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Pharmacology

The varied behavioral effects of kappa opioid receptors (KOR) are mediated through different
signaling cascades. KOR activation of G protein-dependent signaling results in analgesia, whereas the
dysphoric effects are mediated by a different pathway involving G protein-coupled receptor kinase (GRK)
and arrestin. Therefore, a partial KOR agonist that does not efficiently activate arrestin-dependent
signaling may produce analgesia without dysphoria. No selective KOR partial agonists are currently
available, and preclinical assessment is complicated by sequence differences between rodent (r) and
human (h) KOR. KOR antagonists are also of therapeutic interest for their potential anxiolytic and
antidepressant effects, but many KOR antagonists have long durations of action resulting from selective
activation of cJun kinase (JNK).

In this thesis, I compared the signaling events initiated by agonist stimulation of hKOR and rKOR.
Although a partial agonist at both hKOR and rKOR, pentazocine was more potent at activating p38
MAPK in hKOR than rKOR expressed in HEK293 cells. In contrast, pentazocine was equally potent for

arrestin-independent activation of ERK1/2 in hKOR and rKOR. There were no potency differences



between hKOR and rKOR in U50,488 activation of ERK1/2 or p38 MAPK. hKOR lacks the Ser369
phosphorylation site in rKOR required for GRK/arrestin-dependent p38 activation, but mutation of the
Ser358 to asparagine in hKOR blocked p38 activation without affecting the arrestin-independent
activation of ERK1/2. Although pentazocine is dysphoric in humans, an analgesic dose of pentazocine
failed to produce KOR-dependent aversion in C57BI/6 mice, consistent with its lower potency of p38
activation of rKOR. This study shows that hKOR activates p38 MAPK through a phosphorylation and
arrestin-dependent mechanism; however ligand directed signaling differences have important implications
for preclinical screening of partial KOR agonists.

This thesis also includes contributions to other studies on opioid receptor signaling. This includes:
characterizing an antibody selective for MOR phosphorylated at Thr370 and Ser357, which are implicated
in MOR desensitization; radioligand binding studies demonstrating that norBNI does not change the drug
binding site of KOR in vivo; and development of lentiviral vectors expressing KOR which were used to

show that KOR expression in the dorsal raphe is sufficient for KOR-mediated analgesia and aversion.
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Introduction to opioid receptors and regulation of G protein coupled

receptor signaling

The most common primary complaint at medical appointments is pain, with pain medication sales
over $8.0 billion annually in the US. Opioid analgesics are the benchmark against which other drugs are
measured for the treatment of moderate to severe pain (Kivell 2010). Cultivation of opium poppy dates to
at least 3000 BC in Mesopotamia, and records of medical use date to at least 1500 BC in Egypt. By the
13" century AD opium had spread throughout Europe and Asia, with records of abuse as early as the
1500s (Brownstein 1993). Morphine was isolated from opium in 1804; since then one of the aspirations
of medicinal chemistry has been development of a nonaddictive opioid. Heroin, now DEA schedule I,
was synthesized in the late 1800s as a result of these efforts and initially marketed as a nonaddictive
alternative to morphine. With the realization that there was in fact more than one opioid receptor (Martin
1976), focus shifted onto the effects of the different opioid receptors. Kappa opioid receptor agonists
have been of interest as a potential nonaddictive opioid analgesics since their discovery, but although they
lack the addictive potential of mu opioid receptor agonists such as morphine, their clinical potential has

been limited by dysphoric and hallucinatory effects (Millan 1990, Kivell 2010).

Introduction to opioid receptors

The opioid receptors (y, k, and 8) are members of the y-subfamily of class A (rhodopsin-like) G
protein coupled receptor (GPCR) (Fredriksson 2003). The opioid receptors share approximately 60%
amino acid sequence homology overall, with the greatest similarity in the transmembrane domains
(~75%) and the greatest divergence in the extracellular domains (~35-40% sequence homology) (Satoh
1995). All three opioid receptors are primarily Gi/Go coupled, decreasing cell excitability. Activation of
all three types of opioid receptors produces analgesia but also produces additional and sometimes

opposing effects, including changes in mood, anxiety state, and stress response.



Their endogenous ligands are opioid peptides processed from the precursors prepro-
opiomelanocortin  (B-endorphin and met-enkephalin), preproenkephalin (leu-enkephalin and met-
enkephalin), and preprodynorphin (the dynorphins and leu-enkephalin) (Akil 1984). pB-endorphin has
higher affinity for the p opioid receptor (MOR) than the & opioid receptor (DOR), and the lowest affinity
for the k opioid receptor (KOR). The enkephalins have higher affinity for DOR than MOR, and little
affinity for KOR. The dynorphins (dynorphin A, dynorphin B, big dynorphin, a-neo-endorphin, and f-
neo-endorphin) and have the highest affinity for KOR, although they also have lower affinity at DOR,

MOR, and the NMDA receptor (Chavkin 1982).

The opioid receptors are expressed throughout the central and peripheral nervous system but
differ in their distribution within these regions. KOR is found in the cortex, hippocampus, amygdala,
thalamus, midbrain, brainstem, and basal ganglia (Mansour 1987, 1996). KOR is expressed in the
peripheral nervous system in nerve terminals of sensory neurons and in cell bodies of the dorsal root

ganglia and trigeminal ganglia (Peckys 1999, Rau 2005).

In addition to analgesia, MOR produces euphoria, constipation, and respiratory depression.
While most clinically used opiates act primarily through MOR, the high potential for abuse of MOR
agonists and side effects of constipation and respiratory depression limit safety and compliance (Bohn
2006, Vanderah 2010). In addition to producing analgesia, DOR selective agonists are anxiolytic
(Baamonde 1992, Jutkiewicz 2006) and proconvulsive (Tortella 1983, Jutkiewics 2006). KOR-selective
agonists produce also produce analgesia, but do not produce constipation, respiratory depression, or
euphoria at analgesic doses and are thought to have a lower abuse potential (Porreca 1983, 1984,
Shippenberg 1986, Unterwald 1987, Field 1999). Clinical use of KOR agonists as analgesics has been
limited however by their propensity to cause sedation, dysphoria, anxiety, and perceptual disturbances
(Pfeiffer 1986, Rimoy 1994, Walsh 2001). The anxiogenic and aversive effects of KOR agonists have
also been observed in a variety of rodent models, including the elevated plus maze, conditioned place

aversion, intracranial self-stimulation reward threshold, and the forced-swim test (Mucha 1985, lwamoto
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1985, Mague 2003, Todtenkopf 2004, Carlezon 2006, Knoll 2007). These models have provided useful
tools to probe the neurocircuitry and molecular signaling underlying these effects. If the negative effects
of KOR activation could be dissociated from the analgesic effects, KOR agonists would have significant

clinical potential.

Classic G-protein coupled receptor signaling

Over 25% of drugs target rhodopsin family GPCRs (Overington 2006). Classically, activation of
GPCRs are thought to activate downstream signaling cascades via activation of heterotrimeric G proteins.
Agonist binding to the receptor promotes a conformational shift from an “off” state to an “on” state,
allowing the receptor to act as a guanine nucleotide exchange factor (GEF), catalyzing exchange of GTP
for GDP bound to the Ga subunit (Johnston 2007). This results in dissociation of the Go, subunit from the

GBy subunits, allowing them to modulate downstream effectors. The Gy subunits form a high affinity

dimer and only dissociate under denaturing conditions.

To date, 21 Ga, 6 G, and 12 Gy subunits have been identified. The Ga subunits fall into four
classes: the Gai family (including Gai, Gao, Gat, Gagust, and Gaz) which regulate potassium and
calcium channels and decrease cAMP via inhibition of adenylyl cyclase and activation of
phosphodiesterase; the Gos family (including Gas and Gaolf) which increase cAMP via activation of
adenylyl cyclase; the Goq family (including Gaq, Gall, and Gal4-16) which increase intracellular
calcium via activation of phospholipase C (PLC); and the Ga12/13 family, which activate members of the
Rho family of small GTPases (Oldham 2008). The functional differences between the different G and
Gy subunits are not well characterized but have been implicated in regulating downstream event including

G protein-coupled receptor kinase (GRK) recruitment (Daaka 1997).

The heterotrimeric G proteins are post-translationally modified with fatty acid chains to promote
membrane association. With the exception of Gat, the Ga subunits are palmitoylated. Gai subunits are

also myristylated, which is irreversible unlike palmitoylation. Ga. subunits are comprised of a GTPase



domain, which also serves as the interface for interaction with GBy, GPCRs, and effector proteins, and a
helical domain which acts a cap over the nucleotide binding pocket. The G subunit is a B-sheet
propeller structure with 7 WD40 sequences. The N termini of the G and Gy subunits forms a coiled-
coil, while the C terminus of the Gy subunit binds part of the Gp B-propeller. The Gy subunit is
prenylated, promoting membrane association of the GPy dimer. GPCR activation catalyzes release of
GDP from the nucleotide binding pocket of the Go. subunit, which is rapidly replaced by GTP due to the
higher amount of GTP within cells relative to GDP. GTP binding leads to a conformational change in the
Go subunit, leading to dissociation from the GPCR and GPy subunits and exposing portions of Ga
subunit which associate with and regulate downstream effectors. There is little evidence of a major
conformational change in Gy, and activation of signaling is thought to be a result of exposure of effector

binding domain which were occluded by Ga binding. (Johnston 2007, Oldham 2008.)

The freed GPy dimers also recruit GPCR kinases 2 and 3 (GRK2/3) to the cell membrane.
GRK2/3 then phosphorylates activated receptors, usually at multiple sites within the carboxyl tail of the
receptor, allowing recruitment of arrestin and initiating receptor desensitization. The general structure of
the GRK family of proteins consists of an amino terminal 25 amino acid region specific to the GRK
family, a regulator of G protein (RGS) homology domain, an AGC kinase family serine/threonine kinase
domain, and a domain which regulates the membrane association and varies between different GRK
proteins. In GRK2/3 this carboxyl-terminus includes a 125 amino acid sequence which interacts with the
freed Gy subunits which are localized to the plasma membrane near activated receptors. Unlike most
AGC kinase proteins, the GRK kinase domain is opened and disordered; it is thought that this domain is
rearranged to form an active kinase domain upon binding to active GPCRs. This rearrangement partially

underlies the specificity of GRK phosphorylation for active receptors. (Gurevich 2012, Hubbell 2003.)

The non-visual arrestins, arrestin-2 and arrestin-3, are ubiquitously expressed members of the

arrestin protein family and function as critical regulators of GPCRs. Canonically, arrestins bind to



phosphorylated receptors in the active state, uncoupling G protein signaling from GPCRs by sterically
blocking further G protein binding and activation by the GPCR (Krupnick 1997). Arrestin binding also
promotes receptor internalization by coupling the receptor to endocytic machinery, including clathrin
(Goodman 1996), clathrin adaptor protein-2 (Laporte 1999), and N-ethylmaleimide-sensitive fusion
protein (McDonald 1999).  Receptor endocytosis results in either receptor degradation and

downregulation or receptor resensitization and recycling back to the surface (Luttrell 2002).

Arrestin recruitment to the GPCR

Arrestin has two receptor sensors, an activation state sensor and a phosphorylation state sensor,
each of which can promote association with receptor at low affinity, but association of both sensors
causes a conformational change in arrestin leading to a high affinity association between arrestin and the
active phosphorylated receptor (Gurevich 1993, 1995). Arrestins therefore act as molecular coincidence
detectors, generally requiring both receptors to be in an active conformation and phosphorylated for a
high affinity association between arrestin and the GPCR, although the difference in affinity between
inactive unphosphorylated receptor and active phosphorylated receptor is not as high for the non-visual

arrestins (arrestin-2 and arrestin-3) as for the visual arrestins (arrestin-1 and arrestin-4) (Gurevich 2006).

Aurrestin is comprised of two domains comprised largely of B-sheets, with extensive interactions
between the domains including hydrophobic interactions, a polar core, and a three-element interaction
between the carboxyl tail and B-strand I and a-helix | of the amino domain. Crystal structures show that
in its basal inactive state arrestin is an elongated molecule, but based on current models the two domains
are thought to move during the conformational change upon receptor binding. Upon relief of the
constraints in the basal state, the flexibility of the position of the amino and carboxyl terminal domains of
arrestin relative to one another allows the molecular flexibility necessary for small family of arrestins

proteins to bind a large variety of GPCRs (Hirsch 1999, Vishnivetskiy 1999).



The amino domain B-strands V and VI and carboxyl domain B-strands XV and XVI function as
the activation sensors of arrestin and bind intracellular parts of the receptor which undergo
conformational changes upon receptor activation (Gurevich 2003, Vishnivetskiy, 2004). This association
presumably weakens the interaction between the two domains of arrestin. Lysines within the B-strand 1
of arrestin bind the phosphates attached to the receptor C tail (Vishnivetskiy 2000), destabilizing the
three-element interaction and guiding the phosphates to the polar core where they bind the positively
charged residues within the polar core. This destabilizes the polar core by leaving only the negatively
charged amino acids of the polar core which repulse each other and drives further movement of the
arrestin domains. These binding events and conformational changes combine to create a high affinity
between the arrestin molecule and the agonist bound active phosphorylated receptor which is primarily

destabilized by agonist dissociation and subsequent shift to an inactive receptor state.

The phosphorylation sensor of arrestin recognizes negative charges in close proximity (Gurevich
1993, 1995, Mendez 2000). This usually consists of two or more phosphates within the carboxyl tail of
receptors, but phosphorylated residues within other intracellular domains are capable of recruiting arrestin
to some receptors. Further, spatially constrained acidic amino acids have also been shown to contribute
to the negative charge required to destabilize the polar core of non-visual arrestins, and in the case of
some receptors such as the substance P and lutropin receptors (Mukherjee 1999, Richardson 2003) a high
concentration of acidic amino acids within the carboxyl tail paired with agonist activation is sufficient for
arrestin recruitment. In addition to residues within GPCRs which mediate binding to the phosphate and
activation sensors of arrestins, motifs have been identified within some GPCRs which act as brakes to
inhibit binding to arrestin and often require additional phosphorylation events to relieve this inhibition

(Whistler 2001, Kim 2004).

In addition to their canonical role in uncoupling GPCRs from G protein signaling and promoting
receptor internalization and recycling, the non-visual arrestin also function as scaffolds for a variety of

kinase signaling cascades including non-receptor tyrosine kinases and components of the MAPK cascades



(Gurevich 2003, Lefkowitz 2005). By serving as adaptors linking these cascades to GPCRs, arrestins
serve as signal transducers initiating GPCR signaling pathways distinct from those initiated by
heterotrimeric G proteins. In addition to coupling additional cascades to GPCRS, arrestin-mediated
signaling regulates the substrates of those cascades (Tohgo 2002, 2003, Luttrell 2003). The particular
mechanism by which the GPCR activates a kinase cascade affects the substrates of that cascade. In
addition, the same receptor-arrestin complex may be capable of initiating different events, depending on
the arrestin conformation induced. In the cases of the AT(1A) angiotensin receptor and the V2
vasopressin receptor, phosphorylation by GRK2 and GRK3 is required for arrestin-dependent receptor
desensitization while phosphorylation of GRK5 and GRK®6 is required for arrestin-dependent ERK1/2

activation (Kim 2005; Ren 2005)

Numerous sequences within arrestin-2 and arrestin-3 have been identified which are involved in
interactions of downstream effectors. Both arrestin-2 and arrestin-3 scaffold Rafl, MEK1, and ERK1 and
ERK2, to promote ERK1/2 activation (Luttrell 2001). The amino terminus of arrestin-2 contains proline
rich motifs which bind to Src (Luttrell 1999). The resulting activation of Src leads to dynamin
phosphorylation and regulation of endocytosis. Arrestin-mediated Src activation also leads to Ras-
dependent ERK1/2 activation. Arrestin-3, but not arrestin-2, scaffolds Askl, MKK4, and JNK3 to

promote JNK activation (McDonald 2000, Song 2009).

KOR signaling pathways

KOR activation leads to the activation of classic G protein-mediated signaling cascades. These
downstream effects include decreased cAMP via Gai-mediated inhibition of adenylyl cyclase (Konkoy
1989), and decreased cellular excitability through modulation of plasma membrane ion channels. KOR
decreases cellular excitability through inhibition of voltage-sensitive calcium channels (Macdonald 1986,
Gross 1987, Attali 1989) and GPy-mediated stimulation of G protein-coupled inwardly-rectifying

potassium channels (North, 1987; Sadja, 2002). Although KOR inhibits calcium channels on the plasma



membrane, KOR activation has also been shown to increase intracellular calcium through mobilization of

intracellular calcium stores (Spencer 1997; Pan 2003).

Following sustained activation, KOR undergoes desensitization similar to other GPCRs,
including uncoupling from G protein cascades and receptor internalization. KOR activation results in
GRK3-dependent phosphorylation of rodent KOR at the Ser369 residue within the C tail (McLaughlin
2003, 2004). Desensitization of KOR has been shown to require GRK3 and arrestin-3 in heterologous
expression systems (Appleyard 1999; McLaughlin 2003), and genetic deletion of GRK3 reduces the
development of analgesic tolerance to KOR agonists (McLaughlin 2004). Mutation of KOR(Ser369Ala)
also prevents desensitization of KOR (Appleyard, 1999; McLaughlin 2003) in heterologous expression

systems.

