total population of neurons possessing both receptor proteins versusainase expressing
either MOR or CB receptor proteins only.

The density of immunopositive neurons was assessed by counting the noimber
immunopositive neurons in a manually circumscribed region of the miemenglia (i.e.
number of neurons/area of circumscribed region). The area dfirttienscribed region was
computed using Image J® software whereas the number of visuaigtatl@de immunopositive
neurons was counted manually. Neurons expressing both receptor protensouated
individually and converted to a density based upon the circumscribedeeaksated. The
relative expression of co-localized was expressed as a p&eeoitahe total population of
neurons possessing both receptor proteins versus those neurons expitssingOR or CB

receptor proteins only.
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V. Results

1. Assessment of MOR and CB; Receptor Protein Expressing Neuronsin theLM/MP

Representative images from whole mounts of the guinea pig LM/Kdwisg
CB; receptor and MOR-immunopositive neurons in the myenteric plexus areguiawi Fig 5.1.
The red immunofluorescence (Fig 5.1A) indicates MOR-expressing newluites the green
immunofluorescence (Fig 5.1B) depicts {Bceptor-expressing neurons. Neurons expressing
both receptor populations appear orange-yellow (Fig 5.1C) in color. Hrer@a number of
important characteristics observed from these tissues. As tedlica Fig 5.1A and Fig 5.1B
which depict MOR and CBreceptor-immunopositive-neurons, respectively, it appears that a
significant proportion of myenteric neurons actually express botleptec populations
simultaneously. It is also interesting to note that neurons exelyexpressing MOR protein
seem to reside predominately in the periphery of the myerganglion whereas neurons that
exclusively express GBreceptors appear to congregate in the central part of théagartis
distribution pattern was consistent in drug-naive, vehicle-tresi#d;55,212-2- or morphine-
treated animals. Finally, there appears to be some degreel@mfatization as indicated by the
high intensity of the orange-yellow color in Fig 5.1C. The co-loatibn observed (Fig 5.1C)
between the MOR and GBeceptor positive neurons further suggests that the two receptors a
co-expressed in some but not all myenteric neurons. The rasufig 5.1D show a similar
relative density of neurons expressing MOR or, @&eptors in the LM/MP as assessed using
Image J® software (16.7 vs. 14.3 neurang/ respectively; p >0.05). The density of neurons
co-expressing both GBand MOR receptors in drug-naive animals was 2.9 newrofsthich

translates to 17% and 20% of the total MOR o @eptor populations, respectively.
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Comparison of vehicle or WIN-55,212-2 treated groups (Fig 5.2A) showsatistisally
significant difference in the density of MOR-immunopositive (0.65), CB-immunopositive
neurons (p > 0.05) or neurons co-expressing both receptors. Similarbnicc morphine
treatment did not alter the relative density of MOR ;@Bmunopositive neurons or neurons co-
expressing both receptors. In tissues obtained from animals dilprireated with morphine
(Fig 5.2A) or WIN-55,212-2 (Fig 5.2B) or respective drug-free elehsolutions, the relative
density of neurons expressing either;@&eptors (F (4, 3) = 1.05, p = 0.45) or MOR (F (4, 3) =
1.43, p = 0.33) was similar in magnitude to that observed in naive an{figls5.1D).
Interestingly, in the preparations from vehicle and drugdteanimals, the relative percentage
of neurons co-expressing both families of receptors appears tdysligirease from the 20%
level seen in naive animals to around 50% in the preparations fratadranimals. Negative
controls showed faintly labeled neurons, possibly due to non-specifiagjrulit the signal was

not nearly as intense as that observed in the non-control test groups.

2. Assessment of MOR and CB; Receptorsin Hypothalamus

Following slicing of guinea pig coronal brain slices at the outlim@dral co-ordinates
(Table 5.1) the investigator incubated the slices with near-infearglodies targeting the MOR
and CB receptors. Qualitative analysis of these images show gemeeralistribution of the
regions positive for the receptors. Anatomical outlines of magions of the brain could be
visualized including the cortex, hippocampus and ventricles; these uwssad as reference
markers for other regions of the brain including the hypothalamus.

The first step in quantitative immunofluorescence imaging involvadtifgieng the brain

sections expressing GnRH, the preoptic anterior hypothalaméc raeeker. For these initial
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studies, sections (7, 8, 9, 10, 11 and 12) were used since these wermicatigtoelevant
sections where the hypothalamus is located based on the guxstarstiof the cerebrum. Initial
assessment of the coronal brain sections 7, 8, 9 10 and 11 (Fig 5.3tefehaum revealed that
the expression of GnRH was only detected in coronal sections 9, 10 afidg13.5). The
expression of GnRH was sparse in these regions with the greatesnofluorescence observed
in Coronal section 11 located -7.5 mm from bregma. Fig 5.5 shows exdenslocalization of
the MOR and CBreceptors in the preoptic hypothalamic area in coronal sectionssg&sgment
of the hypothalamic area expressing GnRH revealed the preserafmist immunoreactivity or
expression of MOR and GBeceptor protein (Fig 5.5). The area where GnRH was expressed
correlates with the location of the hypothalamus that has beemted in previous atlases
(Luparello et al., 1964). These data are consistent with previoggtyted data which reported
extensive CB receptor expression in the POAH (Rawls et al., 2002). Immunoflu@aresc
images of the cortex show no expression of the GnRH; however, sigores the MOR and
CB; receptors can be seen in this region (Fig 5.6).

As indicated in Fig 5.5B and Fig 5.5C which depict MOR and; G&ceptor-
immunopositive-neurons, respectively, there appears to be a signdegnete of co-localization
in the POAH as indicated by the high intensity of the orandglewecolor in Fig 5.5D.
Comparison of vehicle or WIN-55,212-2 treated groups (Fig 5.7B) shows nisticadty
significant difference the density of MOR-immunopositive (4.9 vs. 9> 0.05), Ck
immunopositive neurons (4.1 vs. 3.9; p > 0.05) or neurons co-expressing botbre26t vs.
2.9; p > 0.05). Similarly, chronic morphine treatment did not alterdlagive density of MOR
(3.9 vs. 3.2; p > 0.05), GBmmunopositive neurons (4.2 vs. 4.0; p > 0.05) or neurons co-

expressing both receptors (2.5 vs. 2.9; p > 0.05). Up to 89% of neurons in &i¢ GO
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expressed MOR and GBeceptors suggesting that there is substantial co-lotahzaf these

receptor populations in this region.

