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Abstract

The mu, delta, and kappa opioid receptors (MOR, DOR, and KOR) mediate the
effects of the opioid class of drugs. As with all G-protein coupled receptors, opioid
receptors must be installed in the plasma membrane of cells to be functional, and a
understanding of the factors governing the quantities of cell surface neiseptportant
for understanding opioid drug action and solving some of the problems associated with
these drugs, such as tolerance and dependence. To explore factors governingithe quant
of cell surface receptor, we used nerve growth factor differentiated RG4,2nhich
have neuron-like qualities, expressing epitope-tagged DOR and MOR. We developed a
method of quantifying cell surface receptor, total cell receptor, and stidéotal ratios
in individual cells, based on separately labeling cell surface and totatogtitor with
fluorescent antibodies, acquiring images using fluorescence microsecapgnalyzing
images to separately quantify surface and total fluorescence focelhasing Image J
software. This method is efficient, avoids some of the technical problems with other
methods of surface receptor quantification, and enables quantification of large
populations of individual cells, so that cell-to-cell variation can be studied.

Using this method, we confirmed our observation that DOR exists in the plasma
membrane in greater quantity than MOR. In PC12 cells regardless of newth tactor
differentiation, and also in HEK293 cells, we found that DOR had a larger susface-t
total ratio on average than MOR did. This indicates the existence of recepificspec
mechanisms for membrane trafficking and adds another type of differentiallalayc
targeting of DOR and MOR to several others that have been previously described. We
also examined the mathematical relationship between cell surface aratiatateptor



for both DOR and MOR. We found little relationship between the quantities of surface
and total receptor for either receptor. However, for both DOR and MOR we found that as
the quantity of total cell receptor increased, surface-to-total ratiosatsat on average,
suggesting that the mechanisms for receptor installation into the plasntaanerare
saturable.

Consistent with existing literature, we found that the regulated secretbrygyat
is an important factor in the cell surface delivery of DOR but not MOR. We cadirm
the previous report that depolarization using potassium chloride resulted in rapid
installation of DOR into the plasma membrane as measured by an incr&GR |
surface-to-total ratio, and we found additionally that this same stimulus didsudit in
an increase in MOR surface-to-total ratio. We also found that co-expredsioe
neuropeptide precursor pre-pro-tachykinin caused an increase in DOR but not MOR
surface-to-total ratio on average, providing additional evidence for the rpte-pfo-
tachykinin in DOR cell surface targeting, a notion that has been challergedye

We found that 30 minutes of treatment with the DOR agonist deltorphin caused
not only direct internalization of DOR, as expected based on the literature, but also a
longer-lasting decrease in the cell surface quantity of DOR. Ircplantj while the level
of cell surface DOR should recover within 12 hours after complete internalizgtion b
agonist, based on normal membrane trafficking kinetics that we measured useg pul
chase experiments, we found that DOR surface-to-total ratios remairredsipfor up
to 24 hours after deltorphin treatment, with significant recovery measured tarlj&f
hours. This indicates that DOR agonists can cause a lasting change in membrane
trafficking kinetics which results in low levels of cell surface DORslmme time after
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agonist exposure. Since the efficacy of DOR agonists is related to theflsueface
receptor as suggested by recent evidemeev/o, this longer-lasting agonist effect on
receptor membrane trafficking may be a component of acute tolerance.

Various types of functional interactions between DOR and MOR have been
described in the literature, and we explored the possibility of agonist-indudeskimngf
interactions by using PC12 cells co-expressing DOR and MOR and our sudagtere
guantification method to measure the surface quantity of both receptors in individual
cells. We found that 30 minutes of treatment with the DOR-selective agonispdeit
caused a rapid increase in the quantity of cell surface MOR in PC12 cellssxgreoth
receptors, but not in cells expressing MOR alone. By contrast, treatmentevitQR-
selective agonist DAMGO for 30 minutes did not cause a rapid increase in catlesurf
DOR in co-expressing cells, although existing literature reports thatsuimcrease can
occur with longer MOR agonist treatment. Thus we have shown that agonrsetieat
a GPCR can lead to rapid installation of a functionally related receptor, ans tine
first demonstration we are aware of that DOR agonist treatment canplasise
membrane installation of MOR. We also found a positive linear relationship betaleen c
surface DOR and cell surface MOR in co-transfected cells. Deltorphimieat
increased this positive trend, while DAMGO treatment decreased it. Thishierfur
evidence for receptor interactions, suggesting that agonist treatnoe gceptor can
either induce installation of a related receptor or that interactions cafyrtiedability

of an agonist to internalize receptor.
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The Opioid Drugsand Their Usesand Problems