KOR also activates multiple MAPK cascades, including ERK1/2, p38, and JNK. KOR agonists
promote phosphorylation of ERK1/2 within 5 minutes via a Gpy-dependent mechanism which also
requires PI3-Kinase and PKC3 (Fukuda, 1996, Belcheva, 1998, 2005; Bruchas, 2006). Similar to other
GPCRs, ERK1/2 activation via KOR is biphasic and also includes a later phase of ERK1/2 activation
which requires arrestin-3 (McLennan 2008). The relative contribution of the early GBy-dependent and
late arrestin-dependent phases to the overall activation of ERK1/2 via KOR depends on the cell system.
The functional difference in ERK1/2 signaling via activation of these two mechanisms is unclear. KOR
activation of ERK1/2 has been demonstrated to regulate embryonic stem cell differentiation (Kim 2006)
and astrocyte proliferation (McLennan 2008), but the potential effects of KOR-mediated ERK1/2
activation have not been fully explored, given the wide range of cellular processes ERK1/2 has been

shown to regulate.

Stimulation of KOR has been shown to result in activation of p38 MAPK through arrestin-
dependent pathways rather than G protein signaling, and requires GRK3 phosphorylation of KOR at

Ser369 and arrestin-3 recruitment (Bruchas 2006). This signaling pathway is not required for the



analgesic effects of KOR agonists, which are primarily G-protein mediated. In contrast, p38 activation

mediates several therapeutically undesirable KOR induced changes in cellular signaling and in vivo.

KOR induced p38 activation is required for the increase in GFAP immunoreactivity and astrocyte
proliferation in the dorsal horn of the spinal cord following sciatic nerve ligation (Xu 2007). Activation
of p38 via KOR also results in a Src-dependent phosphorylation of the Tyrl2 residue of the Kir3.1
subunit of GIRK, resulting in GIRK desensitization, reduced potassium conductance through channel.
This phosphorylation event is also observed following sciatic nerve ligation, and may results in an
increase in cellular excitability (Clayton, 2009). KOR-induced p38 activation has been implicated in the
development of allodynia and hyperalgesia following sciatic nerve ligation (Xu 2007), possibly through

the mechanisms described above.

Disruption of the GRK3/arrestin-3/p38 signaling cascade via genetic deletion of GRK3 or
pharmacological inhibition of p38 also prevents the development of KOR-induced conditioned place
aversion and KOR-induced increases in swim-immobility, suggesting that p38 plays a role in the
dysphoric effects of KOR agonists (Bruchas 2007). Furthermore, lentiviral expression of KOR or mutant
KOR(Ser369Ala) specifically in the dorsal raphe of KOR-/- mice is sufficient to recover KOR thermal
analgesia in the warm water tail withdrawal assay. Lentiviral expression of wild type KOR, but not the
mutant KOR(Ser369Ala), recovers KOR conditioned place aversion, and this place aversion is blocked by
injection of the KOR antagonist norBNI into the nucleus accumbens. These experiments demonstrate that
activation of KOR specifically in dorsal raphe neurons projecting to the nucleus accumbens is sufficient
to produce KOR conditioned place aversion and confirm that phosphorylation of KOR at Ser369, which
results in p38 activation, is required for the aversive but not analgesic properties of KOR agonists (Land

2009).

Agonist stimulation of KOR has been demonstrated to cause cJun-Kinase (JNK) activation in

several heterologous expression systems and in vivo (Kam 2004; Bruchas 2007). JNK activation by KOR



agonists like U50,488 is pertussis-toxin sensitive but mediated by the GPy subunit rather than Gai.
Studies in COS-7 cells also implicate the tyrosine kinases Src and FAK, the Rho-subfamily GTPases Rac
and Cdc42, and the guanine nucleotide exchange factor Sos (Kam 2004). The downstream effects of

KOR agonist induced JNK activity are not currently understood.

Unexpectedly, the KOR selective antagonist norBNI has been shown to activate JNK in
heterologous expression systems and in vivo (Bruchas 2007, Melief 2011). This is in contrast to studies
showing that norBNI acts as an antagonist, rather than agonist, at KOR in multiple assays, including
GTPyS binding, adenylyl cyclase inhibition, ERK1/2 phosphorylation, p38 phosphorylation, and GIRK
conductance. NorBNI activation of JNK is not sensitive to pertussis toxin or inhibitors of Src or the small
GTPase Raf, demonstrating that norBNI activates JNK by different mechanism than prototypical KOR

agonists like U50,488.

Furthermore, JNK activation has been shown to be required for the unusually long-lasting effects
of norBNI. Despite evidence from in-vitro radioligand binding studies that norBNI is a competitive
antagonist (Takemori 1988, Smith 1990), norBNI blocks KOR agonist analgesia for over two weeks after
a single administration (Horan 1992, Bruchas 2007). This long lasting effect of norBNI is prevented by
pretreatment with short-acting antagonists which do not activate JNK, co-administration of JNK
inhibitors with norBNI, or genetic deletion of the JINK1 isoform (Bruchas 2007, Melief 2011). Therefore
norBNI is not simply a competitive antagonist as originally thought, but a collateral agonist which
selectively activates JNK. This collateral agonist activity at JINK has also been identified for other long
lasting KOR antagonists including JDTic and GNTI, which are structurally distinct from norBNI
(Bruchas 2007, Melief 2011). This leads to the hypothesis that norBNI-like antagonists uncouple KOR
from signaling via a JNK-mediated cascade resulting in a high affinity association between KOR and
another, currently unidentified, protein. The mechanisms of JNK activation by norBNI and receptor
uncoupling by norBNI-stimulated JNK remain unresolved, as does the question of why KOR agonists

such as U50,488 do not inactivate KOR through this mechanism.
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Based on the studies to date, KOR can activate at least three distinct signaling pathways. The
first is the canonical heterotrimeric G protein pathway with a myriad of effectors downstream of Gai and
GBy. This pathway regulates cellular cAMP, ion channel conductance, JNK activation by classic KOR
agonists such as U50,488, and rapid activation of ERK1/2. This is also the pathway which mediates the
analgesic properties of KOR agonists. The second pathway uses arrestin as a signaling scaffold, rather
than signaling through G proteins. Arrestin-dependent signaling cascades include p38 and the late phase
of ERK1/2 activation. Although the significance of the late phase of ERK1/2 activation is not well
understood, arrestin-dependent p38 activation has been implicated in the aversive effects of KOR agonists
as well as in the development of allodynia and hyperalgesia resulting from chronic KOR activation after
injury. Finally the most recently identified and least characterized pathway is G protein-independent
activation of JNK by collateral agonists/antagonists (i.e., norBNI) which results in receptor inactivation.
It is significant that different effects of KOR activation are mediated by distinct pathways, since ligands
which could selectively specific pathways might have therapeutic value. In particular, “biased agonists”
which activate G-protein signaling without effectively activating arrestin-mediated pathways would have
potential as analgesics lacking both the addictive properties of MOR agonists and the aversive properties

of traditional KOR agonists.

Ligand directed signaling

In traditional receptor theory, a receptor has a single active state which produces all signaling
events. Agonists and partial agonists are defined according to the degree to which they stabilize the
receptor active state after binding, but all stabilize (or not) the same receptor active state, while
antagonists bind without stabilizing the inactive state (Stephenson 1956, De Lean 1980, Black 1983). A
key concept in traditional receptor theory is intrinsic efficacy — the stimulus per receptor induced by a
ligand binding, and that this characteristic should be consistent for a ligand for all second messengers.
Apparent differences in downstream signaling are based on differences in the degree of receptor and

upstream effector activation required for an effect (threshold), the degree of coupling of that pathway to
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the receptor in the particular system being studied, and the amount of activated receptor required for
maximal signaling for a given pathway before a ceiling effect is reached (spare receptor). Furthermore,

the relative potencies and efficacies of different agonists should be consistent for all second messengers.

Increasingly data has amassed which does not fit this model. It is becoming increasingly evident
that GPCRs can have multiple active states which are differentially coupled to different second
messengers. Some active states may effectively promote signaling through all possibly second
messengers for a receptor, while other active states may only effectively activate a subset of these
pathways. Different ligands may stabilize different receptor active states, resulting in different intrinsic
efficacies for different signaling pathways depending on the particular active state stabilized. This
concept has several names: functional selectivity, biased agonism, agonist-directed trafficking of receptor

stimulus, protean agonism, and ligand directed signaling (Kenakin 2003, 2007; Urban 2007).

Examples of ligand directed signaling have been identified for a variety of GPCRs, and can be
achieved in diverse ways, highlighting the complexity of GPCR signaling (Urban 2007). Ligands may
differentially activate specific subtypes of heterotrimeric G proteins by stabilizing GPCR conformations
which preferentially couple to that subtype; this may include switching of G protein usage from the
typical G protein for that receptor. Ligands may also preferentially couple the receptor to G-protein
signaling, arrestin signaling, or other G protein and arrestin-independent signaling pathways. Ligands
may promote different conformations of arrestin bound to receptor, as a result of different receptor
phosphorylation events, with the result of downstream signaling. These events may be a result of ligands
inducing different conformations of the GPCR, or a result of ligands preferentially binding and/or

preferentially activating specific GPCR complexes (i.e. heterodimers).

The CB1 cannabinoid receptor can couple to Gs in addition to Gi, but agonist-specific differences
have been identified in coupling to the two systems. Differences have been identified between agonists in

their ability to couple CB1 to the different G proteins, with some agonists acting as partial agonists for
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both Gi and Gs activation and some acting as full agonists for both, but some agonist acting as full
agonists for one but partial agonists for another (Bonhaus 1998, Glass 1999). Furthermore, CB1 ligands
vary in their activity at specific Gi subtypes, and with some ligands acting as agonists for some Gi

subtypes but inverse agonists for other Gi subtypes (Mukhopadhyay 2005).

The efficacy of some D2 dopamine receptor agonists is also dependent on the assay used.
Dihydrexidine is a potent full agonist when measuring Gi-mediated inhibition of adenylyl cyclase, but a
partial agonist with low potency for stimulation of GIRK currents or inhibition of dopamine release. S-
(+)-N-propylnorapomorphine in contrast is effective at stimulation of GIRK currents and inhibition of
dopamine release but has low efficacy for inhibition of adenylyl cyclase (Kilts 2002). Similar differences
between D2 agonists have been observed when comparing adenylyl cyclase inhibition and ERK1/2

activation (Gay 2004).

The 5HT2C serotonin receptor activates phospholipase C and phospholipase A2 independent of
each other, and couples to inotisol phosphate production via phospholipase C activation and arachidonic
acid production via phospholipase A2 activation. The relative efficacy of agonists depends on which
pathway is measured, with some drugs acting as full agonists for arachidonic acid production but partial
agonists for inotisol phosphate production, while others are full agonists for inotisol phosphate production
but only partial agonists for arachidonic acid production (Berg 1998). These two signaling pathways have
also been shown to be differentially desensitized by different agonists (Stout 2002). Ligand directed
signaling through the 5HT2C receptor has been further shown to be isoform specific, with some RNA
edited isoforms of the receptor not having these properties (Berg 2001). Additionally, the 5HT2C
receptor are generally thought to couple to Gg/11, they also can couple to Gi/o, and the ability SHTC2C

serotonin receptors to couple to Gg/11 versus Gi/o is differently effected by the ligand (Cussac 2002).

The B2 adrenergic receptor stimulates adenylyl cyclase and ERK1/2 via Gs. Propranolol and

ICI118551 are traditionally considered inverse agonists, but have been shown to act as partial agonists for

13



ERK1/2 activation despite their inverse agonists effect at cAMP accumulation assays (Azzi 2003,
Galandrin 2006). Furthermore stimulation of ERK1/2 by propranolol via f2 has been shown to cause
changes in gene transcription (Baker 2003). These drugs also activate ERK1/2 through a different
mechanism from traditional B2 agonists and do not require heterotrimeric G proteins. Surprisingly,
propranolol and 1C1118851 still recruit arrestin to the receptor and arrestin is required for the activation of
ERK1/2 (Azzi 2003), indicating that arrestin can be recruited to the receptor independent of
heterotrimeric G protein activation. Studies using FRET technologies to assess CAMP activation, arrestin
recruitment, and receptor internalization of B2 adrenergic receptor agonists have also found that while the
efficacy for these pathways is proportional; for most agonists at the B2 receptor, there are a few ligands
with higher efficacies at arrestin-dependent pathways than would be predicted based on their efficacy at

G-protein dependent pathways (Drake 2008).

Cases of arrestin recruitment independent of heterotrimeric G protein activation have been
identified for other receptor systems as well. An analog of angiotensin Il has been identified which fails
to activate G protein signaling via the AT(1A) angiotensin receptor, but still causes receptor
phosphorylation and association with arrestin-2 (Qian 2001). This analog has also been shown to
stimulate arrestin-3 and AT(1A)-dependent chemotaxis (Hunton 2005). Ligand/receptor systems with the
reverse result have been observed as well. For instance the endogenous chemokines CCL19 and CCL21
are both efficacious agonists with similar potencies for Ca2+ mobilization via the CCR7 chemokine
receptor, but only CCL19 is effective and inducing receptor phosphorylation, recruitment of arrestin 3,

and receptor desensitization (Kohout 2004).

Ligand directed signaling has also been observed for opioid receptors, in addition to the case of
norBNI-like antagonist/collateral agonists described above for KOR. Morphine exhibits biased signaling,
preferentially activating G protein pathways via MOR but lacking efficacy at promoting GRK
phosphorylation and arrestin recruitment. Morphine fails to stimulate MOR phosphorylation, arrestin

recruitment, and receptor internalization, and morphine-induced tolerance is independent of receptor
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phosphorylation and arrestin. This is not a result of low efficacy in general, as morphine is not only a
highly efficacious analgesic, but equally efficacious to and in some cases more efficacious than other
MOR agonists which promote arrestin-dependent desensitization and internalization (i.e., fentanyl and
methadone) when G-protein dependent assays like GTPyS binding are used to measure efficacy.

(Whistler 1999, Chu 2008, Keith 1996, Johnson 2006, Zhang 1998.)

Differences in MAPK signaling have also been observed between MOR agonists. Both morphine
and fentanyl cause Gi-dependent JNK activation via MOR, but fentanyl activation of JNK requires
arrestin, whereas morphine activation of JNK is arrestin-independent (Melief, 2010). Morphine tolerance
in mice is also attenuated in JNK2 knockout mice or when JNK is inhibited, but fentanyl tolerance is
unaffected. Given the sequence similarities between MOR and KOR, it seems plausible that it may be
possible to identify KOR agonists which activate G-protein signaling and promote analgesia, but to not

activate the arrestin-dependent cascades which have undesirable effects.

Species differences in KOR

The majority of studies examining the signaling mechanisms of KOR-mediated aversion have
used mouse models, and most studies examining arrestin-dependent signaling by KOR have used cell
lines expressing the rat KOR sequence. The rat and mouse KOR sequences are highly homologous
(98.7% homology) with no differences in the intracellular or transmembrane domains, and the amino
acids at all but one sites of differences are highly similar in properties (i.e., charge and hydrophobicity).
They have lower homology to the human KOR however, with 94% homology between rat and human

KOR.

These differences between the human and rodent sequence include six amino acids within the
transmembrane domains which are different but similar in properties and six amino acids different in the
C tail of KOR of which three are non-conservative amino acid changes. The human KOR contains a

serine at the 358 position instead of an asparagine, a tyrosine at the 369 position instead of a serine, and
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an aspartate at the 374 position instead of a glycine. These differences change the GRK phosphorylation
site of KOR and add an additional negative charge to the C tail in the human receptor. The rodent KOR is
phosphorylated by GRK3 at Ser369, but in the human sequence this residue is a tyrosine, which is not a
substrate for GRK proteins. The human receptor has been shown to be phosphorylated by GRKs at
Ser358 instead (Li 2002); in rodents this site is an asparagine and not a GRK substrate. While it is not
fully understood how the change in phosphorylation site affects the conformation of the KOR-GRK or
KOR-arrestin complex, the alteration of the molecular environment of the GRK site has the potential to

alter the interaction of KOR with GRK and arrestin.

Most studies examining GRK phosphorylation of the human receptor and subsequent arrestin
recruitment have focused on KOR desensitization and internalization (Liu-Chen 2004). Agonist
stimulation of human KOR induces GRK3 phosphorylation at KOR(Ser358) and arrestin-dependent
receptor desensitization and internalization (Li 1999, 2002 ), similar to rodent KOR, but the efficacy of
agonists for inducing desensitization and internalization is different for rodent and human KOR. Higher
concentrations of the agonists dynorphin-A(1-17) and U50,488 are required to induce desensitization and
internalization of rodent KOR than human KOR (Li 1999; Jordan 2000, Zhang 2002). It is not known if
these differences extend to arrestin-mediated signaling events or how these differences affect KOR

induced p38 activation.

In this thesis | examine the regulation of opioid receptor signaling, with a primary focus on non-
classical mechanisms of KOR signaling and regulation outside the traditional model of heterotrimeric G
protein-mediated signaling which is inactivated by receptor phosphorylation by GRK and arrestin
recruitment. In particular this thesis is concerned with extending our understand of how these signaling

and regulatory cascades are affected by the differences in human and rodent KOR sequences.
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Ligand directed signaling differences between rodent and human kappa

opioid receptors

This chapter has been submitted to the Journal of Biological Chemistry:

Ligand Directed Signaling Differences Between Rodent and Human Kappa Opioid Receptors. Selena S.
Schattauer, Mayumi Miyatake, Haripriya Shankar, Chad Zietz, Jamie R. Levin, Lee-Yuan Liu-Chen,
Vsevolod V. Gurevich, Mark J. Rieder, Charles Chavkin. Submitted to Journal of Biological Chemistry in

May 2012.