V. Discussion

The rapid development of subsensitivity to pharmacological effectepadid and
cannabinoid agonists like analgesia, hypomotility, hypothermia and iohilat gastrointestinal
motility following the chronic use of opioids and cannabinoids is d&tumented (Martin et al.,
2004; Bailey and Connor, 2005). There is increasing emphasis on the commoniaatom
distribution and shared cell signaling pathways between opioid and cannakeiceptbr systems
as potential overlapping sites for producing the pharmacologicatteftd each. Common
cellular effects include inhibition of adenylyl cyclase (Howhkatd Fleming, 1984), inactivation
of C&* channels (Rhim and Miller, 1994; Howlett et al., 2002), activation of the MAPK pgthwa
(Bouaboula et al., 1995), and activation of G protein-activated inwaegdlyfying potassium
(GIRK) channels (McAllister et al., 1999). Similar distribution @bioid and cannabinoid
receptors in the central nervous system (Rosow et al., 1980; Rassl®898; Rawls et al., 2002)
and their cellular co-localization (Salio et al., 2001) may alsatribute to the comparable
physiological and clinical effects (Manzanares et al., 1999)diad) dependence and tolerance
(Lichtman and Martin, 2005). Cellular co-localization of cannabinoid and cbpemeptors in
central neurons (e.g. the superficial dorsal horn of the spimdland the caudate-putamen) has
also been reported (Hohmann et al., 1999; Rodriguez et al., 2001; Salio et al., 2001). In this study
the candidate attempted to determine the distribution of neurons €rRgré&OR in relation to
those expressing GBeceptors in the LM/MP and preoptic anterior hypothalamic @€s\H)

in an effort to determine whether any distribution or alteratiorea@ptor properties might be
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associated with the development of tolerance that was observed iprdéli®us studies

(CHAPTER THREE and FOUR).

Our immunofluorescence data support the possibility of substanti@cabzation of
MOR and CB receptors since up to 50% of CBeceptor-immunopositive neurons also
expressed MOR in LM/MP preparations from treated animals and gneater percentages of
neurons expressed both receptor populations in the POAH. However fstldies would need
to be performed to verify whether the co-localization refleatede direct physical presence and
interaction in the same neurons or whether the cellular co-sxpnagpresented the presence of
heterodimerization between the receptor populations. The observed redncGé&a receptor
protein following chronic WIN-55-212-2 treatment does not seem ta alte relative
distribution of CB-, MOR- or CB/MOR co-expressing neurons and is further reinforced by the
similar pattern of distribution that was observed in drug-naivieicee and morphine-treated
groups. The absence of changes in density of neurons expressingc€ptors following WIN-
55,212-2 treatment in the presence of a significant reduction in @&alreceptor protein
observed in western blot studies could be due to a modest but unifornicedaodotal CB
receptor protein that does not substantially eliminate the receptorindividual neurons and,
therefore, would not alter the density of &#pressing neurons. Further studies would be
required to determine whether the mean integrated r€8ptor immunofluorescence intensity
levels per neuron was decreased and whether it corresponds to éneedb®duction in CB
receptor protein levels. While the fact that the expression of leceptors on the same neuron
does not automatically translate into heterodimers, the observeMQOR co-localization
suggests a common neuronal expression that may facilitate conwergetite two receptor

signaling pathways involved in regulating acetylcholine reledggproximately 15% of the
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myenteric ‘'S’ motor neurons (Dogiel type |) are reportedgalmlinergic neurons; over 98% of
these cholinergic neurons in the guinea pig have been reportegres®xXBreceptors (Coutts
et al., 2002) whereas 43% (mostly Dogiel type 1) express M@Re( al., 2003). It is therefore
reasonable to assume that co-localization of MOR andr&&ptors in the LM/MP is likely as
demonstrated by these studies which show up to 50% of the MOR andeTiBons co-
expressing both receptors in the LM/MP. The larger relative tyeosco-localized neurons in
vehicle and drug-treated animals compared to drug-naive antodts represent the impact of
treatment or could reflect the mere fact that differentpdesnor different areas of evaluation of
the stretch preparations were employed.

Assessment of the hypothalamic area expressing GnRH eevited presence of robust
immunoreactivity or expression of MOR and Ciceptor protein (Fig 5.5). The area where
GnRH was expressed correlates with the location of the hypothalthat has been reported in
previous atlases (Luparello et al., 1964). These data are alssteansvith previously reported
data which reported extensive CEceptor expression in the POAH (Rawls et al., 2002). The
presence of MOR and GBeceptor positive neurons in the preoptic anterior hypothalamus
(POAH) is consistent with effect of agents targeting theseptors in this brain region on
temperature regulation (Rosow et al., 1980; Rawls et al., 2002) andgsstent with the opioid-
induced analgesia and modulation of hormone release (Rang et al. 200bsEmeed co-
localization of MOR and CBreceptors points to a complex interplay between the two receptor
populations in the regulation of body temperature since MOR activdtas been shown to
induce hyperthermia while GBeceptor activation results in hypothermia (Rosow et al., 1980;
Adler and Geller, 1987; Rawls et al., 2002). Our results outlined in CERFFOUR show that

chronic WIN-55,212-2 treatment appears to induce the development of teletanthe
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hypothermic effect of morphine therefore suggests that thexe isteraction between the two
receptor systems in this particular pharmacological respamsentrast, morphine pretreatment
does not appear to affect the potency of WIN-55,212-2 to produce hypahefimis
asymmetrical development of tolerance suggests the possibilitgownstream-upstream
interactions between the two receptor systems. Cannabinoid recgpiista also interact with
the hypothalamic—pituitary-adrenal axis which regulates body tetyve through a number of
hormonal processes (for review see Murphy 2002).

The interaction of co-localized receptors may involve heterodzamson; studies in co-
transfected cells have reported heterodimerization of MOR andd&cBptors (Hojo et al., 2008)
but no reports have been made using animal tissues. HeterodimeraGPCRS, in general,
has been shown to stimulate complex novel signaling pathways éé&traign to each of the
individual receptors that can alter the potency of agonists targibisg receptors or instigate
several other effects including co-internalization (Pfeifferale 2003; Milligan et al., 2006).
Internalization of MOR with other G protein-coupled receptors asré@iimers has also been
reported to result in receptor desensitization (Pfeiffer ¢t28l03). The previously reported
heterodimerization of the MOR and €Beceptors (Hojo et al., 2008) in baby hamster kidney
(BHK) cells co-expressing both receptors may provide a lotus&vactivation could result in
internalization or uncoupling of GBMOR heterodimers as an adaptive response following
chronic agonist exposure which could have a significant impact on thee radtthe tolerance
that develops. This possibility is especially important when consgleéhe fact that both
systems have comparable physiological and pharmacologitedtsefand the fact that their
respective receptors have been identified to be co-localizéé isaime neurons. However, there

is need to perform further studies to ascertain whether thaation between the MOR and CB
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receptors is actually heterodimeric. Possible experimeatainiques that can be employed to
evaluate this possibility include co-immunoprecipitation, fluoreseeasonance energy transfer
(FRET) or high resolution electron microscopy.