Opioids are one of the two main classes of analgesic drugs in use today, the other
class being the non-steroidal anti-inflammatory drugs (NSAIDs). The“mioid”
refers broadly to both the opiates and the endogenous peptides they mimic. Opiates
include natural products such as morphine, derived from the opium poppy, as well as
many semi-synthetic and synthetic congeners. Endogenous opioid peptides aredproduce
in the body and include endorphins, enkephalins, dynorphins and endomorphins (Gutstein
and Akil, 2001).

Opioid analgesics are used therapeutically in the treatment of moderateréo seve
pain. Some opiates such as heroin are used recreationally for their euphotsc effe
Opiates are also used therapeutically for other purposes such as to previesd diarr

The opioid analgesics as a class have two major problems: tolerance and
dependence. Tolerance is a loss of drug efficacy over time, resulting id fonee
increased dose to produce the same drug effect. Dependence is a set ofgitgisiolo
changes that cause adverse effects upon cessation of use of a drug. Talaetance
dependence are physiological factors that contribute to addiction, which isvéob&ha
pattern characterized by compulsive use of a drug and overwhelming involvement in
procuring and using it. Opioid addiction can result from recreational use of theodrugs
from their use in pain therapy. Addiction is a major societal problem costing biions
dollars each year. Even in non-addicted individuals, tolerance and dependence are major
liabilities that reduce the effectiveness of opioid drug therapy and its @btentpain

relief. Hence, there is a need for greater scientific knowledge of ttigamems behind



the drugs’ effects, including tolerance and dependence. Such knowledge may lead to
improved opioid drugs and therapies.
Opioid Receptors

Like most other drugs, opioids bind to receptors that mediate their effects. Three
opioid receptors have been cloned, the mu opioid receptor (MOR), delta opioid receptor
(DOR), and kappa opioid receptor (KOR). All three belong to the superfamily of G
protein-coupled receptors (GPCRS), so-called because binding of drug tptarece
activates an adjacent protein called a G-protein, which in turn activates etiatarc
signaling machinery to produce a biological effect. Because opioid drug action i
mediated by these receptors, knowledge of how the receptors function is an important
part of understanding the effects of the drugs.

Since GPCRs must be installed in the plasma membrane to be functional, an
understanding of GPCR pharmacology requires knowledge of the factors that gevern t
presence of GPCRs in the plasma membrane. Much research on opioid receptors has
focused on the processes of receptor desensitization, internalization, degyauheat
recycling, because these processes are thought to be involved in drug tobbesiic,
poorly understood ways (Christie, 2008). These processes all involve receptorsdhat ha
already been installed in the plasma membrane. Comparativelyslikih@wn about the
trafficking of newly synthesized opioid receptors prior to insertion in the plasm
membrane.

Differential Targeting of MOR and DOR
It has been widely observed that opioid receptors are differentiallyedropet
neurons. The cloning of the three opioid receptors in the early 1990’s (Evans et al.,
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1992; Kieffer et al., 1992; Chen et al., 1993; Kong et al., 1994; Meng et al., 1993;
Minami et al., 1993; Thompson et al., 1993; Wang et al., 1993; Yasuda et al., 1993)
enabled the generation of antibodies against the receptors and subsequent determinat
by immunohistochemical methods of the distribution of the receptors throughout the
central nervous system (Elde et al., 1995). This extensive mapping yielded some
generalizations about the sub-cellular localization of opioid receptors in neDORsis
found almost exclusively in axons, while MOR and KOR are found primarily, although
not exclusively, in cell bodies and dendrites. Moreover, confocal and electron
microscopy revealed that while MOR and KOR exist primarily in the plasemlbrane

of cell bodies and dendrites, DOR seems to exist primarily in intracellesales within
axons (Arvidsson et al., 1995a; Arvidsson et al., 1995b; Arvidsson et al., 1995c; Cheng et
al., 1995; Cheng et al., 1996; Cheng et al., 1997; Commons et al., 1999; Dado et al.,
1993; Drake et al., 1996; Nomura et al., 1996; Svingos et al., 1996; Svingos et al., 1999;
van Bockstaele et al., 1997; Wang et al., 1998). These generalizations aboutilsnbcell
targeting to different domains have been nuanced by later findings; for indtaatce