Introduction

Kappa opioid receptor (KOR) agonists are effective analgesics, and are thought to have a lower
addictive potential than mu opioid receptor (MOR) agonists (Fraser 1964, Martin 1965, 1983). However,
KOR agonists also have dysphoric effects in humans (Pfeiffer 1986) and produce aversion in
experimental animals (Mucha 1985, Carlezon 1998, Mague 2003, McLaughlin 2003, Land 2008), unlike
MOR agonists, which are euphorigenic. These negative affective responses to available KOR agonists
have limited their therapeutic use (Rosow 1987, Wadenberg 2003). The cellular and molecular
mechanisms of kappa opioid-induced dysphoria (measured operationally as conditioned place aversion in
rodents) are not completely clear, but recent results suggest that KOR activation of p38a MAPK in
serotonergic neurons innervating the ventral striatum is required (Bruchas 2006, Land 2009, Bruchas
2011). KOR activation of p38 MAPK follows from G protein receptor kinase 3 (GRK3) phosphorylation
of the Serine369 residue within the C terminal tail of the rodent sequence (rKOR) and subsequent
recruitment of non visual arrestins, that act as a scaffold linking a kinase signaling cascade to p38 MAPK
phosphorylation (McLaughlin 2003, Bruchas 2006). Disruption of this signaling pathway in mice through
receptor mutation (KORS369A), GRK3 deletion, or conditional deletion of p38a MAPK blocks the
aversive effects of KOR agonists without reducing their analgesic effects (Bruchas 2007, Land 2009,

Bruchas 2011). These findings have potentially important therapeutic implications, because a partial KOR
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agonist that does not efficiently activate arrestin dependent signaling might produce analgesia without
significant dysphoria (Chavkin 2011). This type of “ligand directed signaling” or “biased agonism” has
been demonstrated for other receptor systems (Urban 2007) including MOR; some highly efficacious
MOR agonists such as fentanyl effectively recruit arrestin while others such as the partial agonist
morphine do not, but both are highly effective analgesics (von Zastrow 2003).

Development of biased KOR agonists for human treatment is complicated by sequence differences
between rKOR and hKOR. Whereas hKOR and rkKOR share 94% amino acid sequence homology overall,
the amino acid residues involved in GRK/arrestin signaling are not conserved (Fig 2.1). In hKOR the
residue at 369 is a tyrosine instead of a serine, and is not a GRK substrate. The residue responsible for
arrestin recruitment to hKOR and desensitization is Ser358 (Li 2002), but residue 358 is an asparagine in
rKOR and not a GRK substrate. The significance of these differences in GRK/arrestin dependent
signaling has not been established, and previous studies examining GRK/arrestin dependent signaling
pathways other than desensitization have used rKOR. In this study we asked whether GRK
phosphorylation of hKOR Ser358 produces equivalent signaling events to GRK phosphorylation of rKOR
S369.

Interestingly, a variant (rs34369022) has been reported for hKOR at the Ser358 residue (dbSNP). In
the NCBI dbSNP database, this variant (G>Y at the cDNA position 1308) is reported in one of the five
Celera donors, and would result in a serine to isoleucine mutation at protein position 358 (Ser358lle). If
this SNP was not an error in sequencing or a rare, novel individual variant, this would suggest that a sub-
population of individuals may express a variant of KOR that would not be regulated by GRKs and
arrestins, and may therefore alter these individuals’ responses to stress as well as to kappa analgesics.

There are no KOR selective partial agonists currently available, but there are non-selective partial
KOR agonists used clinically, including butorphanol, nalbuphine, and pentazocine. Pentazocine is a
mixed acting opioid analgesic, with agonist activity at the kappa opioid receptor and sigma receptor and
antagonist or partial agonist activity at the mu opioid receptor (Emmerson 1996, Zhu 1997). The side
effect profile of pentazocine in people includes classic KOR agonist effects such as dysphoria and
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hallucinations, but individual responses vary, with some individuals reporting euphoric rather than
dysphoric effects. The euphoric effects are more apparent at lower doses while dysphoria becomes more
prominent with increasing dosage (Beaver 1966, Hamilton 1967, Jasinski 1970, Zacny 1998).
Administration of the opioid antagonist naltrexone at doses selective for the mu opioid receptor (MOR)
effectively block the euphoric effects of pentazocine in people and unveils a stronger aversive dysphoric
response that can be blocked by higher doses of naltrexone sufficient to antagonize KOR (Preston 1993).
Because it is not clear how partial agonists produce dysphoria, in this study we compared pentazocine-
induced signaling through arrestin-dependent and independent pathways to that of the selective full KOR

agonist U50,488.

Materials and Methods

Chemicals/Reagents. (-)U50,488 (Tocris) was dissolved in water. Stock solution of (-) Pentazocine
(NIDA) was dissolved in a DMSO, then diluted as described below prior to use. Naloxone (Sigma) and
norBNI (NIDA) were dissolved as described below.

Animals. Male C57BL/6 mice (20-30g) were group-housed and kept on a 12-h light/dark cycle with food
and water available ad libitum. Animal procedures were approved by the Animal Care and Use
Committee of the University of Washington and conform to the guidelines on the care and use of animals
promulgated by the National Institutes of Health. Homozygous KOR-/- and MOR-/- mice were generated
by homologous recombination as previously described (Schuller 1999, Clark 2002).

Conditioned Place Preference/Aversion. C57BL/6 mice were trained in a balanced, unbiased three-
chamber conditioning apparatus as described previously (Land 2008). Briefly, mice were given a pretest
of 30 min in which they were allowed to explore the entire arena. During this time the amount of time
spent in each of the three chambers was video recorded (ZR90, Cannon) and analyzed using Ethovision
(v.3.0, Noldus, Wageningen, The Netherlands). Mice were assigned to either vertical or horizontal striped
chambers based on pretest times. The morning of each of the two training days was paired with vehicle

(10 mL/Kkg i.p. of 15% DMSO, 5% cremophor & 80% sterile saline), and the afternoon session with drug
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(pentazocine 10 mg/kg i.p., pentazocine 10 mg/kg + norBNI 10 mg/kg i.p., or pentazocine 10 mg/kg +
naloxone 5 mg/kg i.p.) with a minimum of 4 hr elapsing between training sessions. On the fourth day,
allowing the mice to roam freely between all three compartments and recording the amount of time spent
in each compartment measured. Test sessions took place midday. Conditioned place preference or
aversion (CPP/CPA) scores were calculated by subtracting the time spent in the drug-paired side during
the post-test from time spent in the saline-paired side during the post-test.

Locomotor activity. Locomotor activity during conditioned place preference training was video recorded
(ZR90, Cannon) and analyzed using Ethovision (v.3.0, Noldus, Wageningen, The Netherlands). Scores
represent total distance moved (cm) during the 30 min session.

Antinociceptive Testing. Antinociceptive responses were measured using the warm-water tail-withdrawal
assay (McLaughlin 2003). The response latency for an animal to withdraw its tail after being immersed in
52.5°C water was measured before treatment with (-)Pentazocine (10 mg/kg, i.p.). After drug
administration, responses were measured every 10 min for the first 30 min and every 30 min after that for
3 hr post drug administration. A 15 sec maximal immersion duration was used as a cut off to prevent
tissue damage.

Cell Culture. HEK?293 cells expressing rKOR-GFP were generated as described previously (McLaughlin
2004). HEK?293 cells stably expressing flag tagged hKOR or mutant hKOR (S358N) were generated by
transfecting HEK?293 cells using Fugene 6 according to manufacturer instructions. Plasmids expressing
flag tagged human KOR or flag tagged human KOR (S358N) were previously described (Li 2002).
HEK?293 cells were maintained in Dulbecco’s modified medium/F12 with 10% fetal bovine serum.
HEK?293 cells expressing KOR were grown in media supplemented with G418 (200 pg/ml). HEK293
cells expressed comparable levels of receptor: 1.6 pmol and 4.1 pmol [°H]-U69,593 (2 nM) specifically
bound per mg protein, rKOR and hKOR, respectively.

SiRNA. HEK293 were transfected with siRNA directed against arrestin-2 or arrestin-3 or scrambled

SiRNA control (Dharmacon Research) using Lipofectamine RNAIMAX (Invitrogen) according to
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manufacturer instruction. Transfected cells were passaged onto 6 well plates after 48 hr, and 24 hr later
(72 hr post transfection) treated as described.

Dominant positive arrestin. HEK293 expressing hKOR(S358N) were transiently transfected with
phosphorylation independent arrestin-2(R169E) or arrestin-3(R170E) (Kovoor 1999, Celver 2002) tagged
with mCherry at the C-terminus as described (Walther 2010) using Fugene HD (Promega) according to
manufacturer instructions. Transfected cells were passaged onto 6 well plates after 48 hr, and 24 hr (72 hr
post transfection) treated as described.

Immunoblotting. HEK293 cells were serum starved 6 hr and then treated as described in Results and lysed
in lysis buffer (50 mM Tris-HCI, 300 mM NaCl, 1 mM EDTA, 1 mM NasVO,, 1 mM NaF, 10% glycerol,
phosphatase and protease inhibitors). Lysates were sonicated and centrifuged (15,000 x g, 20 min, 4°C),
and the supernatant was stored at —20°C. Total protein concentration was determined by BCA assay
(Pierce) with bovine serum albumin standards before loading 30 pg (phospho-ERK1/2) or 45ug
(phospho-p38 MAPK) onto 10% Bis-Tris precast gels (Invitrogen) and running at 130 V for 1.5-2 hr.
Blots were transferred to nitrocellulose (Whatman, Middlesex, UK) for 1.5-2 hr at 30 V. The
nitrocellulose was blocked with 5% BSA-TBS 1 hr at room temperature and stained overnight at 4 °C for
phospho-ERK1/2 or phospho-p38 (Cell Signaling, 1:1000) and actin (Abcam, 1:5000) in 5% BSA-TBS.
Blots were incubated in IRdye secondary (Li-Cor Biosciences, 1:10,000 for phospho-p38 and phospho-
ERK1/2 or 1:20,000 for actin) in 1:1 Odyssey buffer (Li-Cor) and 5% milk-TBS 1 hr at room temperature
then scanned on the Odyssey Infrared Imaging System (Li-Cor Biosciences). Band intensity was
measured using the Odyssey software and expressed as phospho-ERK1/2 or phospho-p38 MAPK band
intensity over actin band intensity. Data were normalized to percentage of control sample (basal, 100%)
and plotted using GraphPad Prism. Statistical significance (p<0.05) was determined by Student’s t-test or
analysis of variance followed by Bonferroni’s post-hoc test.

Dose Response Curves. Dose response curves for p38 and ERK1/2 phosphorylation were calculated in

GraphPad Prism, using a three parameter least squares nonlinear regression with a 1/Y weighting and a
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bottom constrained at 100%. Significant differences between EC50s and Emax were determines by extra
sum-of-squares F test.

SNP analysis. To identify common nucleotide sequence polymorphisms, we performed re-sequencing on
DNA samples from a discovery panel of 95 individuals from several diverse populations (Afr. American,
Caucasian, African, Hispanic, Asian). Polymerase chain reaction (PCR) and sequencing methods for SNP
discovery have been published previously (Livingston 2004). For the present study, all of the coding
regions of OPRK1 were resequenced using M13-tailed PCR amplification of overlapping amplicons. PCR
primer sequences are available upon request. All amplicons were purified, diluted and used in standard
Big-Dye terminator sequencing reactions under standard conditions (v3.1 Cycle Sequencing Kit Protocol
Manual; Applied Biosystems, Foster City, CA, USA), and run on an ABI 3730XL. Each chromatogram
was trimmed of low-quality sequence (Phred quality score < 25), assembled, and edited in Consed to
ensure accuracy. SNPs were identified using the PolyPhred program (version 5.0) (Strephens 2006).
Putative polymorphic sites were flagged by PolyPhred and reviewed for genotype accuracy to remove

false positives.

Results

Do hKOR and rKOR differ in their activation of p38? HEK293 cells stably expressing rKOR or
hKOR were treated 30 min with either U50,488 or pentazocine at concentrations from 100 pM to 10 uM
prior to lysis and phospho-p38 was measured by Western blot (Fig 2.2). The EC50s for pentazocine-
induced p38 phosphorylation for rKOR and hKOR were 26 nM (confidence interval 2.2 nM to 310 nM,
n=4-9) and 0.53 nM (85 pM to 3.4 nM, n=8-12), respectively. The 50 fold greater potency of pentazocine
in activating p38 MAPK in cells expressing hKOR was statistically significant (p<0.05). The EC50s for
U50,488 induced p38 phosphorylation for rKOR and hKOR were 28 nM (confidence interval 5.5 nM to
140 nM, n=4-8) and 8.6 nM (1.9 nM to 39 nM, n=4-12) respectively. In contrast to pentazocine, the
potencies of U50,488 stimulation of phospho-p38 for hKOR and rKOR were not significantly different.

Neither pentazocine nor U50,488 at the highest concentration tested increased p38 MAPK
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phosphorylation in untransfected HEK293 (Fig 2.2). Consistent with previous in vivo assays (Zhu 1997,
Remmers 1999), pentazocine also appears to be a partial agonist in activating the p38 pathway (having
about 60% of the activity of U50,488 in both hKOR and rKOR). Pentazocine increased p38
phosphorylation to 167% and 150% of basal levels in hKOR and rKOR expressing cells, whereas
stimulation with U50,488 resulted in p38 phosphorylation of 241% and 260% over basal. This difference
in Emax was significant for both hKOR (p<0.001) and rKOR (p<0.001).

Are the differences between hKOR and rKOR pathway dependent? Activation of KOR has been
reported to increase phospho-ERK1/2 by two separate mechanisms: a G protein mediated early phase of
ERK1/2 phosphorylation, and a slower arrestin mediated late phase (McLennan 2008). To measure the
early phase of ERK1/2 activation through the G protein pathway, HEK293 expressing rKOR or hKOR
were treated for 5 min with pentazocine or U50,488 at concentrations from 100 pM to 10 uM prior to
lysis, and phospho-ERK1/2 was measured by Western blot (Fig 2.3). The EC50s for pentazocine induced
ERK1/2 phosphorylation for rKOR and hKOR were 12 nM (confidence interval 2.3 nM to 59 nM, n=4-
10) and 2.8 nM (570 pM to 13 nM, n=4-11), respectively with no significant difference. The EC50s for
U50,488 induced ERK1/2 phosphorylation for rKOR and hKOR were 9.1 nM (confidence interval 3.6
nM to 23 nM, n=4-8) and 5.8 nM (2.1 nM to 16nM, n=10-11), respectively with no significant difference.
As was observed for p38 pathway activation, pentazocine appears to be a partial agonist (with 52-59% of
U50,488 activity) at stimulating the early phase of the ERK1/2 pathway. Stimulation of hKOR and rKOR
expressing cells results in ERK1/2 phosphorylation of 263% and 306% of basal levels, respectively,
whereas stimulation with U50,488 results in ERK1/2 phosphorylation of 446% and 592% of basal. This
difference in Emax was significant for both hKOR (p<0.001) and rKOR (p<0.001). The difference
between pentazocine’s effects on p38 and ERK activation in hKOR and rKOR is striking and suggests
that the sequence differences between hKOR and rKOR more strongly affect p38 activation than the early
phase of the ERK1/2 signaling cascade. Furthermore, because U50,488 affected hKOR and rKOR
similarly, the results suggest that the differences in pathway activation were a consequence of
pentazocine-KOR interaction differences rather than expression differences.

23



What is the relevance of in vitro pharmacological data for pentazocine to behavioral effects? The
relatively weak p38 activation in rKOR by pentazocine suggests that it may not produce aversion in mice
through KOR activation. To assess this, mice were trained in a balanced, unbiased three chamber
conditioning apparatus, receiving saline, 10 mg/kg pentazocine, or pentazocine in combination with 10
mg/kg norBNI and/or 5mg/kg naloxone. Mice showed a 200 second place preference to pentazocine,
which was not affected by pretreatment with the KOR selective antagonist norBNI. Pretreatment with
naloxone reversed the preference to pentazocine and unveiled an aversion that was also not blocked by
pretreatment with norBNI (Fig 2.4a). These results suggest that pentazocine did not produce a KOR
mediated aversion in mice, in contrast to reports of KOR mediated aversive effects in humans.

To assess the analgesic properties of pentazocine in mice, the warm (52°C) water tail withdrawal
assay was used (McLaughlin 2003). Wild type, KOR-/-, and MOR-/- mice were injected with pentazocine
10 mg/kg i.p., and tail flick withdrawal latency was measured over 180 min (Fig 2.4b). There was a
significant time dependent (p<0.0001) increase in tail withdrawal latency and a specific effect of subject
pairing (p<0.0001), genotype (p<0.05) and interaction (p<0.05). This anti-nociceptive response was not
significantly different between wild type and KOR-/- mice, whereas MOR-/- had significantly reduced
analgesia as compared to wild type and KOR-/- mice. To determine the locomotor effects of pentazocine,
total distance traveled was measured during drug training sessions for conditioned place preference.
Pentazocine produced neither hypolocomoter effects (typical of kappa agonists) nor hyperlocomotor
effects (typical of mu agonists) (Fig 2.4c).