In summary, the presence of MOR and,;C&eptors in the LM/MP and hypothalamus in
high abundance demonstrate the importance of endocannabinoid and opioid $ysteese
tissues. The substantial MOR and ;Ciceptor co-localization analysis in the LM/MP and
hypothalamus suggests that the two receptor systems share a mfirsibes including cellular
localization where convergence of action could serve as the cdimdas of tolerance for both
the receptor-dependent and/or receptor independent cell signaling apatependent
components. The fact that the two receptor populations exist sépasteell as together
potentially as heterodimers suggests that the expression dniodemay reflect the additive
effect of receptor-dependent and —independent components and that tike adldity of the
agonist to activate specific intracellular adaptive process®s involve the ability to interact

distinctly with heterodimeric receptors versus homomeric co-localexssptors.
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Figure 5.1 Representative images from whole mounts of the guimealepim showing
immunofluorescence in neurons expressing MOR andr&&ptors in myenteric ganglia.

Fig. 5.1A shows MOR-immunopositive neurons (red) only whereas Fig. ifudirates CB
receptor-immunopositive neurons (green) only. Fig. 5.1C shows a mergep idepicting
neurons in the myenteric plexus that are immunopositive for both MORCE, receptors. The
graph displayed in Fig. 5.1D shows a comparison of the density of MORCBndeceptor-
immunopositive neurons (number of immunopositive neurons per unit area) inyémgenc
plexus of drug-naive animals. The graph also illustrates the defsitgurons co-expressing
MOR and CB receptors. Each bar represents the med&.EtM of measurement of tissue

sections obtained from 3 guinea pigs. pd.85 considered to be statistically significant.
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Figure 5.2 Comparison of the density of MOR and, @&eptor-immunopositive neurons in the
myenteric plexus in vehicle- and drug-treated animals.

Fig 5.2A shows a comparison of the density of neurons expressing MOR; aeceptors, and
the density of neurons co-expressing both MOR and @Beptors in the myenteric plexus
samples from vehicle and morphine treated animals. Fig 5.2B cemffa@ same parameters
between tissues obtained from vehicle- and WIN-55,212-2-treated antBaals bar represents
the mean +5.E.M of measurement in tissues obtained from 3 guinea pigs0O@¥5<considered

to be statistically significant.
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Figure 5.3 Picture of the guinea pig brain.
The guinea pig brain in preparation for serial coronal sectioningdetdify areas of interest for
evaluation of receptor localization and distribution. Sections weraingiot and numbered

sequentially from rostral to caudal.
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Figure 5.4 Coronal sections of the cerebrum
Representative coronal sections representing serial section$31of the guinea pig brain
following incubation with infra-red antibodies targeting MOR and, @8eptors. Sections were

obtained and numbered sequentially from rostral to caudal.
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Table 5.1 Stereotaxic co-ordinates of coronal sections relative to bregma.
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Coronal section Position Relative To Bregma
Section 1 +5
Section 2 +4
Section 3 +3
Section 4 +2.5
Section 5 +1
Section 6 0
Section 7 -2
Section 8 -3
Section 9 -4.5
Section 10 -6
Section 11 -7.5
Section 12 -9
Section 13 -11
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Figure 5.5 Representative images of guinea pig brain sedsensl sections 9, 10 and 11)
showing immunofluorescence in neurons expressing MOR r&®ptors and GnRH presumed
to be in the hypothalamus.

A: GnRH-immunopositive neurons (blueB. MOR-immunopositive neurons (rediC CB;
receptor-immunopositive neurons (gree). merged image depicting both CBeceptor and
MOR-immunopositive neurons illustrating the significant co-loegion between the two
immunofluorescence marker&: merged image depicting immunopositive neurons expressing

MOR, CB, receptors and GnRH simultaneously.
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Figure 5.6 Representative images from brain sections showingnoflaorescence in neurons
expressing MOR, CBreceptors and GnRH in the outer cerebral cortex.

A: MOR-immunopositive neurons (red}. CB; receptor-immunopositive neurons (greed).
GnRH-immunopositive neurons (blu€): merged image depicting both Ciceptor and MOR-
immunopositive  neurons. Note the significant co-localization betweka two
immunofluorescence markers and the absence of any reactive proolucGrifRH-

immunopositive cells in the cerebral cortex.
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Figure 5.7 Comparison of the density of MOR and, @&eptor-immunopositive neurons in the
preoptic anterior hypothalamus of vehicle and drug-treated animals.

Fig 5.7A shows a comparison of the density of neurons expressing MOR; aeceptors, and
the density of neurons co-expressing both MOR and @Beptors in the preoptic anterior
hypothalamus in vehicle and morphine treated animals. Fig 5.7B contparesme parameters
between vehicle and WIN-55,212-2 treated animals. Each bar représemesan +5.E.M of
measurement in tissues obtained from 3 guinea pigs. A *p val0eD considered to be

statistically significant.
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CHAPTER SIX: CONCLUSIONSAND FUTURE DIRECTIONS

The development of tolerance following chronic treatment with glngga common
consequence of a number of drugs from several different clasBes. nature of tolerance,
whether homologous or heterologous, can be an important component optassen of the
altered phenotype that can be characterized by determiningathee of the specificity of
changes in responsiveness. The character of the tolerance tHapdgelso provides important
information regarding the most likely cellular and molecular adapthanges that occur to
account for the altered responsiveness. Homologous tolerance, whichllgemezurs within
min/hours, is mainly associated with receptor-dependent modifisatsuch as functional
uncoupling of the agonist-occupied receptor from G proteins, recepaorregulation through
internalization and degradation, or changes in the cellular componenificdpethe signaling
pathway that is activated. In contrast, heterologous tolerance dewelepsnuch longer time
periods (days/weeks) and is often characterized by non-recégp@ndent modifications in
global cell function (Taylor and Fleming, 2001). Chronic exposure todag#mnd cannabinoids
has been shown to result in adaptive changes in responsiveness thaedavattributed to
alterations in adenylyl cyclase and/or the coupling of the enzgritee cognate G proteins (s
proteins) which are responsible for mediating the action ofattieated receptor(s) (Nestler,
1993; Rhee et al., 2000; Gintzler and Chakrabarti, 2008). Cannabinoidntelehas been
suggested to be dependent on changes in protein kinase A (PKA), Se (kieaset al., 2003)
and also nitric oxide (Spina et al., 1998) whereas development of opio@ht@eappears to be
dependent on changes in protein kinase A (Nestler, 2001; Gintzler ahdakdrdi, 2008),
protein kinase C, or the level of the alplsaibunit of the sodium pump (Taylor and Fleming,

2001). Beta-arrestin mediated downregulation of opioid or cannabinoid recépiorging
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prolonged exposure to the respective agonists has also been proposé&dyataeet in the
development of tolerance though changes in receptor abundance are ssaoaligted with the
rapidly developing form of tolerance. The development of toleramcarinabinoids and opioids

is particularly intriguing because of the speed with which it manifests.