MOR is found on axons in certain neurons (Browning et al., 2004; Pickel et al., 2004).
Recently, DOR-EGFP knock-in mice have been made, and a large portion of DOR in
cells from these mice is in the plasma membrane rather than in intracsthues

(Scherrer et al., 2006), although questions remain regarding whether flnbnestein-
tagged DOR targets the same way as endogenous DOR and hence to what extent this
mouse model is valid for studying the behavior of DOR. Although the targetinghgatter
of DOR and MOR are complex and may defy simple generalizations, differential
targeting of these receptors is well established; it has been shown, daceéghat DOR
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is found primarily in intracellular vesicles in the same neurons in which endoggnous
co-expressed MOR is found primarily on the cell surface (Wang and Pickel, 2001)
Clearly, the targeting of the receptors is not random, which raises theoquesine
factors influencing initial receptor trafficking.

Relationship Between Neuropeptide Trafficking and Receptor Trafficking

Closely related to the idea that certain receptors exist primarily aceitular

stores is the concept of co-transport of receptor and neuropeptide along axons. yAxonall
targeted opioid receptors are frequently associated with large densesiolesve
(LDCVs) that transport neuropeptides along axons (Cheng et al., 1995; Shuster et al
1999). In dorsal root ganglia neurons, for example, DOR co-localizes with sugBtanc
and calcitonin gene-related peptide (CGRP), two neuropeptides secrebeddy t
neurons, and DOR is associated with LDCVs that carry these neuropeptideg éZhé,
1998). A similar relationship exists between KOR and vasopressin in the mégaocel
neurons of the hypothalamus that secrete this peptide hormone; KOR co-locidhzes w
vasopressin in axons and axon terminals, and KOR is found associated with LDCVs that
carry neuropeptide along axons (Shuster et al., 1999). These findings indicate that
axonally targeted opioid receptors may be transported and stored with neuropeptides
the regulated secretory pathway. Evidence indicates a direct physaabtes
between DOR and pre-pro-tachykinin in LDCVs in the regulated secretorygatand
that the DOR transported by this mechanism is required for tolerance to masphine’

analgesic effect (Guan et al., 2005).



Activity-dependent I nsertion of Receptorsinto the Plasma Membrane

The regulated secretory pathway, as opposed to the constitutive secretory
pathway, carries cargo that is released upon stimulation of the neuron (O& &aimi
Jahn, 1990; Jung and Scheller, 1991). Building on the concept of co-transport of
receptor and neuropeptide in large secretory vesicles in axons, trenstgdibetween
neuronal stimulation and subsequent insertion of opioid receptors into the plasma
membrane has been studied (Elde et al., 1995). In the vasopressin-containing
magnocellular neurons of the hypothalamus, a physiological stimulus the elici
vasopressin release (salt-loading) leads to a subsequent reduction in proportion of KOR
associated with intracellular LDCVs and a concomitant increase in K&iRiated with
the plasma membrane (Shuster et al., 1999). In the case of DOR, translocation of
receptor from intracellular vesicles to plasma membrane has been repattiéerent
neuronal populations following chronic morphine treatment (Cabhill et al., 2001); cold
water swim stress, a form of behavioral stimulation (Commons, 2003); or agonist
activation of surface DORs (Bao et al., 2003). In PC12 cells, treatment with ner
growth factor, which differentiates this cell line into a neuron-like phenptgdaces
newly synthesized DOR to be directed to an intracellular vesicular pool, wamndbec
translocated to the plasma membrane with depolarization (Kim and von Zastrow, 2003).
Since the receptor must be installed in the plasma membrane to be functionagiethe la
proportion of DOR seen in intracellular vesicles presumably represents\ergsel of
receptor available for mobilization with the appropriate stimulus, justasmpeptide is

maintained in a vesicular reserve pool prior to stimulation.