Is the Ser358 site of hKOR required for hKOR activation of p38 upon U50,488 stimulation? Since
hKOR and rKOR differ in p38 activation and in GRK phosphorylation sites, we next asked if the
mechanism for hKOR activation of p38 requires phosphorylation of hKOR by GRK, similar to rKOR. To
determine if activation of hKOR induced p38 phosphorylation requires the Ser358 residue, HEK293
expressing hKOR, rKOR, or hKOR(S358N) were treated with 10uM U50,488 for 5 — 120 min at 37°C.
This resulted in a significant increase in phospho-p38-ir by 30 min in both hKOR and rKOR expressing
HEK293, whereas no increases in p38 phosphorylation were detected in HEK293 expressing
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hKOR(S358N) or in untransfected HEK293 (Fig 2.5). These data suggest that hLKOR activation promotes
p38 phosphorylation in a receptor phosphorylation dependent manner as has previously been reported for
rKOR (Bruchas 2006).

Is arrestin required for hKOR to activate p38? Phosphorylation of p38 in rKOR requires recruitment
of arrestin-3 following receptor phosphorylation by GRK3 (Bruchas 2006, 2007). In order to determine if
hKOR stimulated p38 phosphorylation also requires arrestin, we transiently transfected hKOR expressing
HEK293 with siRNA against arrestin-2, arrestin-3, or a scrambled siRNA control. 72 hr following
transfection, cells were treated with vehicle or 10 uM U50,488 for 30 min, prior to lysis and
immunoblotting for phospho-p38. To confirm the selectivity of arrestin knockdown, lysates were
immunoblotted against arrestin-2 or arrestin-3 and arrestin expression was compared to expression in
cells transfected with scrambled siRNA control. Arrestin-2-immunoreactivity levels were reduced by 43%
by arrestin-2 siRNA, but were unchanged by arrestin-3 siRNA. Arrestin-3-immunoreactivity levels were
reduced by 53% by of arrestin-3 siRNA, but were unchanged by arrestin-2 siRNA (Fig 2.6a-c).
Knockdown of arrestin-3 but not arrestin-2 prevented the U50,488 stimulated increase in p38
phosphorylation (Fig 2.6d).

To confirm that the absence of p38 phosphorylation in hKOR(S358N) was due to inability of the
phosphorylation mutant receptor to recruit arrestin, hKOR(S358N) expressing HEK293 were transiently
transfected with constructs expressing arrestin-2(R169E) or arrestin-3(R170E). Mutation of the Arg169 in
arrestin-2 or the Arg170 in arrestin-3 to a glutamate allows the arrestin molecule to bind to active GPCRs
in the absence of receptor phosphorylation (constitutive activity) (Kovoor 1999, Celver 2002). Cells were
treated for 30 min with 10 uM U50,488 or vehicle 72 hr after transfection prior to lysis for immunoblot
analysis (Fig 2.6e). Phosphorylated p38 was measured by immunoblot and the amount of phospho-p38
was normalized to the level in transfection reagent control (no DNA) cells treated with vehicle. Treatment
with U50,488 had no significant effect on phospho-p38-immunoreactivity in transfection reagent control
cells but a significant increase in phospho-p38-ir was observed after U50,488 in hKOR(S358N) cells
transiently transfected with arrestin-3(R170E). No basal increase was observed in vehicle treated cells
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transfected with arrestin-3(R170E). In contrast, a basal increase in p38 phosphorylation was observed
following transfection with arrestin-2(R169E), with no significant further increase in p38 phosphorylation
after U50,488. These data show that expression of phosphorylation independent arrestin-3 was sufficient
to allow agonist-induced p38 phosphorylation by hKOR lacking the GRK phosphorylation site.

Is the Ser358 site of hKOR required for ERK1/2 activation? Rapid agonist-induced, GRK/arrestin-
independent ERK1/2 activation has been previously reported for both hKOR and rKOR, and a slower
GRK/arrestin dependent phase of phosphorylation after rKOR stimulation has been reported in some cell
lines (McLennan 2008). We therefore sought to assess the time course of ERK1/2 phosphorylation after
hKOR stimulation and to determine if the Ser358 site plays a role in ERK1/2 phosphorylation following
hKOR activation. ERK1/2 phosphorylation levels were analyzed by Western blot following treatment
with 10 uM U50,488 for 5 — 120 min at 37°C. This treatment resulted in a rapid and significant increase
in ERK1/2 phosphorylation at 5 min in HEK293 expressing rKOR, hKOR, or hKOR(S358N), but not in
untransfected HEK293 (Fig 2.7). While there was no significant difference in ERK1/2 phosphorylation
between hKOR, rKOR, or hKOR(S358N) at 5 min, ERK1/2 phosphorylation was significantly higher for
hKOR compared to hKOR(S358N) at 15 and 30 min after U50,488. Surprisingly, ERK1/2
phosphorylation also remained significantly higher for hKOR as compared to rKOR. ERK1/2
phosphorylation remained significantly elevated in hKOR but not rKOR or hKOR(S358N) expressing
HEK293 up to 60 min after agonist stimulation. This suggests that in addition to the established rapid,
receptor phosphorylation-independent, phase of ERK1/2 phosphorylation, hKOR has a slower phase of
ERK1/2 phosphorylation in HEK293 that requires the Ser358 site. Further, this late phase of ERK1/2
phosphorylation was more evident in HEK293 expressing hKOR than rKOR.

Is arrestin required for hKOR to activation of late phase ERK1/2? Arrestin recruitment has been
implicated in the late phase of ERK1/2 activation by rKOR (McLennan 2008). We hypothesized that
arrestin is also required for the late phase of hKOR stimulated ERK1/2 phosphorylation, which is
significantly reduced by mutation of the Ser358 site. In order to address this question, we transiently
transfected hKOR expressing HEK293 with siRNA against arrestin-2, arrestin-3, or a scrambled siRNA
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control. 72 hr following transfection, cells were treated with vehicle or 10 uM U50,488 for 30 min, prior
to lysis and immunoblotting for phospho-ERK1/2. The 30 min time point after agonist stimulation was
selected because the greatest difference in ERK phosphorylation between hKOR and hKOR(S358N)
expressing cells was detected then (Fig 2.5a). Knockdown of either arrestin-2 or arrestin-3 significantly
reduced the level of ERK1/2 phosphorylation (Fig 2.8a). This suggests that both arrestin-2 and arrestin-3
were required for the increased ERK1/2 phosphorylation relative to hKOR(S358N).

To determine if expression of phosphorylation independent arrestin-2 or -3 was sufficient to increase
the late phase of U50,488-induced ERK1/2 activation in hKOR(S358N) expressing cells to levels
observed in hKOR cells, hKOR(S358N) expressing HEK293 were transiently transfected with constructs
expressing mCherry tagged arrestin-2(R169E), arrestin-3(R170E), or a no DNA transfection reagent
control. Cells were treated 72 hr after transfection for 30 min with 10 uM U50,488 or vehicle prior to
lysis for immunoblot analysis. Phosphorylated ERK1/2 was measured by immunoblot and phospho-
ERK1/2 was normalized to the level in transfection reagent control (no DNA) cells treated with vehicle.
The results obtained showed that ERK1/2 phosphorylation was increased after U50,488 treatment
regardless of transfection condition, but transfection with arrestin-2(R169E) or arrestin-3(R170E) alone
did not further increase ERK1/2 phosphorylation to levels observed in cell expressing wild type hKOR
(Fig 2.8b). These data show that in the case of the ERK1/2 response, the expression of phosphorylation
independent mutants of arrestin-2 or arrestin-3 did not compensate for the lack of phosphorylation at
Ser358 of hKOR.

Are polymorphisms at the S358 residue common in the human population? The NCBI Single
Nucleotide Polymorphism Database (dbSNP), reports 10 missense mutations for the OPRK1 gene. This
includes a guanine to thymine mutation at mMRNA position 1308 (rs34369022), which results in mutation
of Ser358lle, which would prevent receptor phosphorylation at that residue and subsequent activation of
the p38 pathway. To assess if this is a common SNP within the human population, we performed
resequencing of the OPRK1 gene in 95 individuals from diverse populations. Of the 14 SNPs identified,
10 were in coding regions. Three non-synonymous SNPs were found, two of which had been previously
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reported in dbSNP. The identified missense SNPs were a valine to methionine within the second
intracellular loop (not previously reported), a lysine to glutamate within the second extracellular loop, and
an aspartate to asparagine in the C tail (Table 2.2). No SNPs were identified within codon 358, suggesting
that the previous report is a sequencing mistake or that the reported variant is a rare allele (<1%). To
further explore the frequency of this variant, we accessed the NHLBI Exome Sequencing Project, which
screened nearly 5,500 individuals. A search of this database reveals 23 non-synonymous SNPs within the
coding region of the OPRK1 gene, but no report of a variant at amino acid position 358, also suggesting

that previously reported mutation was extremely rare (<1/10,000) or a false report.

Discussion

The primary findings of this study were that the basic mechanism of p38 MAPK activation is
conserved between rKOR and hKOR, but that the potency of different agonists for activation of different
pathways is not consistent between rKOR and hKOR. This has important implications for the
development of biased KOR agonists for therapeutic use, including a limitation on the ability to assess
ligand directed signaling in people based on rodent models.

We found that the nonselective KOR agonist pentazocine is 50-fold more potent for p38 activation in
hKOR as compared to rKOR. In contrast, pentazocine was equally potent for arrestin-independent
activation of ERK1/2 in hKOR and rKOR and there was no difference in potency for U50,488 stimulated
phosphorylation of ERK1/2 or p38. Consistent with other studies examining the efficacy of KOR agonists
in GTPyS assays (Zhu 1997, Remmers 1999), we found pentazocine to be a partial agonist for both
hKOR and rKOR, in both pathways studied. Based on these results, pentazocine appears to be a biased
ligand for rKOR but not hKOR. This may be a result of the difference in the GRK phosphorylation site
between hKOR and rKOR and resulting difference in the molecular environment of the phosphorylated
residue. Arrestin binding has previously been shown to be affected by the distribution of charged amino
acids and other phosphorylatable residues adjacent to a GRK phosphorylation site (Gurevich 2006),

which are altered by the differences in location of the GRK site within the KOR C tail. We conclude from
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this that mice, rats, and rKOR expression systems are not an appropriate model for screening for biased
KOR ligands for human therapeutics.

The effects of pentazocine in mice were complex and not consistent with the model of pentazocine
functioning primarily as a KOR agonist. We found that pentazocine produces conditioned place
preference and thermal analgesia. Both of these effects were mediated by MOR and unaffected by the
disruption of KOR through genetic knockout or administration of the KOR selective antagonist norBNI.
In the presence of naloxone, mice demonstrated a conditioned place aversion to pentazocine, but this
aversion was not blocked by norBNI, showing that it was not KOR mediated. The mechanism of this
aversion is not clear, but may be a result of pentazocine activation of sigma receptors (Hiramatsu 2005,
Mori 2011). These findings in mice are distinctly different from human studies on pentazocine, in which
pentazocine produced KOR-dependent aversive effects that were enhanced by blocking MOR (Preston
1993). These results may reflect differences in measurements and assays between humans and mice,
although other KOR agonists have been shown to cause KOR-dependent conditioned place aversion in
mice. It seems likely that the differences between the aversive properties of pentazocine in humans and
mice are at least partly due to the sequence differences between hKOR and rKOR, since hKOR and rKOR
differ in pentazocine potency of p38 activation, which has been shown to play a role in the aversive
properties of KOR agonists. The opioid receptor mediating pentazocine analgesia in mice is not consistent
across studies and seems to be dependent on multiple factors including mouse strain and pain modality
(Suzuki 1991, Chien 1995, Ide 2011, Shu 2011). Similar to other studies (Ide 2011, Shu 2011), we found
that in C57BI/6 mice pentazocine thermal analgesia is mediated through the partial agonism at MOR
rather than KOR. While it has been assumed that pentazocine analgesia is mediated through KOR in
humans, few studies have tested this (Levine 1988), and it is not clear to what extent the mechanisms of
pentazocine analgesia are similar between mice and humans.

While the ligand directed signaling properties of KOR agonists are not consistent between hKOR and
rKOR, the signaling mechanisms are conserved. P38 activation through hKOR requires the GRK
phosphorylation site on the C tail and arrestin-3, while the early phase of ERK1/2 phosphorylation is
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independent of either. There is also evidence that hKOR has a second, slower phase of ERK1/2
phosphorylation which is receptor phosphorylation and arrestin dependent, as has previously been shown
in some cell lines with rKOR (McLennan 2008). Interestingly, our data show that this late phase of
ERK1/2 requires both arrestin-2 and arrestin-3, although how arrestin-2 and -3 cooperate in promoting
ERK1/2 signaling is not clear.

While we cannot extrapolate biased signaling properties of individual agonists from mice and rats to
humans, these results show that our understanding of KOR signaling mechanisms in these models likely
applies to humans as well. It will be important to not draw conclusions about the signaling properties of
particular KOR agonists in humans based purely on rKOR models, but the approach of identifying partial
KOR agonists with lower potency for arrestin mediated pathways than G protein mediated pathways
holds promise for developing analgesics which lack the abuse potential of MOR agonists and the aversive
properties of classic KOR agonists. It is worth noting that the guinea pig KOR is closer in homology to
hKOR, containing the Ser358 residue similar to hKOR. Further studies are needed, but guinea pigs may
be a better model system than rats or mice for in vivo screening of biased KOR ligands with human

therapeutic potential.
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Figure 2.1. Comparison of the amino acid sequences of human and rat KOR. Transmembrane

domains are shaded. Transmembrane domains (TM1-7), intracellular loops (IL1-3) and the intracellular

carboxyl terminal tail (CT) are labeled above the domain and amino acid numbers indicated on the right.
The serine residues in the carboxyl terminal tail implicated in GRK/arrestin mediated signaling and
desensitization in human and rat KOR, and corresponding amino acid residues in the rat and human KOR
respectively, are indicated by boxes.
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Figure 2.2. Pentazocine is less efficacious than U50,488 in activation of p38. Pentazocine, but not
U50,488, is more potent at activation of the p38 pathway in hKOR as compared to rKOR. A,B. HEK293
cells expressing hKOR or rKOR were treated for 30 minutes with indicated concentrations of pentazocine
(A) or (-)U50,488 (C) prior to lysis and immunoblotted for phospho-p38 (n=4-12). Dose response curves

are shown. C,D. Representative immunoblots for A and B.

32




3a ERK 1/2 phosphorylation 3¢ ERK 1/2 phosphorylation
45071 e hKOR 8001 .- hKOR
T -k rKOR © -k- rKOR
& 400 S 200
8 ¢ Untransfected s ¢ Untransfected
3 3901 2 600-
c s -
S 3001 i 5 )
= SRk S £ 5001
> 250- >
E 2 400
S 2001 y 2 &
2 7 S 300 /
& 150 7 g
™~ Q ] o
= 100+-------- e 3 < 200 i
X z b4 E .
& 5. @ 1004-------- S e Q-
0 T T T ) 0 T T T |
12 -10 -8 -6 -4 -12 =10 -8 -6 -4
pentazocine (log M, 5 min) U50,488 (log M, 5 min)
3b 3d
pentazacine (log M) U50,488 (log M)
Veh -9 -8 -7 -6 -5 Veh -9 -8 -7 -6 -5
rkKOR rkKOR
-~ - e
B: actin [ s W e e el NKOR IBractin | s s g s - —lhKOR
h-'ﬁ—-ﬁﬂ—‘ rKOR e anl d ol L ,‘rKOR

Figure 2.3. Pentazocine is less efficacious than U50,488 in activation of ERK1/2. hKOR and rKOR do
not differ in potency at the ERK1/2 pathway. A, B. HEK293 cells expressing hKOR or rKOR were
treated 5 minutes with pentazocine (A) or (-)U50,488 (C) prior to lysis and immunoblotted for phospho-
ERK1/2 (n=4-10). Dose response curves are shown. C,D. Representative immunoblots for A and B.
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pentazocine induced pp38 U50,488 induced pERK U50,488 induced pp38
EC50 ClL EC50 clL EC50 Cl

85 pM to 3.4 nM 58nM 2.1 nMto 16 nM 8.6 nM 1.9 nM to 35 nM

2.2 nM to 310 nM 9.1 nM 3.6 nM to 23 nM 28 nM 5.5nM to 140 nM

pentazocine induce pERK
EC50 C.lL
hKOR 2.8 nM 570 pMto 13 nM 530 pM

rKOR 12nM 2.3 nMto 59 nM 26 nM

Efficacy cl Efficacy cl Efficacy cl Efficacy cl
hKOR 0.59 0.50-0.69 0.69 0.63-0.76 1.00 0.84-1.16 1.00 0.95-1.16
rKOR 0.52 0.41-0.63 058 0.49-0.66 1.00 0.83-1.17 1.00 0.80-1.19

Table 2.1. Summary of pentazocine and U50,488 EC50 and Emax values. EC50 and Emax values and
confidence intervals (Cl) for p38 and ERK1/2 phosphorylation following pentazocine and U50,488 .
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Figure 2.4. Behavioral effects of pentazocine in mice. A. C57BL/6 mice were trained in a balanced,
unbiased three-chamber conditioning apparatus. The morning of each of the two training days was paired
with vehicle (10mL/kg i.p. of 15% DMSO, 5% cremophor & 80% sterile saline), and the afternoon
session with drug (pentazocine 10 mg/kg i.p., pentazocine 10 mg/kg + norBNI 10 mg/kg i.p., pentazocine
10 mg/kg + naloxone 5 mg/kg i.p., or pentazocine 10 mg/kg + norBNI 10mg/kg + naloxone 5 mg/kg). On
the test day, mice were allowed to roam freely between all three compartments and the amount of time
spent in each compartment was recorded. Scores were calculated by subtracting the time spent in the
drug-paired side of the posttest from time spent in the saline-paired side of the posttest. Significant effect
of drug treatment based on one way ANOVA (p<0.0001, n=4-10), with Bonferonni-Dunn post-hoc test
with correction for multiple comparisons. B. Wild type, KOR-/-, and MOR-/- C57/BI6 mice were injected
with pentazocine 10mg/kg i.p. Tail flick withdrawal latency was recorded over 180 minutes post-
injection. Two-way repeated measures ANOVA revealed a significant effect of interaction (p<0.05), time
(p<0.0001), genotype (p<0.05), and subject matching (p<0.0001) (n=11-16). Significance according to
Bonferroni-Dunn post-hoc test of the differences as compared to wild type or KOR-/- is indicated * or #
respectively (p<0.05 for one mark, p<0.01 for two marks). C. Total distance traveled during training
sessions for conditioned place preference testing in A was recorded. Significant effect of the specific drug
treatment (p<0.01) and drug vs vehicle (p<0.01) based on two way repeated measures analysis of
variance. Significance according to Bonferroni-Dunn post-hoc test of the differences for drug vs vehicle
(p<0.05) is indicated by *.
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Figure 2.5. The S358 residue is required for hKOR activation of p38. A. HEK293 cells expressing
hKOR, hKOR(S358N), rKOR, or untransfected wild type HEK293 were treated 5- 120 minutes with
U50,488 (10uM) prior to cell lysis and immunoblotted for phospho-p38. Values represent mean + SEM.
Significant effect of cell type (p<0.05) and U50,488 treatment (p<0.01) based on two-way analysis
ANOVA (n=8-16). Significance according to Bonferroni-Dunn post-hoc test, as compared to
hKOR(S358N) , untransfected, or vehicle are indicated by *, &, or # respectively (p<0.05 for single mark
or p<0.01 for double mark). B. Representative immunoblots for A.