The remarkable similarities between the neuroanatomicalbdison of the MOR and
CB; receptor systems and the comparable physiological and cefligaaling pathways,
suspected to manifest in synergism of action or heterologous desgimsi depending on the
model of drug exposure, has led us to propose the possibility afiicsigt interaction between
agonists targeting the two receptor systems with respetietddvelopment of tolerance. The
development of heterologous tolerance to these agents would promptetheonaese higher
doses to achieve the same pharmacological effect, hence potentialipngas the expression of
a complex myriad of adverse events especially in terminkhljyatients (e.g. cancer patients
using morphine for pain and dronabinol for nausea). This is espea@lgrent for biological
effects where tolerance is not observed e.g. constipating and efietots of opioids. Several
methods have been proposed to combat the development of tolerance indledirsg tof low
sub-effective doses of synergistic drugs targeting diffgratitiways (Welch and Eads, 1999) or
instituting drug holidays to allow upregulation of receptors to regestreatment levels. Clinical
studies evaluating tolerance to the analgesic effect of opioids fteported attenuation of
tolerance upon concurrent use of agents like calcium channel bloakgrshalecystokinin
antagonists (Santillan et al., 1994; McCleane, 2003). In animal stideephosphodiesterase
inhibitor ibudilast (Ledeboer et al., 2007), or the intrathecal adtratien of magnesium and
zinc (McCarthy et al., 1998; Larson et al., 2000) have also beertgeé@s promising remedies

for overcoming opioid tolerance (McCarthy et al., 1998; Larson et al., 2000).
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Research on the possible mechanisms of tolerance associatedseguential or
concurrent use of cannabinoids and opioids is important to establish @adsiglinteractions
that may be involved with chronic use of these drugs. Based omtharisies between opioid
and cannabinoid distribution and signaling systems, and prewmioaso drug exposure studies
using the LM/MP model that have reported bidirectional heterologousitake (Basilico et al.,
1999) it was hypothesized:) that in vivo drug exposure would also result in bidirectional
heterologous tolerance; 2) that the qualitative characteristics of tleaiote expressed could
be used to define the cellular mechanisms most appropriate to explcnhamstically; 3) that if
homologous tolerance was displayed, it would employ a mechanism that invebegutor
regulation; 4) that co-localization of opioid and cannabinoid receptors to the seumns
could provide a basis for some cross-tolerance between agonists; and Heéhaechanisms
that underlie the development of tolerance need not be the sameffpitissue, drug or model
system studied

Complex interactions have been observed in tissue or cell modelsonsestéssing the
development of tolerance to the effects of opioids and cannabinoids ¢leapal., 2003;
Johnson et al., 2006). The task of dissecting the cellular pathways ihvslagre challenging
in in vivo models where complex neuronal interactions are vast and may canttioube
concurrent development of both receptor-dependent and —independent formsanté(@aylor
and Fleming, 2001). The fact thatvivo systems may involve multiple sequential sites at which
the same receptor may exert an action provides even greatglegdaynwhen considered within
the context of the question of whether the development of tolerance aitene a signaling
cascade would modify the development of tolerance at anothen $iite same cascade that uses

the same receptor. The current studies assessed the developnwdertaote after chronim
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vivo treatment cognizant of the intricate neuronal interactions ékist and may be altered
especially in the hypothermia and analgesia models. Though prestualiss have usdd vitro
drug exposure models (Basilico et al., 1999; Guagnini et al., 2006), tleatcstudy employed
in vivo exposure regimens which are more physiologically relevarth@gs account for the
complex interaction between the peripheral and central nervousmsyste regulating the
physiological effects assessed namely hypothermia, analyesigastrointestinal inhibition. The
in vivo drug exposure is also clinically relevant since it minihestherapeutic administration of
these agents. In these studies the guinea pig was chosen as amiba@ebasis of a number of
advantages that the animal model system offers. These incluticttipat this species exhibits
closer anatomical, physiological, neurological and developmentdastias to the human thus
making it an appropriate model system for studying gastroimébsrespiratory and opioid
tolerance (Chavkin and Goldstein, 1984; Hunter et al., 1997; Gray et al., 20@tdition, the
guinea pig does not exhibit an excitatory action to opioids and thebdigin of opioid
receptors in regions of the CNS more closely resemblesfitaé human than that observed in
the rat (Mansour et al., 1988; Bot et al., 1992). Use of the LM/MBtebinerve-smooth muscle
model also provides a model system that has been used for deradssess the development of
tolerance in ann vitro system followingin vivo treatment. Furthermore, this particular model
may be able to provide greater insight into possible neuronal ¢titara in the CNS since
similar neurotransmitters are found in both the enteric andater@rvous systems (Rang et al.
2007).

Data generated from studies investigating the characteresmtidsmechanisms of the
development of opioid and cannabinoid tolerance have often been contradictamlaigdous.

This confusion may be due, in part, to differences in the species @helsused for analysis,
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the dosage regimen employed to induce the change in responsiver#ss, vehether drug
exposure is accomplished vivo or in vitro. Heterologous tolerance, as evidenced by reduced
responsiveness to the analgesic effecABTHC, was observed in morphine tolerant mice
(Thorat and Bhargava, 1994). On the other hand, studies using rats obseopgbsite effect
(i.e. analgesic hypersensitivity) t-THC in morphine tolerant animals (Rubino et al., 1997).
Furthermore, the effect of chronic opioid exposure on the cannabinojtaep®pulation has
also provided varying results with decreases in; C&eptor levels observed in the rat
hippocampus (Vigano et al., 2003) and an increase in receptor levelscauttee putamen and
limbic structures (Gonzalez et al., 2005). Therefore, in spite obsttensive investigation that
has been done, the precise nature and mechanism of the interaetimesn the opioid and
cannabinoid systems and how those interactions impact upon the modifications in reapeasive
following chronic treatment remains elusive. Relatively fetudes have compared the
development of tolerance to the hypothermic, antinociceptive andnhieitory effects of
cannabinoids and opioids on ileum longitudinal muscle in the guinea pig. fRuotiee no
studies have explored possible opioid and cannabinoid receptor downregulation- or
localization of MOR and CBreceptors in the LM/MP and how such receptor localization may
impact upon the nature of tolerance observed in this animal modelhtrofithe controversies,
conflicts and limited data comparing the development of toleramlé@ving chronicin vivo
opioid or cannabinoid exposure, an experimental plan was developed to addi®gsothesis
that tolerance would appear similar between opioids and cannabindimsexperimental plan
was based upon the following specific ainis: To determine whether chronic in vivo exposure
to opioids or cannabinoids would result in the development of heterologous toletaice