A receptor installed in the plasma membrane of an axon terminal is likely to be
functioning by modifying subsequent release of neurotransmitter or hormonenhrom t
synapse. In hypothalamic magnocellular neurons, installation of KOR in axandkrm
coupled with vasopressin secretion ostensibly serves as a negative feedtizenkisneg
because KOR agonists have been shown to inhibit vasopressin release from nerve
terminals (Zhao et al., 1988). Surprisingly, it has been reported that in smallrdotsa
ganglia neurons, agonist activation of DORs induces both CGRP secretion and
concomitant insertion of additional DORs, indicating that installation of th@t@cs
providing positive feedback for further neuropeptide release (Bao et al., 2003). Thus, the
phenomena of receptor transport coupled to neuropeptide transport in axons and release
of neuropeptide coupled to receptor insertion, have been shown to exist for different
receptors and with different neuropeptides, and the insertion of presynaptioreesept
apparently provide either positive or negative feedback. This suggests a more
generalized mechanism for regulation of neurochemical signalling hwhi
neuropeptides and receptors are transported and stored in the same vesicles, with
stimulation resulting in neuropeptide release causing concomitant inserti@e ptormrs
in the plasma membrane at axon terminals, the receptor thereby functioning
presynaptically to modify further neuropeptide release.

Relationship Between Cell Surface Receptor and Total Cell Receptor

A GPCR must be installed in the plasma membrane to be functional. The amount
of receptor in the membrane is increased by receptor installation andng@yudi
decreased by internalization. Much research has explored the processasdef lig
induced receptor endocytosis and subsequent trafficking steps, including receptor
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degradation in lysosomes or recycling to the plasma membrane (Hanyaloglu and von
Zastrow, 2007). Less is known about factors influencing initial installationvdi/ne
synthesized receptors into the plasma membrane.

One question that is not answered is whether there is a relationship betaken tot
cell receptor and receptor in the plasma membrane. The answer to this question bears
several interesting biological questions, such as how tightly coupled the poéss
receptor synthesis and installation in the plasma membrane are, whetu@otm of
receptor in the membrane is the result of fairly passive “flow” fromdethalar stores or
is more tightly regulated at the installation step, and whether the pret¢keasastall
receptor in the membrane are saturable. Research on other GPCRs imaliaateber
of different amino acid structural motifs and chaperone molecules in the daivery
newly synthesized receptor to the cell surface (Tan et al., 2004). This knowledge,
coupled with the literature on stimulus-evoked receptor installation alreanssiéesd,
suggests that the processes of installation are a critical regulatotygydhe amount of
cell surface DOR and MOR. However, the mathematical relationship betotaécell
receptor and cell surface receptor has not been widely explored to daye)édikalise of
the lack of established methods for quantifying receptor cell by cell.

MOR and DOR Interactions

A large body of evidence indicates that GPCRs generally, and MOR and DOR
specifically, interact. The interactions may take the form of directigddy@ssociation
such as the formation of heterodimers (Jordan and Devi, 1999), or the interactions can be
more functional; for example, agonist binding to one receptor may influence the
trafficking of the other. Than vivo importance of these interactions is shown by the fact
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that tolerance to morphine’s analgesic effect, which is mediated primamhCiR

(Kieffer, 1999), is abolished in DOR knockout mice (Zhu et al., 1999), clearly
implicating DOR in morphine tolerance. Recent evidence indicates an essHatfat
MOR in DOR-mediated antihyperalgesia (Gendron et al., 2007). Thus, functional
interactions between MOR and DOR occur both ways; each receptor can modify the
other’s effects.

It has been shown that activation of MOR by morphine or other ligands can
induce installation of DOR into the plasma membrane of certain neurons (Cahijll et a
2001) (Morinville et al., 2003) (Chieng and Christie, 2009). Moreover, in dorsal root
ganglia neurons, the population of cell surface DOR installed by stimulus-depende
release from an intracellular pool of LDCVs has been shown to be critidhkfor
development of tolerance to morphine analgesia (Guan et al., 2005). On the basis of this
evidence, it has been proposed that the development of tolerance is positivelyetbrrelat

with the ratio of DOR to MOR on the cell surface (Zhang et al., 2006).