36



Figure 2.6. Arrestin-3 is required for hKOR induced p38 phosphorylation. A. HEK293 cells
expressing hKOR were transiently transfected with siRNA against arrestin-2, arrestin-3, or scrambled
SiRNA control. After 72 hours, cells were treated with U50,488 (10uM) 30 minutes prior to cell lysis and
immunoblotted for arrestin-2. Significant decrease in arrestin-2 expression as compared to scrambled
siRNA controls is indicated by *, one sample t-test (p<0.001, n=9). B. Cells were treated as in A, but
immunoblotted for arrestin-3. Significant decrease in arrestin-3 expression as compared to scrambled
siRNA controls is indicated by *, one sample t-test (p<0.01, n=5). C. Representative immunoblots for A
and B. D. Cells were treated as in A, but immunoblotted against phopho-p38. Significance of the decrease
in U50,488 induced p38 phosphorylation as compared to scrambled siRNA controls is indicated by *,
student’s t-test (p<0.05, n=14-16). E. HEK293 cells expressing hKOR(S358N) were transiently
transfected with arrestin-2(R169E), arrestin-3(R170E), or no DNA (transfection reagent control). After 72
hours, cells were treated with U50,488 (10uM) 30 minutes prior to cell lysis and immunoblotted for
phospho-p38. Significant increase in p38 phosphorylation relative to vehicle treated transfection reagent
control is indicated by *, one sample t-test (p<0.05 for single mark or p<0.01 for double mark, n=21-23).
Significant increase in p38 phosphorylation relative to U50,488 treated transfection reagent control or
vehicle treatment for same transfection is indicated by & or # respectively, student’s t-test (p<0.05, n=21-
23).
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Figure 2.7. S358 is required for late phase, but not early phase, ERK1/2 activation. A. HEK293 cells
expressing hKOR, hKOR(S358N), rKOR, and untransfected wild type HEK293 were treated 5- 120
minutes with U50,488 (10uM) prior to cell lysis and immunoblotted for phospho-ERK1/2. Significant
effect of cell type (p<0.01) U50,488 treatment (p<0.01), and interaction (p<0.05) was revealed by two-
way ANOVA (n=6-11). Significance of the differences, according to Bonferroni-Dunn post-hoc test, as
compared to hKOR(S358N) , untransfected, or vehicle are indicated by *, &, or # respectively (p<0.05 for
single mark, p<.01 for double mark, or p<0.001 for triple mark). B. Representative immunoblots for A.
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Figure 2.8. Both arrestin-2 and arrestin-3 are required for late phase hKOR activation of ERK1/2.
A. HEK293 cells expressing hKOR were transiently transfected with siRNA against arrestin-2, arrestin-3,
or scrambled siRNA control. After 72 hours, cells were treated with U50,488 (10uM) 30 minutes prior to
cell lysis and immunoblotted for phospho-ERK1/2. Significance decrease in U50,488 induced ERK1/2
phosphorylation as compared to scrambled siRNA controls indicated by *, student’s t-test (p<0.01, n=15-
16). B. HEK293 cells expressing hKOR(S358N) were transiently transfected with arrestin-2(R169E),
arrestin-3(R170E), or no DNA (transfection reagent control). After 72 hours, cells were treated with
U50,488 (10uM) 30 minutes prior to cell lysis and immunoblotted for phospho-ERK1/2. Significant
increase in p38 phosphorylation relative to vehicle treated transfection control is indicated by *, one
sample t-test (p<0.05 for single mark or p<0.01 for double mark, n=20-22). Significant increase in
ERK1/2 phosphorylation relative to vehicle treatment for same transfection is indicated by #, student’s t-
test (p<0.05, n=21-23).
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Polymorphisms identified in the human kappa opioid receptor gene

Amino

Chromosome cDNA Acid Minor Allele
8 Position Position SNP Position Effect Frequency Variant ID
54163669 intron C>T --- --- 0.038 rs9282806
54163562 271 G>T 12 synonymous 0.108 rs1051660
54147470 694 C>T 153 synonymous 0.053 rs7815824
54147451 713 G>A 160 val>met 0.005 -
54147368 796 A>G 187 synonymous 0.005 ---
54147331 833 A>G 200 lys>glu 0.005 rs77476023
54147250 intron G>A --- --- 0.005 ---
54147242 intron G>A --- --- 0.021 rs16918900
54142157 1078 A>G 281 synonymous 0.258 rs702764
54142154 1081 C>T 282 synonymous 0.047 rs16918875
54142148 1087 C>T 284 synonymous 0.005 rs60353047
54142052 1183 C>T 316 synonymous 0.016 rs78517449
54141880 1355 G>A 374 asp>ash 0.016 rs9282808
54141824 1411 G>A 3'UTR --- 0.245 ---

Table 2.2. Polymorphisms identified in KOR in human population
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Contributions to other published studies on opioid receptor signaling

Antibody specificity controls for immunostaining demonstrating phosphorylation of

the mu opioid receptor at Thr370/Ser375 following receptor activation.

Petraschka M, Li S, Gilbert TL, Westenbroek RE, Bruchas MR, Schreiber S, Lowe J, Low MJ,
Pintar JE, Chavkin C. (2007) The absence of endogenous beta-endorphin selectively blocks
phosphorylation and desensitization of mu opioid receptors following partial sciatic nerve ligation.

Neuroscience. 146(4):1795-1807.

The mu opioid receptor is the primary target of most clinically used opioid analgesics, but the
consequences which limit their use include dependence and tolerance. Desensitization of MOR is once
possible mechanism which may underlie opioid tolerance. Desensitization of MOR requires GRK3 and
arrestin-2 (Kovoor 1998, Zhang 1998, Bohn 2000). Several potential phosphorylation sites within the C
tail of MOR have been implicated in receptor desensitization and internalization. Site directed
mutagenesis of MOR combined with heterologous expression in oocyte, HEK293, and AtT20 cell models
have suggested a role for the Thr370 and Ser375 sites in MOR internalization and desensitization (El
Kouhen 2001, Celver 2004, Schulz 2004). The Thr180 site within the second intracellular loop of MOR
has also been implicated in MOR desensitization (Celver 2001, 2004). These studies suggest that

phosphorylation of these residues may be important for MOR desensitization.

In order to investigate the role of phosphorylation at Thr180, Thr370, and Ser375 in vivo,
antibodies selective for phosphorylation at these sites were developed. These antibodies were MORP1,
generated against a peptide corresponding to MOR residues 171-186 phosphorylated at Thr180, and
MORP2, generated against a peptide corresponding to MOR residues 364-378 phosphorylated at Thr370
and Ser375. No specific MOR phosphorylation was detected using the Thrl80 antibody in cell
expression systems or in vivo, under any condition tested. In contrast, an increase in MORP2

immunostaining was detected in the striatum of mice following fentanyl treatment. Increased MORP2
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immunostaining was also detected in the striatum of wild type, but not f-endorphin knockout mice,
following partial sciatic nerve ligation. In addition, partial sciatic nerve ligation produced tolerance to
morphine in wild type but not B-endorphin knockout mice. These data showed that sciatic nerve ligation
induced B-endorphin release, leading to desensitization of MOR, and that MOR activation in vivo, as a
result of treatment with MOR agonists or stimulated of endogenous opioid release, results in

phosphorylation of MOR at Thr370 and Ser375.

I contributed immunocytochemistry data outlined below to this study. The following studies

demonstrate the specificity of the MORP2 antibody. These studies were previously published.

Methods

Cell Culture and Receptor Mutagenesis Stably transfected AtT20 Cells and HEK cells expressing the
green fluorescent protein (GFP) conjugated MOR were used as described previously (Celver et al., 2004).
Receptor mutants were created by designing PCR primers to introduce either a double amino acid
(T370A/S375A) mutation in the C-terminal tail of the rat MOR cDNA or a C-terminal truncation after
isoleucine-352. The constructs were ligated into pcDNA3-GFP37 vector provided by Dr. Kenneth Mackie
(University of Washington, Seattle, WA) or pTARGET (Promega Biosciences, San Luis Obispo, CA),
sequenced to confirm the mutagenesis and transfected into both HEK 293 and AtT20 cells using
Lipofectamine (Invitrogen, Carlsbad, CA). Cells were maintained in DMEM supplemented with 2 mM L-
glutamine, 100 unit/ml penicillin, 100 pg/ml streptomycin, and 10% horse serum (AtT20 Cells) or
DMEM /F12 supplemented with 2 mM L-glutamine, Penicillin/Streptomycin, and 10% Fetal Bovine

Serum (HEK 293 cells). Cells were grown at 37°C in 5% CO2 and were passaged when 90% confluent.

Confocal Imaging Cells were plated at 75% confluency on poly-D-lysine coated cover slips 24 hours
prior to treatment. Cells were treated as described in the text, fixed in 4% paraformaldehyde and
incubated in 5 pg/ml primary antibody overnight at 4°C. Cover slips were incubated with a 1:10,000

dilution of Rhodamine conjugated anti-rabbit antibody (Jackson Immunoresearch Labs, West Grove, PA)
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for 2 hours at room temperature. Cover slips were allowed to air-dry, were then mounted to slides using
Vectashield (Vector Labs, Burlingame, CA) and imaged with a Leica TCS SP/MP Laser Scanning

Confocal Microscope.

Results

HEK 293 cells and AtT20 cells transfected with MORGFP failed to show an increase in MORP1
immunoreactivity after 15, 30, 60 or 120 min treatment with agonist (0.1, 1 or 10 upM DAMGO or 0.1, 1
or 10 uM fentanyl) (data not shown). The results suggest that either the MORP1 antibody does not
recognize the full-length receptor or that this site does not change phosphorylation state following agonist
treatment. In contrast, transfected HEK or AtT20 cells treated with 1 yM DAMGO showed a robust
increase in MORP2 immunoreactivity and translocation of the GFP-tagged MOR from plasma membrane
into intracellular compartments, consistent with receptor internalization (Fig. 3.1). The increase in
MORP2 immunoreactivity was blocked by pretreatment with 1 uM naloxone, was not evident after
treatment with 1 pM naloxone alone, and was not evident in cells treated with 1 yM DAMGO but not
incubated with primary antibody (data not shown). Site directed mutagenesis of MOR at Thr370 and
Ser375 MOR(T370A/S375A) abolished the DAMGO-induced increase in MORP2 immunoreactivity
(Fig. 3.1e). MORP2 immunoreactivity was not increased for DAMGO treated cells expressing MOR
truncated after isoleucine-352 MOR(A352)-GFP (Fig. 3.1f). Similarly, AtT20 cells expressing
MOR(S375A)-GFP did not increase MORP2 immunoreactivity following DAMGO treatment (data not
shown). The single mutant construct MOR(T370A) did not efficiently express cell surface labeling in
either AtT20 or HEK293 cells for reasons that we did not identify (data not shown). The results suggest

that the MORP2 antibody was able to recognize phosphorylated MOR following agonist treatment.
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Radioligand Studies demonstrating that norBNI does not alter KOR binding sites
In vivo
Bruchas MR, Yang T, Schreiber S, Defino M, Kwan SC, Li S, Chavkin C. (2007) Long-acting

kappa opioid antagonists disrupt receptor signaling and produce noncompetitive effects by activating c-

Jun N-terminal kinase. J Biol Chem. 282(41):29803-29811.

The selective KOR antagonist norBNI has been used extensively in research since its synthesis
was first reported in 1987 (Portoghese 1987a,b), but has unusual pharmacological properties. In vitro
competition binding assays indicate that norBNI is a competitive antagonist for KOR (Takemori 1988;
Smith 1990), but norBNI has a long duration of action in vivo, with antagonist effects lasting up to three
weeks in species ranging from mice to monkeys (Horan 1992, Jones 1992, Butelmann 1993, Broadbear
1994). These atypical properties are not unique to norBNI. The KOR antagonists JDTic and GNTI have
since been synthesized (Jones 2000, Thomas 2001). Like norBNI, these ligand are competitive
antagonists based on in vitro assays, but have long durations of action in vivo (Negus 2002, Carroll

2004).

The study examined the mechanism underlying the long lasting effect of norBNI and other long
lasting antagonists. Three basic explanations were proposed for these effects: norBNI is not cleared from
the site of action but instead remains trapped in the lipid membranes; norBNI is biotransformed in vivo
into a metabolite which covalently binds KOR resulting in long lasting antagonism; norBNI uncouples
the KOR signaling complex resulting in a loss of KOR signaling ability. The duration of norBNI
antagonism of KOR agonist (U50,488) induced analgesia, measured by the warm water tail withdrawal

assay, was used to measure norBNI actions in vivo.

Pretreatment with the short-acting, rapidly cleared KOR antagonists naloxone and buprenorphine
prior to norBNI treatment prevented the long lasting antagonism of norBNI. These receptor protection

experiments demonstrated that the duration of action of norBNI was not a result of poor clearance, as the
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norBNI antagonism of KOR analgesia would be expected to continue when the short acting drugs had
cleared. Saturation radioligand binding was performed on membranes prepared from mice treated with
norBNI one week prior. At this timepoint, KOR analgesia was still inhibited, but no changes in receptor
binding sites or affinity observed. These results were consistent with prior in vitro studies showing KOR
IS a competitive antagonist, and shows that in vivo KOR is not covalently bound by norBNI or a norBNI
metabolite. It was found that norBNI, GNTI, and JDTic all activate JNK via KOR, despite having
antagonist activity in a wide range of other assays. Pretreatment with a JNK inhibitor prior to norBNI
treatment blocked the long lasting antagonism of KOR, showing that this collateral agonist activity at

JNK was required for the long duration of action of these antagonists.

I contributed the saturation radioligand binding data outlined below to this study. These
experiments demonstrate that neither norBNI nor the receptor protection by buprenorphine alter KOR

binding sites in vivo. These studies were previously published.

Methods

Radioligand Binding Whole mouse brains with the cerebellum removed were homogenized in ice-cold
50 mM Tris buffer, pH 7.5, followed by centrifugation at 26,000 x g for 30 min at 4 °C. Three brains
were pooled for each independent replicate with the pellet collected as the membrane fraction.
Homogenization and centrifugation were repeated twice more to wash the membrane fractions and
remove residual ligand present in the preparation. After the final centrifugation step, excess buffer was
removed, and the membranes were stored at —80 °C until use. Membranes were resuspended in ice-cold
Tris buffer. Protein concentrations were determined by BCA assay. Samples were incubated for 90 min at
room temperature with the KOR ligand [3H]U69,543. Nonspecific binding was determined in the
presence of 10 uM U50,488. GF/B glass fiber filters (Brandel) were preincubated for 90 min at room
temperature with Tris buffer, 0.3% polyethyleneimine. After 90 min of incubation at room temperature,

samples were placed on ice and collected with the filters with a Brandel 24 well harvester. Filters were

45



washed 3x with cold Tris buffer and counted in 5 ml of Ecoscint scintillation fluid. For saturation
binding, [3H]U69,543 was tested at concentrations ranging from 0.156 to 20 nM. Radioligand
concentrations were confirmed by scintillation count of free ligand. Saturation binding isotherms were fit
using non-linear regression (Prism 4.0), and Scatchard plots were fit using linear regression analysis.
Statistical significance was taken as p <0.05 or p <0.01 as determined by the Student’s t test or ANOVA

followed by a Bonferroni post hoc test where appropriate.