extended to both agents; (2) To compare and contrast the effect ofcchrativo cannabinoid
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or opioid exposure on the sensitivity of the LM/MP to excitatory agéew@snicotine as a
possible clue towards cellular mechanisms; (3) To determine if chreemnabinoid/opioid
exposure results in changes in the MOR and @Reptor population; 4) To evaluate the
anatomical distribution of MOR and GBeceptor-positive neurons in the terminal LM/MP and
hypothalamus, and to assess possible receptor co-localization; 5)To evé#beateffect of
chronic drug exposure on the development of tolerance to the analgesic and hypo#fércts
of opioids and cannabinoid®esults from the present study clearly indicate that tleeaiction
between the endocannabinoid system and the opioid system is complexhaws the
importance of the neural context in which receptor activation octtwes.nature of tolerance
induced by chronic treatment appears to be dependent on the modelrplogeel as well as
the model being assessed.

The first section of the current study (CHAPTER THREE) evallithe development of
tolerance in am vitro LM/MP model whereas the second part focused on the phenomenon as it
developed inn vivo assessment models (hypothermia and analgesia). The impawbafcin
vivo opioid or cannabinoid pretreatment on the sensitivity of the LM/Mihhditory and
excitatory agents was evaluated. In addition, the effect of sigerposure on MOR and ¢B
receptor protein abundance and possible co-localization MOR andré€Bptors was also
determined. Behavioral assessment of the development of tolecangeared the effect of
chronic agonist exposure on the development of tolerance to the anagdshypothermic
effect of challenge doses of morphine and WIN-55,212-2. As an extensitre ai vivo
assessment, the studies evaluated the distribution of MOR apdeC&ptors in the preoptic

anterior hypothalamus (POAH), a key area involved in the regulation of body sgorper
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The in vitro LM/MP model was employed determine whether prolonged parenteral
treatment with either opioids or cannabinoids results in the developwhdoterance that is
qualitatively similar. Chronic drug exposure involved 7 twice dailgatipns of morphine or 5
daily injections of the cannabinoid receptor agonist, WIN-55,212-2, andrckemwas examined
and confirmed by comparing the ability of DAMGO, 2-chloroadenosineD@GAand WIN-
55,212-2 to inhibit neurogenic contractions of the longitudinal muscle/myenpeius
preparation (LM/MP). To investigate the potential cellular medms involved in the
development of tolerance, the studies assessed the sensitivity ot MHdP to the
neuroexcitatory substance, nicotine, and also evaluated the impaeanmdbinoid or opioid
pretreatment on MOR or GBeceptor abundance. Chronic morphine treatment resulted in the
development of heterologous tolerance that extended to inhibitory tggevosking through
activation of cannabinoid, opioid and adenosine receptors and increasedpibresieeness of
the LM/MP to the neuroexcitatory effect of nicotine. In contrastronic WIN-55,212-2
treatment resulted in subsensitivity only to WIN-55,212-2 and a reduntimaximum response
to both WIN-55,212-2 and DAMGO without any change in responsiveness to CABO
demonstrated in these studies, chronic morphine treatment did ndhalundance of either
MOR or CB receptor protein; this observation is consistent with the mamtenaf the
maximal inhibitory effect of DAMGO, and suggests that a naeptor dependent adaptive
mechanism is, at least in part, responsible for the developmentieodnice after chronic
morphine exposure. The fact that CADO appears to inhibit neurogetivatyathrough a
receptor-mediated effect with a cellular mechanism diffefirenm that of morphine (Meng et al.,
1997) suggests that the adaptation events induced by chronic morphine exposunevolve

some alteration in basic cellular function. The laboratory has pedpthet the non-receptor
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dependent changes underlying the heterologous tolerance involveah gepblarization of the
resting membrane potential (Meng et al., 1997) secondary to aioeductthe level of the
functional alphasubunit of N& K*-ATPase (Kong et al., 1997; Biser et al., 2002; Maguma et
al., 2010) which accounts for the reduced sensitivity to inhibitory agergtsDAMGO, CADO
and WIN-55,212-2) and the enhanced responsiveness to excitatory agents siatirze (see
Fig 6.1 for proposed pathways of opioid tolerance in the LM/MP). Hdeation in WIN-
55,212-2 maximal response could also have been caused by a non-recejbednshange
since the cannabinoid system in the LM/MP appears to have a low functierakrdsat may be
susceptible to chronic drug exposure (Basilico et al., 1999; Guagmhj 2006). Since chronic
WIN-55,212-2 pretreatment resulted in a reduction in @Reptor protein that was relatively
proportionate to the reduction in the maximal effect of WIN-55,212-2, it can be propasdilet
mechanism by which tolerance is induced by WIN-55-212-2 is receppmnrdent and that the
CB; receptor system in the LM/MP may possess a low functiorepter reserve as was
suggested followingn vitro exposure (Basilico et al., 1999; Guagnini et al., 2006). The
reduction in CB receptor levels is also consistent with previous studies which dé&ateds
robust cannabinoid receptor downregulation that occurs through beta@rarnestliated
desensitization, internalization and ultimately degradation (Ganeélal., 2005) (see Fig 6.2 for
proposed pathways of cannabinoid tolerance in the LM/MP). The WIN-55,2id.i2ad CB
receptor downregulation may involve at least two components; ortedaaclusively to CB
receptor downregulation that would be receptor-dependent and spea#artabinoid agonists
and the second one due to dual internalization of t€8eptors that are also coupled to MOR as
heterodimers that would be receptor-dependent but not specific tcbaamdaeceptor agonist

(Pfeiffer et al., 2003; Hojo et al., 2008). The fact that chronic cano@btreatment produces
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tolerance that is primarily homologous in nature compared toedteediogous form of tolerance
associated with chronic opioid exposure provided an important foundation upon which t
develop mechanistic studies. The MOR and, @®eptor co-localization analysis in the LM/MP
suggests that the two receptor systems share a number diositesivergence of action that
could serve as the common cellular basis of tolerance which inaadptor-dependent and/or
signaling pathway-dependent components. The fact that the twptoegopulations exist
separately as well as together potentially as heterodiseygests that the expression of
tolerance may reflect the additive effect of receptor-depenal@ht—independent components
and the relative ability of the agonist to activate specific intracelddaptive processes.