Objectives and Specific Aims

PC12 cells can be differentiated by nerve growth factor (NGF) into a neuronal-
like cell. This change is marked by cessation of proliferation and neurijeoodit
(Greene and Tischler, 1976). The differentiation is also characterized byptesseon
and synthesis of neuronal proteins such as neurofilaments and B-tubulin 111;sexpieEs
these proteins is correlated with more visible changes such as cessatiifevhpon
and neurite outgrowth (Schimmelpfeng et al., 2004) (Ohuchi et al., 2002). The cells have
a well-developed regulated secretory pathway. Together with the faBtGaatis a cell
line and can be maintained easily in culture, these features make PC12 celisnacgiel
system in which to study intracellular targeting of opioid receptors.

In preliminary studies in PC12 cells we discovered what appeared to be a
difference in DOR vs. MOR targeting to the cell membrane. This led us to develop a
method of quantifying both total receptor and cell surface receptor in individisal Bsi
this method, elaborated in the next chapter, we have quantified the targetingncifere
between DOR and MOR to the cell membrane that we observed in preliminarg.studie
Moreover, the method can be used to gain insight into many interesting biological
guestions about the factors governing the surface density of DOR and MOR.

With that background the following specific aims are proposed:
1. Determine the ratio of cell surface to total cell receptor for DOR and MOR i

NGF-differentiated PC12 cells.

2. Determine how the difference in DOR and MOR surface-to-total ratideseia

previously reported targeting phenomenon for these receptors.

10



3. Investigate the long-term effect of agonist treatment on receptor sdddotal
ratios.

4. Investigate the relationship between cell surface DOR and MOR in PC12 cells
expressing both receptors, and the possibility of receptor interactions as shown by

agonist effects.
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Chapter 2
Deter mination of the Cdll Surface-to-Total Ratios of DOR and

MOR in Differentiated PC12 Cedlls
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Summary

Differential intracellular targeting between DOR and MOR has beemibledan
the literature. Using immunohistochemistry, we observed a difference sudelte
targeting of DOR and MOR in transiently transfected PC12 cells. We developed a
method for quantifying surface and total cell receptor in individual cells, using
immunohistochemistry and fluorescence microscopy. Using this method, werahfi
that DOR has a surface-to-total ratio approximately three timetegthan MOR in
transiently transfected PC12 cells, with or without NGF treatment. Asvkédf total
cell receptor increased, average receptor surface-to-total ratieehased. These
findings suggest that installation of receptors into the plasma membranelmgcurs

receptor-specific, saturable mechanisms.
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Introduction

Differential targeting of newly synthesized DOR and MOR has been shown in
NGF-differentiated PC12 cells. Specifically, NGF treatment in thidinelcauses
newly synthesized DOR to be directed to an intracellular pool of vesicles, MO
remains localized on or near the plasma membrane with or without NGF treégtinent
and von Zastrow, 2003).

In NGF-treated PC12 cells transiently transfected with FLAG epitagged
DOR or MOR, we observed an apparent difference in cell surface density of these
receptors. Using FLAG antibody before fixation of transfected aellisstialize surface
receptor, it appeared that DOR has a greater surface density than MOR diseis
interesting in light of the previous report that NGF treatment in this sairiaeatauses
DOR to be targeted intracellularly. Because visual inspection of surfaggoemay
fail to account for factors such as cell size and variation in the amount of receagtor e
transfected cell produces, we sought a way to rigorously quantify celtsulémsity of
transfected DOR and MOR.

Existing techniques for quantifying receptor include Western blotting and
autoradiographic ligand-binding studies. Both of these methods, however, have potential
pitfalls for selective labeling of cell surface receptor. Western biptequires
homogenization of cell extracts, and it is doubtful to what extent it is possibleaio abt
pure cell membrane fraction. Autoradiographic labeling has limitations in resothat
make it difficult to determine whether a labeled receptor is on the plasmbarareor in
an intracellular compartment. Also, these methods are only capable of qugntifyin
receptor in populations of cells. We seek to quantify both cell surface receptor &nd tota
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cell receptor within individual cells, since we believe that cell-tbva@lation within a
population of cells may yield interesting insights into receptor biology. I¥inal
technical problems such as transfection efficiency make it desirable tahave
guantification method requiring fewer cells.