Results

Single injections of norBNI followed by saturation binding experiments 1 week later were
performed to assess whether norBNI exposure affected KOR receptor agonist affinity or KOR receptor
density. Mice were injected with norBNI (10 mg/kg intraperitoneally), and brain membranes were
prepared on day 8 for radioligand binding. Using the selective agonist [3H]U69,593, we found no
significant difference in the total receptor density (Bmax) or the affinity for x agonist (Kd) between
norBNI-treated (Bmax = 21 + 2 fmol/mg of protein, Kd = 1.65 £ 0.4 nM) and saline-treated (Bmax = 21 +
1 fmol/mg of protein, Kd = 1.0 + 0.2 nM) mouse brain membranes taken 7 days after injection of norBNI
(Fig. 3.2A and Table 3.1). These data are consistent with previous reports demonstrating that norBNI
does not form a covalent bond to the receptor and does not decrease apparent receptor number. The effect
of receptor protection on membranes from norBNI-treated mice was also measured. In this experiment
mice were pretreated with buprenorphine (3 mg/kg intraperitoneally) 1 h before injection of norBNI (10
mg/kg intraperitoneally), and membranes were prepared on day 8 after these initial injections. There was
also no significant change in either the Bmax or Kd of [3H]U69,593 (Fig. 3.2B and Table 3.1), further
supporting the conclusion that the long duration of action of norBNI cannot be attributed to changes in

receptor density or affinity.
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Development of lentiviral expression systems as tools to study the function of KOR
expressed in specific regions of the central nervous system and the role of

phosphorylation of KOR at Ser369 in vivo.

Land BB, Bruchas MR, Schattauer S, Giardino WJ, Aita M, Messinger D, Hnasko TS, Palmiter
RD, Chavkin C. (2009) Activation of the kappa opioid receptor in the dorsal raphe nucleus mediates the

aversive effects of stress and reinstates drug seeking. Proc Natl Acad Sci U S A. 106(45):19168-19173.

Activation of KOR by agonist treatment stress produces a conditioned place aversion. KOR
agonist conditioned place aversion requires p38 activation (Bruchas 2007), and phosphorylation of KOR
at Ser369 by GRK3 is required for arrestin recruitment and p38 activation (McLaughlin 2003, Bruchas
2006). Stress induces release of the endogenous KOR ligand dynorphin, activating KOR in regions that
include the ventral tegmental area and dorsal raphe, implicating these dopaminergic and serotonergic
nuclei (Land 2008). The dopaminergic system has been implicated in drug abuse and addiction (Wise
2004), but dopamine deficient mice still display conditioned place preference to morphine and cocaine
(Hnasko 2005, 2007), suggesting that other regions and neurotransmitters also play important roles.
Serotonergic systems regulate stress and mood (Amat 2005, Zhao 2007), suggesting a possible role for

serotonergic projections from the dorsal raphe.

This study examined the role of the dorsal raphe in KOR-mediated behaviors. Local injection of
norBNI into the nucleus accumbens blocked U50,488 conditioned place aversion, but dopamine deficient
mice stilled displayed conditioned place aversion to the KOR agonist U50,488. Local injection of
norBNI into the dorsal raphe blocked U50,488 conditioned place aversion in addition to KOR analgesia
and stress-induced reinstatement of cocaine conditioned place preference. To determine if KOR in cells
originating in the dorsal raphe is sufficient for analgesia and conditioned place aversion in response to
KOR agonists, a lentivirus expressing KOR was injected into the dorsal raphe of KOR knockout mice.

Expression of lenti-KOR in the dorsal raphe was sufficient to recover U50,488 conditioned place aversion
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and analgesia. In contrast, expression of lenti-KOR(Ser369Ala) in the dorsal raphe recovered U50,488
analgesia but not U50,488 conditioned place aversion. Injection of norBNI into the nucleus accumbens
blocked U50,488 conditioned place aversion in mice expressing lenti-KOR in the dorsal raphe. These
experiments show that KOR activation and phosphorylation at Ser369 in dorsal raphe neurons projecting

to the nucleus accumbens is sufficient for conditioned place aversion to KOR agonists.

My contribution to these studies was the development of the lentiviral vectors used in the studies.
This reagent was crucial to the experiments below demonstrating that KOR expression in the dorsal raphe
is sufficient for analgesic and aversive responses to KOR activation and that the Ser369 site of KOR is

required in vivo for aversion. These studies were previously published.

Methods

Viral Vector Design and Production Three constructs were developed based on the lentiviral construct
expressing the f2 subunit of the nicotinic acetylcholine receptor under the mouse phosphoglycerol kinase
(PGK) promoter (Maskos 2005). The lenti-KOR vector is a bicistronic construct expressing KOR and
GFP. Lenti-KOR(S369A) is a monocistronic construct containing a mutant form of the KOR where serine
369 was mutated to alanine. A construct expressing only eGFP was used as a negative control. In each
case, gene expression was under the control of the PGK promoter. The integrated virus was rendered
replication incompetent by deletion of the U3 region of the 3’ long terminal repeat (Zufferey 1998, Sirven
2001). Sequences were incorporated to enhance RNA stability, transgene expression, and infection of
nondividing cells (Zennou 2001), and the viral expression plasmid was inserted into the pUC18 plasmid.
Viral particles were produced by the Fred Hutchinson Cancer Research Center, Seattle, WA. Briefly, viral
particles were produced by cotransfection of the vector plasmid with a packaging plasmid and the VSV-G
envelope plasmid; at 24-72 h following transfection, media were collected, and viral particles were
isolated by filtration and ultracentrifugation. Virus was tested for replication competency by ELISA

against the p24 capsid protein over a course of at least 3 weeks.
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Microinjection Procedure (norBNI and Lentiviral Constructs) Isoflorane-anesthetized mice were
mounted on a stereotaxic alignment system (David Kopf Instruments). A bevel-tipped Hamilton syringe
was lowered into the dorsal raphe (x = 0.0, y = —4.65, z = —3.85 mm from bregma) or bilaterally into the
NAc (x=0.75, y=+1.45, z=—5.00 mm from bregma) and either norBNI (2.5 pg/side) or one of the three
viral constructs (dorsal raphe only) were injected at a rate of 100 nL/min for 10 min (1 pL total). The
syringe remained in place for at least 3 min after the infusion was finished and was then slowly removed.
Animals were sutured with 5-0 polyviolene sutures (Sharpoint) and allowed to recover for at least 5-7
days before behavioral testing began. Virally injected animals recovered for at least 3 weeks, allowing

adequate time for expression and distribution of protein.

Conditioned Place Aversion. Mice were trained in an unbiased, balanced three-compartment conditioning
apparatus as described (Land 2008). Briefly, mice were pre tested by placing individual animals in the
small central compartment and allowing them to explore the entire apparatus for 30 min. Time spent in
each compartment was recorded with a video camera (ZR90; Canon) and analyzed using Ethovision
software (Noldus). Mice were assigned to saline and drug compartments and received saline in the
morning (10 mL/kg, i.p.) and U50,488 (2.5 mg/kg, i.p.) in the afternoon at least 4 h after the morning
training on 3 consecutive days. CPA was assessed on day 4 by allowing the mice to roam freely in all
three compartments and recording the time spent in each. Scores were calculated by subtracting the time

spent in the U50,488-paired compartment post test minus the pre test.

Tail-Flick Analgesia The response latency for the mouse to withdraw its tail from immersion into 52.5 £

1 °C water was measured using a stopwatch before and 30 min after U50,488 administration (10 mg/kg,

i.p.).

Results

We next assessed whether KOR activation in the DRN was also sufficient for this behavior. We

generated a bicistronic lentiviral vector based on a construct developed by the Changeux group (Maskos
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2005) to express KOR-GFP under a PGK promoter (lenti-KOR) (Fig. 3.3A, Upper) in KO mice lacking
KOR (KOR KO) (Hough 2000). As a control, we also engineered a lenti-vector to express KOR(S369A),
a serine to alanine point mutation at position 369 in the C-terminal domain that allows the receptor to
activate Goi-mediated responses, but is not phosphorylated by GRK3 (schematically diagramed in Fig.
3.3A, Lower) (McLaughlin 2003). GRK3 phosphorylation of KOR is necessary for -arrestin-dependent
activation of p38 mitogen-activated protein kinase (MAPK) (Bruchas 2006), and p38 MAPK activation is
required for KOR-dependent aversion (Bruchas 2007). A second control lentiviral vector containing only

eGFP was generated to assess nonspecific effects of viral-mediated gene transfer on behavior (Fig. 3.3A).

Three weeks after injection of lenti-KOR into the DRN of mice lacking the endogenous receptor
(KOR KO), systemic U50,488 administration increased KORp-immunoreactivity and phospho-p38-ir in
the DRN, whereas mice injected with either lenti-KOR(S369A) or lenti-eGFP vectors showed no such
increase (Fig. 3.3B). These results are consistent with previous in vitro results using these KOR
constructs in heterologous expression systems. This enhanced KORp-immunoreactive staining was
visualized only in cells that also expressed eGFP (Fig. 3.4A) and strongly co-localized with serotonergic
DRN cells expressing tryptophan hydroxylase (TPH) (Fig. 3.4B). Greater than 90% (+ 3%) are both KOR
and TPH positive inside the “fountain” of the DRN, whereas 75% (+ 5%) are both KOR and TPH positive
throughout the DRN. Although unable to increase KOR-P-immunoreactivity or phospho-p38 MAPK-
immunoreactivity, lentiviral KOR(S369A) expression restored robust ERK activation (p-ERK) in DRN
neurons following U50,488 administration (Fig. 3.3B). These results confirm that the Gai functionality of
KOR was intact (Bruchas 2007), in concordance with reports showing that KOR-mediated ERK

activation does not require GRK3 or arrestin expression (Belcheva 1998, Bruchas 2006).

KOR KO mice did not develop place aversion after systemic U50,488 injection; whereas KOR
wild-type (WT) littermate mice developed aversion (Fig. 3.5A). Lenti-KOR injection into the DRN of
KOR KO mice completely rescued the KOR-agonist-induced CPA (Fig. 3.5A), whereas neither lenti-

KOR(S369A)- nor the lenti-eGFP-injected mice developed U50,488-induced place aversion (Fig. 3.5A).
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As a behavioral control for receptor functionality, lenti-KOR(S369A)-injected mice showed analgesic
responses comparable to lenti-KOR-injected mice following U50,488 (Fig. 3.5B). In contrast, control
lenti- eGFP injection in DRN of KOR KO mice did not restore the antinociceptive response to U50,488
(Fig. 3.5B). The selective rescue of the antinociceptive response by KOR(S369A) further supports the
conclusion that KOR activation in the DRN regulates pain responses. The ability of the KOR(S369A)
receptor to restore the analgesic, but not aversive response is consistent with a GRK3/phospho-p38-
dependent role of KOR in mediating the aversive response to U50,488 (Bruchas 2007). These data also
suggest that KOR activation of p38 MAPK in the DRN is sufficient to produce CPA. The combination of
local lentiviral expression in KO mice represents an effective technique for determining G-protein-

coupled receptor-dependent behaviors.

Serotonergic projections from the DRN innervate nearly all forebrain regions, including the NAc.
The NAc has been widely associated with the regulation of hedonic state (Reynolds 2002) and was
therefore a plausible projection site for KOR-containing neurons originating in the DRN to affect mood.
Consistent with this concept, local injection of norBNI into the rostral NAc (Fig. 3.6B) also significantly
attenuated U50,488-induced CPA of WT mice (Fig. 3.6A). To assess whether the site of norBNI action in
NAc was pre- or postsynaptic, we injected lenti-KOR into the DRN of KOR KO mice, then injected
norBNI or saline into the NAc 3 weeks later (Fig. 3.6C). Mice receiving lenti-KOR in the DRN and saline
in the NAc showed CPA to U50,488; whereas KOR KO mice receiving lenti-KOR in the DRN and
subsequent norBNI in the NAc did not develop aversion (Fig. 3.6D). This experiment suggests that
norBNI injection in the NAc blocked the functioning of KOR expressed on nerve terminals of DRN cells,

because only axons from the lenti-KOR-injected DRN cells express KOR in the KO mice.
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Figure 3.1. DAMGO treatment increases MORP2 immunoreactivity of wild-type MOR-GFP. (A)
Confocal images of GFP-conjugated MOR (green) with Rhodamine labeled MORP2 immunoreactivity
images (red, inset). MORP2 antibody specifically labels AtT20 cells transfected with the mu-opioid
receptor in the presence (B) of 1 uM DAMGO for 30 min at 37°C. HEK293 cells transfected with wild-
type MOR that were untreated (C) or treated with DAMGO as above (D) showed increased MORP2
immunoreactivity (inset). A MOR construct with double amino acid substitution of MOR eliminating the
two phosphorylation sites (T370A/S375A) was transfected into HEK 293 cells and showed no labeling of
healthy cells in the presence of agonist (E). The C-terminal truncation mutant MOR-(A352) transfected
into HEK 293 cells also showed no DAMGO-induced staining (F)
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Figure 3.2. NorBNI does not alter KOR binding characteristics. A, mean saturation binding isotherms
for specific [*H]U69,593 (a KOR-selective agonist) in membranes from mouse brain on day 8 after
norBNI (10 mg/kg, intraperitoneal) or saline. Concentrations of total [*H]U69,593 ranging from 0.156 to
20 nM were incubated with membranes in the presence (nonspecific binding) and absence (total binding)
of 10 uM U50,488 as described under “Experimental Procedures.” Specific binding was determined by
subtracting nonspecific from total binding counts and converted into fmol/mg of protein. Non-linear
regression of five individual binding curves show that [?H]U69593 bound to a homogenous receptor
population and had similar affinity and receptor density in both the norBNI group (Binex = 21 + 1 fmol/mg
of protein, K4 = 1.00 £ 0.20 nM) and the saline-treated group (Bmax = 21 = 2 fmol/mg of protein, K4 = 1.65
+ 0.40 nM). The inset shows the mean data + S.E. in Scatchard plots that were derived from the saturation
isotherms. n = 5, where each n is a different experiment. B, mean saturation binding isotherms for specific
[*H]U69,593 and measured as indicated above. Non-linear regression of five individual binding curves
show that under conditions known to protect KOR from norBNI, [*H]U69,593 bound to a homogenous
receptor population in both the BPN (Byax = 19 £ 1 fmol/mg of protein, Ky =0.73 £ 0.16 nM) and BPN +
NorBNI (Bnax = 23 £ 3 fmol/mg of protein, Ky = 2.50 £ 0.78 nM) groups with similar affinity and total
receptor numbers. The inset shows the mean data + S.E. in Scatchard plots that were derived from the
saturation isotherms. n = 5, where each n is a different experiment.
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NR, no response.

[*H]U69,593 pINK
Group
K, B,.. EC., 1A
HM [fmol/mg HM
Saline 1.00 = 0.20 21 £1
NorBNI 1.65 = 0.40 21 2 158 = 18 0.84
Buprenorphine + 0.73 = 0.16 19x1
saline
Buprenorphine + 2.50 = 0.78 233
NorBNI
U50,488 1240 = 180 1.00
Dynorphin B 87 =13 0.61
JDTic 5*3 0.57
Buprenorphine NR NR

Table 3.1 Affinity values, total binding site densities, and pharmacological data for KOR ligands.
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Figure 3.3 Viral injection results in functional expression of KORs. (A, Upper) Schematic of the three
lentiviral constructs used. (Lower) schematic of KOR signaling through Gai and GRK/B-arrestin and the
behaviors each is thought to control. KOR(S369A) can only signal through the Gai upon activation. (B)
Representative photomicrographs of KORp-immunoreactivity (red) and phospho-p38 (pp38)-
immunoreactivity (false-green) in the DRN of KOR KO animals injected with the three lentiviral
constructs. Photomicrographs of cells expressing TPH (serotonin cells) and p-ERK1/2 in KOR(S369A)
(KSA) are also shown in white.

55



A €CFP 3PPT

RRE FLAP
5'LTR m @ LTR
\

«OR L 3PPT
RRE FLAP
KOR >—{IRE82IeGFP>-—m—
[\
KSA-GFP P
RRE FLAP
5LTR Im m LTR
7A
AU3
KOR KOR KOR (S369A)
L-GR*G + [PERK
@@ ||| —=
» [DERK \} e A Analgesia
A Analgesia

AversioT'\

P-ERK 1/2




i
.

Figure 3.4. Functional KOR is expressed only in neurons containing eGFP and on serotonin
neurons. (A) Confocal photomicrographs showing eGFP (green) and KORp (red) in the DRN of animals
injected with one of the three lentiviral constructs 3 weeks previously. (B) Confocal photomicrographs of
DRN in a lenti-KOR-injected KOR KO animal, showing overlap of TPH (blue) and KOR (red).
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Figure 3.5. Viral expression of KOR in the DRN of KOR KO mice rescues the response to agonist.
(A) CPA scores induced by U50,488 (2.5 mg/kg) for KOR WT, KOR KO, and lentiviral-injected KOR
KO animals. (Inset) Sagittal schematic illustrating the DRN injection site (n = 9-12; *, P < 0.05 t-test
compared to KOR KO; ANOVA F, 5 = 3.55; T P < 0.05 Bonferroni posthoc compared to KOR). (B) Tail
withdrawal latency before and after a 10 mg/kg U50,488 injection for KOR KO and lentiviral-injected
KOR KO animals (n = 4-11; *, P < 0.05, ***, P < 0.001 t-test compared to pre-U50). Bars represent
mean + SEM.
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Figure 3.6. A DRN-NAC circuit regulates KOR CPA. (A, left) Coronal section of the NAc highlighting
saline and norBNI injection areas (+1.45 mm from bregma); (right) U50,488-induced CPA scores for
NAc-injected animals (n = 10; *, P < 0.05 t-test compared to saline). (B) Representative
photomicrographs of KORp-immunoreactivity in the NAc after saline or norBNI injection, perfused 30
min after U50,488 injection. (C) Schematic of double-injection schedule for DRN and NAc place
aversion study. (D) U50,488-induced CPA scores for lenti-KOR-DRN, saline/norBNI-NAc animals (n =
7-11; *, P < 0.05 t-test compared to saline). Bars represent mean = SEM.
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Discussion

New insights in opioid receptor signaling

This thesis adds to the body of research demonstrating that opioid receptors in general and the
kappa opioid receptor in particular have their effects through multiple signaling cascades which are
pharmacologically distinguishable. Classically, opioid receptors are phosphorylated within their C tail by
GRKs, terminating receptor signaling. MOR is phosphorylated in response to agonist stimulation at
multiple residues within the C tail which were shown in the third chapter of this thesis to include the
Thr370 and Ser375 residues, while KOR is phosphorylated at a single residue. Phosphorylation of the C
tail of opioid receptors results not only in desensitization of G protein-dependent signaling, but the

initiation of a separate arrestin-mediated set of signal events.