In thein vivo behavioral experiments, the development of tolerance to the anagesic
hypothermic effects of opioids or cannabinoids was investigated faljp@hronicin vivo drug
exposure. Since these studies were performed after the LM{MRSt one of the specific aims
was to assess whether the results would corroborate andatmmeth those observed in the
LM/MP model. These studies presented several unanticipated desdl@s the experimental
results began to accumulate. While chronic morphine treatment prdaetezdlogous tolerance
to the analgesic effects of morphine and WIN-55,212-2 in the hot qtatigesia tests, it could
not be assessed whether morphine pretreatment produced heterologoarscéoin the paw
pressure model since no analgesia was observed following WIN-55,21#l&nge. In contrast,
chronic WIN-55,212-2 pretreatment resulted in the development of apparertiogonmns
tolerance in the thermal analgesia test since morphine chalidgeot show a significant
difference between the control and test groups. Interestingly, chr@viiN-55,212-2
pretreatment also produced tolerance to morphine-induced mechanigalsandespite the fact

that WIN-55,212-2 did not produce analgesia in this model. The developmbatesblogous



183

tolerance to the analgesic effect (thermal) of morphine or-B8/212-2 following pre-treatment
with an opioid could have occurred through a variety of mechanismsin®@okes a direct
intracellular interaction whereby activation of either MOR d8; Ceceptors results in a non-
specific adaptive desensitization through sequestration;efpfateins thereby making them
unavailable to couple to any other receptors using the common pog} @rdteins (Vasquez
and Lewis, 1999) (Vasquez and Lewis, 1999). Thus, deactivation of both MORCB
receptor-mediated downstream signaling leads to the developimestierologous tolerance (i.e.
reduced responsiveness to agents utilizing different receptor populbtiorssmilar signaling
pathways). For this mechanism to be operative, however, it would be dependée co-
localization of MOR and CBreceptors in the same neurons. Co-localization of ©€Beptors
and MOR reported in regions responsible for pain regulation such aspbdicial dorsal horn
of the spinal cord (Hohmann et al., 1999; Salio et al., 2001) and caudatepyRodriguez et
al., 2001) seem to support this notion. Another possible scenario invohet®/ark interaction
between the two receptor systems whereby the cannabinoid inputingetha response resides
upstream of the site of action of opioid receptor activation suchdthanh-regulation of CB
receptors results in the reduced activation of the downstream opsiahsthereby leading to
the development of tolerance to the mechanical analgesic effeairphine. In support of this
idea are reports that show the attenuation’®THC analgesia by the selective opioid antagonist,
naloxone (Manzanares et al., 1999) and the fact Af&kHC administration elevates pre-
opiomelanocortin (POMC) levels in the hypothalamus (Corchero ét98l7; Manzanares et al.,
1998), and increases the expression of preproenkephalin in the PAG, spinal cord amnal striat
Unlike chronic WIN-55,212-2 treatment, chronic morphine treatment didinahtce

tolerance to the hypothermic effect of WIN-55,212-2. However, thenimat of the
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hypothermic effect of morphine in the guinea pig was not very ragbaking clear interpretation
of the development of tolerance to the response somewhat difficulfonfocal
immunofluorescence evaluation of the densities of neurons expres§iRyavid CB receptors
in the preoptic anterior hypothalamus (POAH), a key area regperisr the regulation of body
temperature, revealed extensive co-localization of the twopt@ceopulations suggesting
possible convergence and interaction between the two receptor systeams establishes a
platform for receptor-dependent and/or receptor-independent but sigpalimgay-dependent
interactions in the regulation of body temperature. The modestheyput effect produced by
morphine may not have been sufficient to trigger a pharmacologdagbtive response that
would extend the reduced responsiveness to the hypothermic effectNebMa12-2. This is
consistent with previously published data that show that the usenwhafly effective or sub-
effective doses of cannabinoids and opioids does not induce toleranah (&dl Eads, 1999)
and reinforces the idea that the development of tolerance is anvadaggponse of cells and
tissues to chronic agonist activation of receptors. In addition,aitle df tolerance to the
hypothermic response to WIN-55,212-2 could be due to the ability of morghast &t multiple
sites to modulate body temperature in both hypo- and hyperth&shions. Acute morphine
administration is associated with either hypothermic or hypenibeesponses depending on the
ambient temperature or receptor subtype activated. This sughastiheé action of morphine
may be mediated through multiple sites which may or may not involve only thehhigrous.

In summary, comparison of our behavioral findings with the LM/MP ddtaw sthat
nature of tolerance in one model cannot be inferred to another ev® isame species as
evidenced by the observation that morphine pretreatment produeesldgadus tolerance in the

hot plate and LM/MP models and homologous tolerance in the hypothermit wioldechronic
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WIN-55,212-2 treatment elicits homologous tolerance in the LM/MP haod plate but
heterologous tolerance in the paw pressure model. ifthgitro LM/MP data are most
qualitatively explained by the production of modification of celliulity following chronic
morphine treatment (Taylor and Fleming, 2001; Li et al., 2010) and oczcéptvnregulation
following chronic cannabinoid receptor agonist treatment (CHAPTERNn33ontrast, the data
obtained usingn vivo analysis suggests that the development of the phenomenon of tolerance
involves complex neuronal interactions and multiple cellular effgnzt may induce differential
functional tolerance in different models. Other studies hawe ralsorted the development of
both symmetrical (Hine, 1985; Thorat and Bhargava, 1994; Shapira et al., 26@3)
asymmetrical (Bloom and Dewey, 1978; Smith et al., 1994) interectbetween opioids and
cannabinoids suggesting that the diverse interplay between the tvptoresgstems might be
influenced by the cell/tissue/model system being employed anghtheneter(s) being assessed.
Such an interaction is particularly dependent upon the ability ofagjmmists to adequately
activate the receptors in appropriate regions to promote the dionutd the cellular processes
that are responsible for the development of tolerance. The difdreesults may be due to
different levels of enzymes or enzyme isoforms involved in thptagadesensitization process;
namely beta-arrestin, G protein-coupled receptor kinase (GRK), PK& and other kinases
(Bloom and Dewey, 1978; Hine, 1985; Smith et al., 1994; Shapira et al., 2003). Femnom
investigators have suggested various components of the cell sigppatihhnways as candidates for
the cellular locus of tolerance, including the protein kinases, adetydlases, transcription

factors and tyrosine kinases (Shapira et al., 1998; Shapira et al., 2003).
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|. Future Directions

In light of the differences observed in the development of toleraneeedetopioids and
cannabinoids in the various models, it can be concluded that the deealopfriolerance in
intact animal models is challenging to interpret because dbmplicated by the possibility of
intracellular or neuronal network interactions between the tweptec systems at multiple sites
and levels. These interactions could occur separately, in sequeinceandem creating intricate
interactionsin vivo. Hence, it is important to consider the neural context in whichptece
activation occurs in the interpretation of the results obtaibDgterences in the animal species
also make it difficult to compare results that have been compileather laboratories. In
addition, the inability to observe an alteration in responsivenesgieaflgi depends upon the
ability of an agonist to acutely produce a response through thersamerk that is employed by
the agonist used for chronic treatment.