For these reasons, we developed a new method of quantifying surface-to-total
ratios of receptors in individual cells. The key to the method is separately latmling
surface receptor and total cell receptor with antibodies. Surfaceoefatbeled with
antibody directed against an ectodomain epitope prior to fixation. After fixation has
made cells permeable to antibodies, total cell receptor is labeled witlerzliff
antibody. Fluorescent secondary antibodies enable visualization and imagingé su
and total receptor, and images can then be analyzed using software such asémage J
separately quantify surface and total receptor in individual cells.

Applying this method to our PC12 cells transfected with epitope-tagged DOR or
MOR, we determined that DOR has a surface-to-total ratio approximatedytthres
greater than MOR. This was true both with and without NGF treatment in these cells
This indicates that cell surface targeting of the receptors in thesesagbgerned by
different mechanisms than the initial targeting phenomenon described by Kim and von
Zastrow (2003). Moreover, by grouping together cells with similar $eviedotal
receptor, we found that surface-to-total ratios decrease at highdévetal receptor,
suggesting that the mechanisms responsible for receptor installation inntfigane are

saturable.
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Methods
Cdl Culture

Rat pheochromocytoma (PC12) cells (ATCC, Manassas, VA) were grown in
culture medium consisting of 85% DMEM/F12 (Mediatech, Manassas, VA), 10% horse
serum (Gibco, Grand Island, NY), 5% fetal bovine serum (Gibco), and 1%
penicillin/streptomycin (Gibco). HEK293 cells were a kind gift from Ping Yaw at
the University of Minnesota, and were maintained in a medium of 90% DMEM (Gibco),
10% fetal bovine serum, and 1% penicillin-streptomycin. Cells were maintairzed i
incubator at 37°C in 5% Cf&enriched air. Media was changed every two to three days,
and cells were passed every four or five days. For experiments, cellplateeonto
poly-L-lysine- and laminin-coated coverslips. Nerve growth factor (NG#g/ml, R&D
Systems, Minneapolis, MN) was added to the medium to differentiate the PGl2 cell
NGF was added to medium upon plating cells onto coverslips and kept in the media
throughout culture time (including transfection time), generally three to fogrtdea/.

cDNA Constructs and Transfection

N-terminally HA-tagged MOR and DOR constructs, called MORTAG and
DORTAG respectively, have been described previously (Afify et al., 1998). These
constructs were modified by removing the N-terminal HA sequence andirgpiwith
a FLAG sequence. Cloning was done by ATG Laboratories (Eden Prairie, MN). A
synthetic linker containing the FLAG sequence was cloned into pcDNA3.1(+) taatgener
pcDNAFLAG. DORTAG and MORTAG were each digested, first by Sacl, then by
Sacll. The fragments containing the DOR and MOR genes were cloned into
pPcDNAFLAG that had been digested with Sacll and EcoRV and gel purified. After
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transforming competent DHZE. coli. cells with the ligation, resultant colonies were
screened by restriction digest with Sacll and Xbal. Colonies containingettietpd
restriction pattern for FLAGDOR and FLAGMOR were selected.

For transfection, cells were plated onto poly-L-lysine- and laminin-coated
coverslips in a 24-well plate, each well containing 0.5 ml of medium. Platedvests
transfected after two days in culture. Transient transfection was acdoeaplising
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions, using 0.8 pug of DNA and 2 pl of Lipofectamine for each well. Trandfecte
cells were generally left in culture for twenty-four hours before faxasind
immunocytochemistry.

Antibodies

Polyclonal rabbit anti-FLAG antibody was purchased from Sigma-Aldgth (
Louis, MO). Fluorescent secondary antibodies were from Jackson ImmunoResearc
(West Grove, PA).