In the case of KOR, these signaling events include activation of the p38 and ERK1/2 MAPKSs.
Experiments in the third chapter of this thesis demonstrate that a single GRK3 phosphorylation site,
Ser369, within the C tail of rodent KOR is required in vivo not only for p38 phosphorylation, but some of
the hallmark behavioral effects of KOR activation. This phosphorylation site is required for the
development of aversion in response to KOR agonists, but not analgesia. These studies are in agreement
with prior studies showing that GRK3 and p38 are required for KOR-mediated aversion, and add to the
body of research suggesting that a KOR agonist which activated G protein signaling but not receptor
phosphorylation and arrestin recruitment would have clinical utility as an analgesic. Increasing evidence
exists that not all agonists necessarily activate all signaling cascades equally and that it is possible to

develop ligands with biased signaling properties which preferentially activate specific pathways.

The second chapter of this thesis adds promise to this idea by showing that activation of human
KOR also induces phosphorylation of p38 through a receptor phosphorylation and arrestin-dependent
mechanism, despite species differences in receptor GRK phosphorylation sites. Therefore KOR agonists

which do not efficiently promote phosphorylation of human KOR would also be unlikely to induce p38
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activation which is implicated in the aversive response to KOR agonists, and therefore may produce less
aversive responses in people. This chapter also brings up some concerns however regarding the
development of a KOR analgesic using this approach. Some KOR agonists, such as U50,488, have
comparable ability to activate arrestin-dependent signaling via both human and rodent KOR. Other
agonists however, such as pentazocine, have similar potency for G-protein mediated signaling through
both receptors, but markedly different potencies for arrestin-mediated signaling (i.e. p38 activation) via
human and rodent KOR. This suggests that the predictive power of rodent models for the effects of

particular KOR ligands in vivo may be limited.

Work in the third chapter of this thesis has also added to our understanding of the neurocircuitry
of KOR-mediated aversion and analgesia through the development of lentiviral expression vectors as
tools to selectively express KOR in specific brain regions of mice in which KOR has been genetically
deleted. The warm water tail flick response, which is thought to be spinally-mediated, is likely modulated
by KOR on descending neuronal projects from the dorsal raphe. The aversive effects of KOR are
mediated in part by projects from the dorsal raphe to the nucleus accumbens. As the dorsal raphe is the
major serotonergic nucleus within the brain, this also strongly implicates the serotonergic system in
regulation of aversion and analgesia. This technique can be used in the future to extend our
understanding of the neurocircuitry of other behaviors, such as KOR-mediated anxiety, and the role of

other brain regions in the effects of KOR activation.

Finally, work in the third chapter of this thesis assisted in identification of a novel JNK-
dependent mechanism of opioid receptor regulation underlying the unusually long lasting antagonist
effect of norBNI and norBNI-like KOR antagonists. Radioligand binding was used to measure the drug
binding sites of KOR from brain tissue of mice which had been injected with norBNI one week prior. At
this time, the analgesic response of these mice to KOR agonists was still blunted, but no changes were
observed for agonist binding of KOR either in number of drug binding sites or in drug affinity. The lack

of change in the drug binding site of KOR established that the cause of norBNI’s long duration of action
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was not metabolic. Rather than being biotransformed into a metabolite which irreversibly bound, norBNI
uncouples the receptor through activation of JNK, although the mechanism by which JNK uncouples the

receptor is still unknown.

Significance for development of KOR therapeutics

This work has several significant implications for the development as KOR ligands as
therapeutics. First, the similarity in mechanisms underlying MAPK signaling between rodent and human
KOR, particularly that activation of p38 requires receptor phosphorylation and arrestin, suggests that
KOR agonists which preferentially activate G protein-mediated pathways without activating arrestin-
mediated pathways including p38 would have clinical use as analgesics with a decreased side effect
profile. One of the initial steps in developing such a drug would be screening compounds for activity at
KOR for the desired subset of signaling cascades. Functional high-throughput screening of drug libraries
for agonist activity at receptors is already commonplace. However, functional screening of ligands often
assumes classical receptor pharmacology principles in which a drug will be an antagonist, partial agonist,
or agonist universally for all possible signaling pathways via a particular receptor. As a result, to
optimize the efficiency of high throughput screening, a single output is measured. Therefore the screen
will only identify the ability of a ligand to activate a specific pathway via the receptor of interest. For
many ligands, this information accurately reflects all signaling pathways, but for those with ligand
directed signaling properties, important information will be lost by not screening multiple pathways.
This is a particularly important concern for KOR ligand screening since drugs with ligand directed

signaling properties may be the most clinically useful.

Furthermore, many commonly used high throughput ligand screens for GPCRs are arrestin-
dependent assays. These include automated internalization assays and numerous high-throughput arrestin
recruitment assays, such as Bioluminescence Resonance Energy Transfer, PathHunter, and Tango. These
assays have several advantages from a high-throughput screening perspective, including being

independent of the particular subclass of G-protein which a GPCR acts through and requiring minimal
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knowledge of a particular GPCR’s signaling pathways. However, if arrestin-dependent assays are used as
the initial screen for agonist activity at a GPCR, ligands which preferentially activate G-protein signaling
but fail to effectively promoter receptor phosphorylation and arrestin recruitment will be falsely identified
as having low partial agonist activity or even no agonist activity for the receptor. In the case of KOR, the
most promising drugs — those which promote G-protein but not arrestin-dependent signaling — would be
missed if arrestin-dependent assays are the first high-throughput screen used. In contrast, arrestin-
dependent assays would be a valuable secondary screen for compounds which had previously been
identified as KOR agonists in G protein-dependent assays. Ideally, KOR ligand screening should involve
parallel or multiplex assays to identify compounds with agonist activity in G protein but not arrestin-

dependent assays.

A second important implication of this work is that high-throughput screening of drug libraries
based on rodent KOR systems may provide false positives or false negatives with regard to drugs with
ligand directed signaling through human KOR. While it is unknown how common it is likely to be that
KOR ligands have different activities for particular pathways via human or rodent KOR, this thesis
demonstrates that this is possible with the example of pentazocine. While the example of dissociation
between effects of a KOR agonist in humans and rodents in this thesis involved less aversive effects in
mice than those reported in people, and a decreased potency for p38 activation via the rodent receptor as

compared to the human receptor, the opposite may occur as well.

Agonist activity for human and rodent KOR is not necessarily equivalent and therefore screening
of compounds should use the human KOR. Additionally, caution should be exercised regarding
extrapolating the possible effects of KOR agonists in people based on behavioral studies in rats and mice.
Agonists which appear to not cause p38 activation or aversion in rats and mice may not lack aversive
properties in humans. Likewise, while not reported in this thesis, it may be possible for an agonist to be

aversive (and activate arrestin-dependent p38 phosphorylation) in rodents but not humans. This poses a
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particular problem for pre-clinical research for specific agonists in following in-vitro characterization of

KOR agonists, as mice and rats are common early pre-clinical models.

Antagonists of KOR have also been considered for clinical therapeutic use. Because of the
dysphoric, anxiogenic, and pro-depressive effects of KOR activation, and the anxiolytic and anti-
depressive-like effects of KOR antagonists in rodent models, KOR antagonists are being considered as
potential anxiolytics and antidepressants (Carlezon 2009, Chavkin 2011). One concern has been the long
duration of action of typical KOR antagonists such as norBNI. Our current understanding that this is a
result of selective activation of JNK by these antagonists has two important implications for the clinical
use of KOR antagonists. The first is that KOR antagonists which do not activate JNK should function as
standard competitive antagonists with a normal duration of action. The second implication is that JINK
activation by norBNI may initiate signaling events in addition to KOR desensitization, and it will be
important in the future to understand if these play a role in the anxiolytic and anti-depressive effects of

norBNI in addition to KOR antagonism.

Future directions

JNK-dependent inactivation of GPCRs is not unique to KOR. Tolerance to the MOR agonist
morphine is JNK dependent rather than GRK3 dependent (Melief 2010). The mechanism of JNK
inactivation of KOR and MOR is not known, but we propose that INK phosphorylates a site within the
receptor signaling complex, which allows an arrestin-like protein to bind to the receptor and prevent
receptor signaling.  Stable association of a protein at the phosphorylation site would prevent
dephosphorylation and may account for the long duration of antagonism of norBNI-like antagonists. The
JNK phosphorylation site within the receptor signaling complex and arrestin-like protein are currently
unidentified and their existence remains hypothetical. Whether JNK-dependent inactivation occurs for
other GPCRs is not known, but may represent a common mechanism of receptor desensitization, distinct

from the more characterized GRK/arrestin-dependent mechanism. Therefore future research into the
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mechanism of JNK-mediated KOR inactivation may also provide insight more general insight into the

molecular regulation of opioid receptor signaling.

One proposed JNK substrate is KOR itself. The second intracellular loop of KOR contains a
potential MAPK phosphorylation site, with the consensus sequence of a serine or threonine followed by a
proline (Tibbles 1999). This site is conserved between MOR (Thr180) and KOR (Thr171). MOR and
KOR also both contain multiple potential JNK-binding motifs (consensus sequences R/KX0-2R/KXO0-
AL/IIVXL//V) (Tibbles 1999). Mutation of the Thr180 site of MOR has been previously shown to block
MOR desensitization (Celver 2001, Lowe 2002, Celver 2004). Proposed future studies include
determining if JNK phosphorylates this site, and determining if mutation of this site prevents JNK-

mediated receptor inactivation.

In order to understand the JNK-mediated changes that occur in the KOR and MOR signalosomes,
it will be beneficial to develop readily-manipulated model systems and molecular tools with which to
study these changes. Transfected cells can be powerful tools for studying the mechanisms of GPCR
signaling, and much of our understanding of GPCRs has come from experiments using transfected cell
cultures as model systems. Because they are quick to replicate, readily grown in large scale, easy to
transfect, and highly amenable to pharmacological manipulation, cell cultures would provide ideal model
systems with which to study changes in the KOR signalosome following norBNI treatment and probe the
molecular signaling underlying these changes. Previously all studies observing the long-lasting
antagonist properties of norBNI have involved treatment with norBNI in-vivo, but norBNI has been
shown to activate JNK in cell culture as well (Bruchas 2007, Melief 2011). Identifying cell culture
models in which norBNI has a long duration of effect which is JNK-mediated will be beneficial in

studying the mechanism of JNK-mediated receptor inactivation.

Lentiviral expression systems allow for the stable expression of KOR in discreet regions of the

central nervous system. Furthermore, viral expression of KOR also enables the expression of point
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mutants, allowing the study of receptor mutations in vivo without the expense or time required for
transgenic mouse development. This was demonstrated with the KOR(Ser369Ala), but can be extended
to other mutations as well. Development of a lentivirus expressing KOR(Thr171Ala) is underway. This
lentivirus will enable us to determine the effect of mutation of this site in vivo and test if phosphorylation

of this site is a mediator of norBNI desensitization of KOR.

By combining lentiviral expression with lox/cre technology, this technique can also be used to
study the role of subpopulations of cells within a specific brain region without the cost and time
consumption required to develop transgenic mouse lines. For this purpose | have developed a lentivirus
which expresses a floxed KOR antiparrallel to the promoter; the lox sites which contain mutations
rendering recombination unidirectional (Albert 1995, Oberdoerffer 2003) recombine to allow expression
of KOR when cre is also expressed. By co-injecting a retrogradely transported cre-expressing CAV with
this inverted-KOR lentivirus, we will be able to express KOR specifically in cell projecting from one
discreet nuclei to another discreet nuclei. Similarly, KOR can be expressed in a specific cell type within a
region, by injection of the inverted-KOR lentivirus in transgenic mice lacking KOR and expressing cre
under a cell-type specific promoter. One example of this is specific expression of KOR in serotonergic
cells within the dorsal raphe by using mice expressing cre under the Petl promoter, which is selective for

serotonergic lineage cells.

Finally, although it has been established that GPCRs including the opioid receptors activate
through several signaling cascades and ligands may preferentially activate a subset of signaling events, it
is unclear to what extent ligand directed signaling occurs naturally. The chemokine CCL21 exhibits
ligand directed signaling, preferentially activating Gg-mediated but nor arrestin-mediated cascades
through activation of the CCR7 chemokine receptor (Kohout 2004), but few other examples of
endogenous ligands with ligand directed signaling have been identified. The propeptides which the
endogenous opioid are derived from can be cleaved into many different peptides. For prodynorphin alone

these include DynA(1-17) and (1-8), big-Dyn (1-26), big-Dyn(6-26), a- and PB-neo-endorphin, and
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DynB(20-32) (Schwarzer 2009). The potencies and efficacies of the endogenous opioid peptides have
historically been calculated from GTPyS and other G protein-dependent assays. The endogenous KOR
ligands have not been fully characterized in their ability to activate the different signaling cascades to
which KOR couples (G protein-dependent, arrestin-dependent, and JNK-dependent). An interesting but
untested hypothesis is that a subset of prodynorphin-derived peptides have ligand directed signaling
properties. The cleavage pattern of the different endogenous peptides may regulate cellular signaling not
only through receptor selectivity and overall efficacy at each opioid receptor, but also through preferential
activation of a subset of signaling cascades. If this hypothesis is true, it would add to the complexity of

endogenous opioid receptor function.
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Appendix | Unpublished studies on KOR-dependent regulation of BDNF

by acute social defeat stress

Considerable evidence suggests that stress promotes depression in susceptible individuals, and
changes in the hippocampus have been implicated in this process (Pittenger 2008). Depressed patients
have decreased hippocampal volume (Sheline 2003), and animal models of stress and depression show
changes in cellular morphology in hippocampus (Magarinos 1996). Hippocampal brain derived
neurotrophic factor (BDNF) mRNA and protein levels are also decreased following both acute and
chronic animal models of stress (Pizarro 2004). Decreases in BDNF have been correlated with
depression-like behavior, whereas infusion of BDNF into the hippocampus has anti-depressant effects and
antidepressants increase BDNF mRNA in hippocampus (Pliakas 2001, Tsankova 2006). The mechanisms
involved in stress regulation of BDNF are poorly understood. It has been previously shown that the
kappa opioid receptor (KOR) is activated by stress and has been shown to play a role in immobility
induced by forced swim stress and social defeat stress (Pliakas 2001, McLaughlin 2003, McLaughlin
2006). We set out to test whether stress induced changes in BDNF message are KOR dependent and to

further characterize the mechanism by which KOR might regulate BDNF.

Methods

Acute Social Defeat Stress. Acute social defeat stress (SDS) was performed as previously described
(Pizarro 2004). Intruder mice were placed in the cage of a resident aggressor and subjected to SDS for 2
minutes. The intruder was then placed in a permeable protective barrier inside the resident cage for 2
minutes. Each intruder was subjected to a total of 3 SDS sessions lasting 10 minutes. Control undefeated

mice were housed in parallel but did not undergo SDS.

gRT-PCR. Mice were killed by cervical dislocation 24 hours after drug injection or acute SDS, and brains
removed. The hippocampus was dissected and immediately frozen in liquid nitrogen and stored at -80°C

until processing. RNA was harvested by Qiashredder columns and the Rneasy miniprep kit (Qiagen).
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One step quantitative PCR was performed on an Mx3000 using Brilliant Sybr Green and Stratascript
reverse transcriptase (Stratagene). Total BDNF, BDNF transcript I, BDNF transcript |1, BDNF transcript
111, BDNF transcript 1V, and BDNF transcript V were amplified in separate reactions and each sample run
in triplicate. Sample RNA was calculated based on a standard curve for each primer set and normalized

to the housekeeping gene ARBP.

Promoter analysis. GenBank accession AY057907 was used for the DNA sequence of BDNF. The DNA
sequence 250 base pairs upstream and downstream of the transcription start site of exon Il were used for

promoter analysis. Potential transcription factor sites were identified using the Zlab Possum tool.

Results

To measure the effects of an acute social defeat stress on BDNF message levels, an intruder
mouse was placed in a cage sequentially with three different resident aggressor mice for a total of ten
minutes. RNA was extracted from the intruder mouse 24 hours after the social defeat stress, and BDNF
message levels were measured by qRT-PCR and normalized to ARBP message. To test if KOR was
required for the decrease of BDNF mRNA following social defeat stress, BDNF mRNA was measured in
hippocampus of wild type and KOR knockout mice 24 hours after an acute social defeat stress. A
significant 40% decrease was seen in wild type mice following social defeat stress. KOR-/- mice
expressed BDNF message at a lower level than wild type mice under non-stressed control conditions, but
no change in BDNF expression was observed in KOR-/- mice following social defeat stress. (Fig 1.1a)
These results indicate that KOR is required for the defeat stress-induced decrease in BDNF mRNA. They
also indicate that either KOR regulates BDNF expression under controlled conditions, or that a lack of
KOR in during development results in compensatory changes which include changes in BDNF

expression.