The development of heterologous tolerance in the analgesia modsl fjosard possible
interactions of the opioid and cannabinoid systems in the differemansegesponsible for
regulation of pain namely the PAG, dorsal horn of the spinal cord, eaph¢éhe hypothalamus
(Tsou et al., 1998; Farquhar-Smith et al., 2000). Since studies have demonstratesteéheeeaf
both receptor families in these regions, it would be worthwhile to conduct a seerperiments
to ascertain whether co-localization and/or heterodimerizatioropodid and cannabinoid
receptors can be observed in these regions. Such information wouitida¢ io0 evaluating the
possible cellular interactions between these systems singardbence of heterodimers could
produce changes in responsiveness that appear to be non-selectigssd$mment of analgesia
and hypothermia used a non specific agonist (morphine) which taget81OR and KOR. The

fact that both of these receptors are involved in the regulationinfapa body temperature



187

(Rosow et al., 1980) makes it challenging to interpret the stterabetween the GBand the
two opioid receptors. This is particularly significant with espto the temperature responses
since MOR and KOR produce opposing changes on body temperature. Aexasgnation
using selective agonists targeting the MOR (e.g. DAMGOR (e.g. niravolinelJ50,488H)
as part of the treatment regimens and/or acute challengs dawdd potentially delineate
specific effects of the targeted receptor subtypes and howirtterpct with the cannabinoid
system. It would also be important to establish the ambient tatope at which a significant
and consistent hypothermic response is obtained. Subcutaneous and iotreglerdrug
administration used in the study did not target specific regiotissues hence the vivo results
were due to activation of a combination of both peripheral and canpats. In order to
determine the specific regions of the CNS involved in the developofetdlerance to the
hypothermic or analgesic effects, there may be need to colssgleotaxic microinjection into
specific regions of the brain; however, prior to those types ofestudithe guinea pig, there is a
more important need to develop a comprehensive guinea pig stereaiaxidirtates for the
relevant areas.

In our previous discussion (CHAPTER THREE), the candidate speculsaé€dince
cannabinoid treatment does not change the sensitivity of the LMdMRcotine, then it might
not alter the resting membrane potential as has been observedreiticanorphine treatment.
It may be worthwhile to pursue electrophysiological studies pboex this notion. Such studies
would clarify the involvement of a change in membrane potential ondéwvelopment of
tolerance. To investigate potential cellular pathways involveddardevelopment of tolerance, it
may be important to explore the impact of other key players kingses) proposed to be

involved; in vitro exposure studies using opioid or cannabinoid agonists in the presence of
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inhibitors of PKA, PKC, PKG or Src kinases could be vital inegsining the involvement of
kinases in the development of tolerance in the LM/MP model.

The effect of chronian vivo cannabinoid treatment on €Beceptor protein levels in the
LM/MP preparation was considerably different from that obsere#dwing chronic morphine
exposure. These differences might be due to subtle variability irsigmaling or coupling
pathways that are involved, as has been shown to occur with ligandentipsdy similar
signaling pathways (e.g. DAMGO induces greater MOR interatdin and the ensuing
desensitization is GRK2-dependent whereas morphine confers negligtbrnalization and
desensitization is PKC dependent (Johnson et al.,, 2006)). It has been prapasdois
difference in spectrum of actions could be due to differences imeteptor configuration
attained upon receptor activation, which determines the differeltvahstream effects (Violin
and Lefkowitz, 2007). It can be speculated that this could occur betweeviQReand CB
receptor systems investigated as demonstrated in previous s(8eaminath et al., 2004;
Rochais et al., 2007). The role of beta-arrestin in internalizatiaaey, development tolerance
and downstream signaling efficacy could also be affected bghtaeomenon known as ligand-
dependent signaling bias. Different receptor conformations mayenditferential assembly of
adaptor and scaffolding protein entities that determine the ratdrenechanism of the tolerance
that is expressed. The configuration attained by the @Beptor following WIN-55,212-2
activation might only be conducive to triggering selective siggadivents that precipitate €B
receptor-targeted homologous tolerance like receptor phosphorylatiompalization and
degradation, whereas that conformation induced by morphine-induced iantivdt MOR
induces differential pathways that result in heterologous talerdike differential protein

expression (e.g. reduction in alghsubunit levels of the N&* ATPase) or a change in
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membrane potential which alters cell excitability. The ligaexidence time at the receptor might
also contribute to the difference. WIN-55,212-2 is a highly lipophilic compthaids known to
have a high receptor residence or occupancy time whereasithence time for morphine at the
MOR is considerably shorter and thus may modify different iethalar processes which will
result in different characteristics of tolerance.

The data presented in this study provide support for the concept tltvilepment of
tolerance is a function of several converging influences angbjed to considerable variation
that may impact upon the cellular processes that are employedtit the adaptive response.
Delineation of specific mechanisms involved in the interaction betwaanabinoid and opioid
systems will represent an important advance in the knowledggdiinctional interaction in
these two systems. Furthermore, the data raise the posdihditguch differences in adaptive
responses to these agents could potentially be employed to lead to miodifitéhe therapeutic

management of patients with these agents.
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Figure 6.1 Proposed mechanisms involved in the development of tolematie longitudinal
muscle/myenteric plexus following cannabinoid exposure

Proposed mechanism of cannabinoid induced homologous tolerance in the ggihd4/NP
following chronic exposure to WIN-55,212-2. Treatment results in recelgfoendent adaptive
changes in the form of exclusive CBeceptor downregulation and gBIOR heterodimer

internalization.
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Figure 6.2 Proposed pathways for the development of opioid toleranttes itongitudinal
muscle/myenteric plexus

Proposed mechanism of opioid induced heterologous tolerance in the guiné&a/id®
following chronic exposure to morphine. Treatment elicits global reweptor dependent
adaptive changes (e.g. attenuation of sodium pump activity) thdtsres decreased sensitivity
to inhibitory agonists e.g. DAMGO and WIN-55,212-2and increased tsgtysto excitatory
agent like nicotine. A negligible reduction in MOR is expectedes morphine exhibits a low

MOR internalization efficacy.
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X A: ANIMAL CARE AND USE COMMITTEE APPROVAL LETTER

,@' East Carolina University.