Antibodies to the C-termini of DOR and MOR were raised in guinea pigs (Ph.D.
Dissertation of Shannon Wright, 2002, University of Minnesota). Peptides with the
sequence TACTPSDGPGGGAAA, corresponding to amino acids 358-372 of the cloned
mouse delta opioid receptor (DOR1) (Evans et al., 1992; Kieffer et al., 1992), and
NHQLENLEAETAPLP, corresponding to amino acids 384-398 of the cloned rat mu
opioid receptor (MOR1) (Chen et al., 1993; Thompson et al., 1993) were synthesized
using an Applied Biosystems 432 solid-phase peptide synthesizer. The peptides (1
mg/ml) were conjugated to bovine thyroglobulin (40 mg/ml, Sigma-Aldrich) ugiag
glutaraldehyde (30 ul/ml, Sigma-Aldrich). For primary immunizationsillignam of
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the peptide-thyroglobulin conjugate was emulsified with an equal volume of Freund’s
complete adjuvant (Difco, Detroit, MI) and injected into each of four guinea pigs
(Duncan-Hartley, Sasco, Omaha, NE). Secondary immunizations were gergriveo
weeks thereafter using 0.5 milligrams of the peptide-thyroglobulin conjugatisiéed
with an equal volume of Freund’s incomplete adjuvant. Serum was obtained after the
fourth immunization, and thereafter following each subsequent immunization. Animal
care was provided by Research Animal Resources at the University ofddianand
animal protocols were approved by the University of Minnesota’s Institutiamata
Care and Use Committee.

I mmunocytochemistry

Transfected cells were rinsed with serum-free medium, then incubated in media
containing rabbit anti-FLAG antibody (1:2000, Sigma-Aldrich, St. Louis, MO) at d¢fC f
thirty minutes to label surface receptor. Because the FLAG epitope wasiNalkon
the constructs, the FLAG sequence on receptor installed in the plasma membrane would
be extracellular and available for antibody binding prior to fixation and pernzeaioih.
Next, cells were rinsed twice (five to ten minutes each) with serusmifesglia, then
media containing fluorescent secondary antibody (1:200, Jackson ImmunoRes@arch
applied to the cells for thirty minutes at 4°C to label primary antibody bound toesurfac
receptor.

Cells were then rinsed briefly in serum-free media, treated withviexe4%
paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (pH. 6.9)) for twenty
minutes at room temperature, and rinsed three times, ten minutes each, in phosphate-
buffered saline (PBS, pH 7.2), before incubation with blocking buffer (PBS, 0.3% Triton

18



X-100, 1% bovine serum albumin, 5% normal donkey serum, 0.01%, dabtl 5%
Teleostean (fish) gelatin (Sigma-Aldrich) for thirty minutes.li€Osere then incubated
overnight at 4°C with antibodies raised in guinea pigs to the C-termini of DOR and
MOR, 1:1000 in blocking buffer, to label total receptor in transfected cells. Galkés w
then rinsed three times, ten minutes each, in PBS, before fluorescent secahbady a
was applied (1:200 in blocking buffer, Jackson ImmunoResearch) for one hour at room
temperature to label primary antibody bound to total receptor. Finally, cefsrinsed
three more times, ten minutes each, in PBS, then coverslips containing cells wer
mounted onto slides with glycerol and PBS containing 0.1% p-phenylenediamine
(Sigma-Aldrich) for imaging.

Imaging and Analysis

Cells were imaged with an Olympus BX50 fluorescence microscope (Olympus,
Tokyo, Japan) fitted with a SPOT camera (Diagnostic Instrumentin§teeights, Ml).
Images were collected with a 10x objective to capture several cells in anfietd a
minimize artifact that may be associated with cell imagesgaehimagnification.

Images were analyzed using Image J software (National InstitutesatihH
Bethesda, MD). For each image an automated method was used to set a threshold for
positive antibody fluorescence to eliminate background illumination from quangficat
Fluorescence was measured by taking the area and average gray vatheflobeascent
puncta (comprising cells or parts of cells). To calibrate the gray vapesed by
Image J to actual fluorescence values, we used InSpeck fluorescent beadslé¥olec
Probes, Eugene, OR) associated with various fluorescence intensities g2 theddCy3
fluorophores. We imaged the Inspeck beads in the same manner as the cells, took the
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average gray value of beads of different fluorescent intensities, and used ¢tmsttaat
a standard curve of fluorescence intensity for each fluorophore.