We next tested the effect of pharmacological disruption of KOR on social defeat stress-induced

changes in BDNF expression. Mice were treated with the saline vehicle or the KOR antagonist norBNI
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(10mg/kg) 3 hours prior to social defeat stress. No decrease in BDNF expression was measured in
socially defeated mice pretreated with norBNI (Fig I.1b). In combination with the KOR-/- data, these
results suggest that the decrease in BDNF message following an acute social defeat requires KOR

activation.

To determine if activation of KOR is sufficient to decrease hippocampal expression of BDNF
mRNA, BDNF message in hippocampus was measured 24 hours after treatment with saline vehicle or the
KOR agonist U50,488 (5mg/kg). Treatment with U50,488 resulted in a significant decrease in BDNF
message, similar in magnitude to the change observed after an acute social defeat stress (Fig 1.2). These

data show that KOR activation results in a decrease in BDNF message after 24 hours.

The BDNF gene structure is composed of a single coding exon which can be spliced to the 3 end
of one of five differentially regulated non-coding exons with distinct promoters. To determine which
promoter may be regulated by social defeat stress-induced KOR activation, gRT-PCR was used to
measure the levels of each transcript following an acute social defeat stress. Social defeat stress was
found to specifically decrease the level of transcript 11l mRNA (Fig 1.3). Transcript 11l message was
significantly decreased by 40% following social defeat stress, but no significant changes were found in
transcripts I, 11, IV, or V. This indicates the promoter for this transcript is the primary target of regulation
by an acute social defeat stress. The regulation of BDNF transcript Il has not been well characterized,
but promoter analysis of the DNA sequence 250 base pairs upstream and downstream of the transcription
start site of exon Il using the Zlab possum tool reveals consensus sequences for several transcription
factors (Fig 1.4). These include consensus sequences for regulation by ETS, AP-1, and Spl family

transcription factors in regions of the promoter which are conserved between mouse and man.
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Figure 1.1 Total BDNF RNA was is decreased in hippocampus 24 hours after an acute SDS. (A)
Hippocampal BDNF mRNA was quantified in KOR-/- and wild type mice. Significant effect of stress
(p<0.05) and genotype (p<0.05) was revealed by two-way ANOVA (n=7-8). Significance of the
differences, according to Bonferroni-Dunn post-hoc test, is indicated by * (p<0.05). (B) Hippocampal
BDNF mRNA was quantified in wild type animal injected with saline or norBNI (10mg/kg) 3 hours prior
to SDS. Significant interaction effect (p<0.05) was revealed by two-way ANOVA (n=8-10).
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Figure 1.2 BDNF RNA in hippocampus was is decreased 24 hours after U50,488 (5mg/kg, i.p.).
decrease in BDNF is indicated by *, student’s t-test (p<0.01, n=7).
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Figure 1.3 BDNF transcripts 1-V were quantified by gRT-PCR 24 hours after SDS. Significant
effect of stress (p<0.001) was revealed by two-way ANOVA (n=5-8). Significance of the differences,
according to Bonferroni-Dunn post-hoc test, is indicated by * (p<0.01).
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Figure 1.4 Putative regulatory elements within the promoter of BDNF transcript Il1l. The DNA
sequence 250 base pairs upstream and downstream of the transcription start site for exon Il was analyzed
for consensus sequences for common transcription factors. The potential ETS and AP1 binding sites and
the SP1 site at -106 are conserved between mouse and human.
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Appendix I1: Unpublished studies on the development of model systems
and molecular tools to study JNK-mediated regulation of opioid

receptors

Although classically considered competitive antagonists, norBNI and several related kappa opioid
receptor (KOR) selective antagonists exhibit long lasting antagonism of KOR (Horan 1992, Jones 1992,
Butelman 1993, Negus 2002). This antagonism of KOR by norBNI lasts over two weeks in vivo with no
change in receptor binding. Furthermore, norBNI exhibits collateral agonist activity, activating JNK, and
JNK activation is required for the long lasting antagonist activity of norBNI (Bruchas 2007). Similar
results have been found for the KOR antagonists JDTic and GNTI, and a recent analysis of 12 KOR
antagonists from Pfizer, AstraZeneca, RTI, McLean, and Eli Lilly found a strong correlation between the
duration of antagonist effect in vivo and the magnitude of induced JNK phosphorylation (Melief 2011).
Therefore INK-mediated regulation of KOR by antagonists with long durations of action is not unique to
norBNI. The mu opioid receptor (MOR) agonist morphine also shows atypical properties. Unlike
fentanyl tolerance, morphine tolerance is not GRK3 dependent and morphine does not induce MOR

internalization. However, tolerance to morphine but not fentanyl is JINK dependent (Melief 2010).

We propose that norBNI and morphine both lead to receptor inactivation through a similar
mechanism and that JNK activation by norBNI or morphine results in association of a protein with the
cytoplasmic face of the receptor, sterically occluding G protein and arrestin signaling. This mechanism of
JNK regulation of opioid receptors would be analogous to receptor regulation by GRK and arrestin.
Because the duration of action of norBNI is comparable to that of the covalently binding non-competitive
antagonist BCNA, suggesting new receptor synthesis is required for signaling, this protein association is
expected to be very stable in the case of KOR. In order to understand the changes that occur in the KOR

and MOR signalosomes following norBNI or morphine treatment and to identify the mechanism of JINK
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mediated regulation, it will be beneficial to develop readily-manipulated model systems and molecular

tools with which to study these changes.

Results

HEK293 and NG108 cell culture as in-vitro models for studying duration of norBNI effect

The duration of action of norBNI in KOR expressing NG108-15 and HEK293 cells was tested by
agonist stimulated ERK1/2 phosphorylation following antagonist pretreatment or 24 hours following
wash-off of antagonist treatment. Cells were treated with 1uM norBNI or 10uM naloxone for 24 hours,
and then immediately treated with 10uM U50,488 (T0O), or washed to remove antagonist 24 or 48 hours
prior to U50,488 treatment (T24 and T48). In HEK293 and differentiated NG108-15, pretreatment with
norBNI and naloxone blocked U50,488-stimulated phosphorylation ERK1/2 at TO (in the presence of
antagonist), as expected. In both cell lines, U50,488 stimulated ERK1/2 phosphorylation was still
inhibited by norBNI pretreatment 24 hours after norBNI had been washed off (T24) (Fig 11.1). In NG108,
but not HEK293 cells, this inhibition of ERK1/2 stimulation was still observed at 48 hours after wash-off
of norBNI. As a control, the duration of action of naloxone, which does not activate JNK and has a short
duration of action in vivo, was tested. In contrast to norBNI, no antagonism of the ERK1/2 response by
naloxone was observed after antagonist wash-off in either cell line. The selective antagonism of KOR in
HEK?293 and NG108-15 cell cultures by norBNI after wash-out indicates that norBNI has a long duration

of action in these cells.

If the antagonism of the ERK1/2 response by norBNI at T24 occurs via a similar mechanism to
that underlying the long-lasting effects of norBNI in vivo, inhibition of JNK should accelerate recovery of
the agonist-induced ERK1/2 response following norBNI treatment. To test this hypothesis, KOR
expressing HEK?293 cells were treated with the JNK inhibitor SP610025 (100nM) 30 minutes prior to
norBNI treatment. SP610025 had no significant effect on norBNI inhibition of ERK1/2 phosphorylation

at TO when drug was still on board. In contrast, SP610025 pretreatment significantly reduced the
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inhibition of ERK1/2 phosphorylation by norBNI 24 hours after wash-out (Fig 11.2). These data show
that the long-lasting inhibition by norBNI is JNK-dependent in HEK293, similar to in vivo, and validate

these cells as model to study JNK-mediated uncoupling of KOR by norBNI.

The validated cell culture model will provide a valuable functional assay for studying the
mechanism of norBNI’s long duration of action. These cell culture models will allow for a wide range of
studies, including site-directed receptor mutagenesis, large-scale receptor purification for analysis by
mass spectrometry, and manipulation of candidate interactors. Utilizing two different cell culture models,
NG108-15 and HEK?293, and focusing on data which is consistent between these cell lines will provide

greater confidence in conclusions drawn.

Tandem affinity purification tagged KOR

To identify novel opioid receptor-interacting proteins whose association was changed by norBNI
treatment we adopted a discovery based approach. We generated a tandem affinity purification (TAP)
tagged KOR with an amino terminal domain containing streptavidin binding peptide (SBP),
hemagglutinin (HA), and calmodulin binding peptide (CBP) as previously described (Angers 2006). A
similar TAP-tagged MOR cell line has also been developed. TAPKOR-associated proteins can be
affinity-purified by streptavidin and calmodulin crosslinked agarose, and analyzed by mass spectrometry.
This approach has previously been used to identify o-adrenergic receptor binding partners (Lyssand

2010).

Lentiviral expression of TAPKOR

The TAPKOR sequence has been inserted into a lentiviral vector for expression in vivo (Fig
11.3a). Injection of lenti-KOR into the dorsal raphe has previously been shown to restore the analgesic
and aversive responses to U50,488 (Land 2009). HEK293 transduced with lenti-TAPKOR express
functional receptor (Fig 11.3b,c). Injection of lenti-TAPKOR in the dorsal raphe of KOR-/- mice restored

the analgesic response to U50,488, which was blocked by norBNI (Fig 11.4). Furthermore, norBNI
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antagonism was found to be long lasting. Lenti-TAPKOR will allow for purification of TAPKOR-

associated proteins from mouse brain and in-vivo validation of candidate proteins.
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Figure 11.1 NorBNI, but not naloxone, treatment has long-lasting effects in HEK293 and NG108-15.
A. The kinetics of antagonist reversal was measured by the increase in ERK1/2 phosphorylation
stimulated by 10uM U50,488 of KORGFP expressing HEK cells in the presence of antagonist (0 hr) or at
24 or 28 hr after antagonist was washed off. Significant effect of antagonist (p<0.001), recovery time
(p<0.001) and interaction effect (p<0.01) was revealed by two-way ANOVA (n=8-23). Significance of
the differences as compared to no antagonist, according to Bonferroni-Dunn post-hoc test, is indicated by
* (p<0.05). B. The kinetics of antagonist reversal was measured by the increase in ERK1/2
phosphorylation stimulated by 10uM U50,488 of TAPKOR expressing NG108-15 cells in the presence of
antagonist (0 hr) or at 24 or 28 hr after antagonist was washed off.  Significant effect of antagonist
(p<0.001) was revealed by two-way ANOVA (n=8-15). Significance of the differences as compared to no
antagonist, according to Bonferroni-Dunn post-hoc test, is indicated by * (p<0.05).
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Effect of SP610025 on
duration of norBNI effect
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Figure 11.2 INK is required for the long-lasting effects of norBNI in HEK293. Pretreatment with the
JNK inhibitor SP610025 (100nM) accelerates reversal of norBNI antagonism. Y-axis is expressed as
percent of the U50,588 stimulated increase in phospho-ERK in the absence of antagonist. Significant
effect of antagonist (p<0.001) and recovery time (p<0.001) was revealed by two-way ANOVA (n=3).
Significance of the differences, according to Bonferroni-Dunn post-hoc test, is indicated by * (p<0.05).
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Figure 11.3. Transduction of HEK293 with lenti-TAPKOR results in function receptor. A.
Schematic of the lentiviral TAPKOR construct. B. Treatment with 10uM U50,488 (5 min) results in a
significant increase in ERK1/2 phosphorylation in HEK293 transduced with lenti-TAPKOR, but not in
untransduced HEK?293 (p<0.05, students t-test). C. Treatment with 10uM norBNI (30 min) results in a
significant increase in JNK phosphorylation in HEK293 transduced with lenti-TAPKOR, but not in
untransduced HEK 293 (p<0.05, students t-test).
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Analgesic response to U50,488 (15mg/kg)
in KOR-/- expressing lenti-KOR or
lenti-TAPKOR in dorsal raphe

2.07-@ lenti-TAPKOR -~ lenti-TAPKOR (norBNI)
> -4~ lenti-KOR -®- lenti-TAPKOR (saline)
O o -

g R 151
8 o
o)
4
)
g —_ 10'
=8
.§ HCE
£ 38 0.5 *
5 5 *
S O
20 00 ; f/}—
oL
=
Owk 1wk 2wk 3wk 4wk 1.5hr 24 hr 72 hr
-0.59 e meeee mmmmmmmme-

time post-viral injection time post norBNI

Figure 11.4. The duration of norBNI antagonism is reconstituted by lenti-TAPKOR expression in
DRN. The warm water tail withdrawal latency following U50,488 injection was used to assess the
recovery of the analgesic response following Lenti-TAP-KOR injection into dorsal raphe of KOR-/- mice.
Lenti-TAPKOR was as effective as lenti-KOR in recovering analgesic response. Significant effect of
time after viral injection (p<0.001) was revealed by two-way ANOVA (n=6-11). Significant differences
as compared to wk 0 were found for both viruses for weeks 1-4, according to Bonferroni-Dunn post-hoc
test (p<0.05). NorBNI (10mg/kg, i.p.) was injected at wk 5. NorBNI, but not vehicle, blocked the
analgesic response to U50,488 for at least 3 days, whereas vehicle injection was ineffective. Significant
effect of norBNI treatment (p<0.001) was revealed by two-way ANOVA (n=4-6). Significance of the
differences as compared to vehicle, according to Bonferroni-Dunn post-hoc test, is indicated by *
(p<0.05).
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Appendix I11: Lentiviral expression vectors developed during thesis

Lentiviral backbone

All lentiviral vectors were derived from the lentiviral construct expressing the $2 subunit of the nicotinic
acetylcholine receptor under the mouse phosphoglycerol kinase (PGK) promoter, published by the
Changeux group (Maskos 2006). The viral expression vectors use pUC18 as the backbone plasmid. Use
of the PGK promoter rather than a viral promoter reduces gene silencing which results from DNA
methylation of CpG repeats. The integrated virus is rendered replication incompetent by deletion of the
U3 region of the 3’ long terminal repeat. Sequences were incorporated to enhance RNA stability and
transgene expression (WPRE) and infection of nondividing cells (99 base pair DNA “flap™). Production
of viral particles requires cotransfection with plasmids expressing envelope proteins and lentiviral

packaging proteins.

In the viral schematics below the following abbreviations are used:
WPRE = woodchuck hepatitis B virus post-transcriptional regulatory element. FLAP = 99 bp DNA
“flap”. PGK = phosphoglycerate kinase promoter. RRE = rev response element. AU3 = deletion of U3

element of 3°’LTR. LTR = long terminal repeat

Lenti-GFP

GFP under the control of the PGK promoter

RRE FLAP
5’LTR m eGFP

3'PPT

AU3

93



Lenti-KOR

Bicisctronic cassette using internal ribosomal entry sequences; rat sequence KOR and GFP under the
control of the PGK promoter

RRE FLAP
IRES2 | eGFP

Lenti-KSA

3'PPT

AU3

Bicisctronic, using internal ribosomal entry sequences; rat sequence KOR(Ser369Ala) and GFP under the
control of the PGK promoter

3'PPT
RRE FLAP
IRES2 | eGFP
AU3

Lenti-KORGFP

C-terminal GFP-tagged rat sequence KOR under the control of the PGK promoter

3'PPT
RRE FLAP
M KOR-GFP
AU3

Lenti-KSAGFP

C-terminal GFP-tagged rat sequence KOR(Ser369Ala) under the control of the PGK promoter

RRE FLAP
M <SA-GFP

3’'PPT

AU3
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Lenti-ifKOR

Expresses mCherry and KOR/GFP in opposite orientations between two lox sites. Prior to cre-
recombination, the mCherry is in the forward orientation from the PGK promoter, while KOR and eGFP
are inverted and not expressed. Following cre-recombination, KOR and GFP are in the correct forward
orientation relative to the promoter, while mCherry is inverted and not expressed. Mutations within the
lox sites strongly favor the forward reaction, effectively preventing the reverse reaction (Albert 1995,
Oberdoerffer 2003).

3'PPT

RRE FLAP

Cre AU3
recombination

3'PPT
lox72

RRE FLAP

AU3

Lenti-TAPKOR

Bicisctronic cassette using internal ribosomal entry sequences; N-terminal tandem-affinity purification
(TAP)-tagged rat sequence KOR and GFP under the control of the PGK promoter. The TAP tag is
comprised of a streptavidin binding peptide, an HA tag, a TEV cleavage site, and a calmodulin binding
peptide (Angers 2006).

3'PPT
RRE FLAP
IRES2 | eGFP

AU3

Lenti-TAPKTA

Bicisctronic cassette using internal ribosomal entry sequences; N-terminal tandem-affinity purification
(TAP)-tagged rat sequence KOR(Thr171Ala) and GFP under the control of the PGK promoter. The TAP
tag is comprised of a streptavidin binding peptide, an HA tag, a TEV cleavage site, and a calmodulin
binding peptide (Angers 2006).

3'PPT
RRE FLAP
eGFP

AU3
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Lenti-hSERT

Bicisctronic cassette using internal ribosomal entry sequences; human sequence serotonin reuptake
transporter and GFP under the control of the PGK promoter

3'PPT
RRE FLAP
IRES2 | eGFP

AU3
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