January 27, 2010

David Taylor, Ph.D.
Department Pharmacology
Brody 6S-10

ECU Brody School of Medicine

Dear Dr. Taylor:

Your Animal Use Protocol entitled, "Cell Signaling and Tolerance to Drugs,”" (AUP
#W201b) was reviewed by this institution's Animal Care and Use Committee on 1/25/10.
The following action was taken by the Committee:

" Approved as submitted”
Comments for consideration:

1. Please consider using the tissues from the animals from the behavioral studies for the
histological studies. As written, they are two separate groups.

2. Remember to contact Dale Aycock at 744-2997 prior to biohazard use.

3. There was some uncertainty as to how the fixed drug content of the pellets would allow
dosing on a per gram body weight basis. As a pharmacologist, we assume you have an
approach for this issue.

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol.
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies.

Sincerely yours,

JULECnd 2V

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/jd

enclosure

st Caroline {niversity is 4 constinumt

insvivusion of tht Unnbaersity of North

Caraling. dn rqual oppormunity wniversity.
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APPENDIX B: PROTEASE INHIBITOR BUFFER

Protease I nhibitor buffer (PIB)

PMSF (Phenylmethyl Sulfonyl Fluoride)
35.6 mg into 1 ml of isopropanol (concentration = 204mM), this is more

concentrated than Sigma recommends but it will get into solutidreaiing it at
55°C for 5 min.

Bacitracin

50mg added to 500ul of @B then add an additional 500ul to of giHto bring it
to 1ml; this can be heated at’65for 10-15 minStore the remainder at XD

4-Aminobenzamide
50.4mg into 1ml of dbD (concentration = 242 mM)

EDTA
46.53g into 500ml of dpO for a concentration of 250mM, pH to 8.0

Working solution (make up daily for use)

0.5ml PMSF for a final concentration of 4.08mM

500ul Bacitracin for a final concentration of 1mg/ml

100ul 4-Aminobenzamide for a final concentration of 1mM
2.14g Sucrose for a final concentration of 0.25M

1ml EDTA for a final concentration of 10mM

Bring up to 25ml with dBEO




APPENDIX C: WESTERN BLOT BUFFER SOLUTIONS

Western Blot Buffer solutions

10X Running buffer
30.28 Tris-Base
150.14g Glycine
10.00g Sodium Dodecyl Sulfate (SDS)
pH to 8.6 and adjust volume to 1000ml
Dilute 1:10 in dHO for working solution

Transfer Buffer
2.9 Glycine
5.8Tris-Base
0.37 g SDS
200 ml Methanol
pH to 8.3 and adjust volume to 1000ml.

10X Phosphate Buffered Saline (PBS)
80.00g NacCl
2.00g K Cl
14.40g NaHPO,
2.40g KHPO,

pH to 7.4 and adjust volume to 1000ml

Phosphate Buffered Saline — 0.1% Tween 20 (PBS-T)
100ml 10X PBS
1.0ml Tween 20
Bring to 1000ml with dBHO

Sample buffer (Laemmli, 1970)
295.5mg Tris-HCI (pH 6.8)
0.6g SDS
3.0g Glycerol
0.0003g Bromophenol Blue
Bring to 28.5ml — this is a stock solution

Working solution
950ul of Sample Buffer Stock
50ul of -mercaptoethanopME)
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APPENDIX D: IMMUNOFLUORESCENCE BUFFER SOLUTIONS

| mmunofluor escence buffer solutions
Solutions for

10X Phosphate Buffered Saline (PBS)
80.00g NacCl
2.00g K Cl
14.40g NaHPO,
2.40g KHPO,

pH to 7.4 and adjust volume to 1000ml

4% Para-formaldehyde in 1X PBS (Fixative solution)
100ml 10X PBS (heated to 45 -€)
409 Para-formaldehyde
Bring to 1000ml with dBHO

Phosphate Buffered Saline — 0.1% Sodium Azide
100ml 10X PBS
1.0g Sodium Azide
Bring to 1000ml with dBHO




APPENDIX E: ANTIBODIESUSED FOR WESTERN IMMUNOBLOTTING

Antibodies used for Western mmunoblotting

Protein of Interest:
Host

Dilution

Antibody Source

Protein of Interest:
Host

Dilution

Antibody Source

Protein of Interest:
Host

Dilution

Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Primary Antibodies

Cannabinoid receptor subtype 1 (Cat. # 10006590)
Rabbit
1:200

Cayman, Ann Arbor, Ml (Cat. # 10006590)

mu-Opioid Receptor (MOR) (Cat # AB5511)
Rabbit
1:2000

Millipore, Burlington, MA

GAPDH (Cat. # MAB 374)
Mouse
1:60 000

Millipore, Burlington, MA

Secondary Antibodies

Donkey anti-rabbit IRDye 800
1:20 000 (for CBreceptor)
Li-Cor Biosciences (Lincoln, NE)

Donkey anti-rabbit IRDye 800
1:60 000 (for MOR)
Li-Cor Biosciences (Lincoln, NE)

Donkey anti-mouse IRDye 800
1:60 000 (for GAPDH)
Li-Cor Biosciences (Lincoln, NE)
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APPENDIX F: ANTIBODIESUSED FOR IMMUNOFLUORESCENCE

Antibodies used for | mmunofluor escence

Protein of Interest:
Host

Dilution

Antibody Source

Protein of Interest:
Host

Dilution

Antibody Source

Protein of Interest:
Host

Dilution

Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Secondary Antibody:

Dilution
Antibody Source

Primary Antibodies

Cannabinoid receptor subtype 1 (Cat. # 10006590)
Rabbit
1:50

Cayman (Ann Arbor, Ml)

mu-Opioid Receptor (Cat. # Sc-7488)
Goat
1:50
Santa Cruz Biotechnology (Santa Cruz, CA)

Gonadotropin Releasing Hormone (Cat # sc-32292)
Mouse
1:500

Santa Cruz Biotechnology (Santa Cruz, CA)

Secondary Antibodies

Donkey anti-rabbit FITC-conjugate (Cat. #711-095-152)
1:100 (for CB receptor)
Jackson Immunoresearch (West Grove, PA)

Donkey anti-goat Cy5-conjugate (7Cat. # 705-175-003)
1:100 (for MOR)
Jackson Immunoresearch (West Grove, PA)

Donkey anti-mouse Cy3-conjugate (Cat. # 715-165-150)
1:500 (for GnRH)
Jackson Immunoresearch (West Grove, PA)