By convention, we used the Cy3 fluorophore to visualize surface receptor and
Cy2 to visualize total cell receptor. We obtained the area and averagayapf all
puncta of antibody staining associated with each cell for both Cy2 and Cy3, then
interpolated a fluorescence value for each average gray value usingittedizurves.
We obtained the product of each puncta’s area and fluorescence value to obtain tota
fluorescence per puncta, and got the total fluorescence per cell by suthenregues of
all associated puncta. We did this for both fluorophores, Cy2 and Cy3, for each cell, and
obtained a ratio of Cy3 to Cy2 fluorescence for each cell, corresponding to a ratlo of ce

surface receptor to total cell receptor.
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Results
An Observable Difference in DOR and MOR Cell Surface Receptor

Figure 1 shows high magnification confocal images of typical FLAGDOR- and
FLAGMOR-transfected PC12 cells. Surface and total receptor areatspadabeled and
distinct. The difference in surface receptor between DOR and MOR isgtrike
FLAGDOR-transfected cell shows much more FLAG staining than the FLABMO
transfected cell does.

Quantification of DOR and MOR Surface-to-Total Ratios

For NGF-differentiated PC12 cells, DOR had an average surface-toatdal r
approximately three times greater than MOR (Figure 2). Specificallavérage
surface-to-total ratio for all FLAGDOR-transfected cells studiad @.027 (+/- 0.005),
while that of all FLAGMOR-transfected cells was 0.010 (+/- 0.003).

A similar difference in DOR and MOR surface-to-total ratio was found4{n un
differentiated (non-NGF treated) PC12 cells (Figure 3). In this groupyénage
surface-to-total ratio for all FLAGDOR-transfected cells was 0.050(61), while that
of all FLAGMOR-transfected cells was 0.013 (+/- 0.004).

Finally, we examined DOR and MOR surface-to-total ratios in HEK293 cals
in PC12 cells, we found that DOR had a greater surface-to-total ratio thardMORhe
average surface-to-total ratio for FLAGDOR-transfected cellsOa2&3 (+/- 0.007),
while that of FLAGMOR-transfected cells was 0.004 (+/- 0.002) (Figure 4).

Relationship between Cell Surface and Total Cell Receptor

Having separately quantified surface and total receptor for each cetkanened

the mathematical relationship between surface and total receptor. Feghwe$ scatter
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plots of total versus surface receptor for FLAGDOR- and FLAGMOR-tratesfd?C12
cells. Large cell-to-cell variation in both total and surface recep®rident. The plots
reveal that there is little mathematical relationship between sunfacel receptor for
either DOR or MOR. While the trend lines suggest a weakly positive relationship
between total and surface receptor, tAe&ues are very small.

We investigated whether there was an upper limit to surface recepbiiés
separated PC12 cells into three groups of equal size based on total receptor batél
DOR and MOR, so that low, moderate, and high-expressing cells of each receptor wer
grouped together. Low expressers had a range of total receptor from 6 to 496G (@i uni
calibrated fluorescence reported by Image J), moderate expresggg fiom 493 to
1500, and high expressers ranged from 1630 to 10095. We found that surface-to-total
ratios of both receptors decreased as total receptor increased: avdiagetstiotal
ratio was lower in medium expressers than in low expressers and lower sgtin hi
expressers (Figure 6). Looking simply at average surface receptor,caedpp surface-
to-total ratios , we found that surface receptor increased slighths(st@tsignificance
was borderline) from low to medium expressers but showed almost no difference
between medium and high expressers (Figure 6). Again, this result held for both

receptors.
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Discussion

Differential intracellular targeting of DOR and MOR has been descnibégei
literature. For example, it has been shown that DOR is found intracellularlysarte
cells in which endogenously expressed MOR is found primarily on the cekksurfa
(Wang and Pickel, 2001). This may be accounted for by differential sorting of newl
synthesized receptor; it has been found that NGF treatment in PC12 cells, whi@sinduc
this cell type to adopt neuron-like properties, causes newly synthesized DOR to be
directed to an intracellular pool that can be mobilized to the cell surface uporattmul
while MOR in these same cells is targeted to the cell surface reganflN&F treatment
(Kim and von Zastrow, 2003).

Using immunocytochemistry to separately label cell surface arctatita
receptor, we observed a robust difference in surface receptor between DOR Brid MO
PC12 cells. To rigorously characterize this difference, we developed aetéadto
quantify both surface and total receptor in individual cells. This method avoids the need
to homogenize cell extracts required for Western blotting, giving greatdéidence that
surface receptor can be labeled separately from total receptor. The metbiodeisient,
fairly high-throughput, and well adapted to situations in which the number of cells
available for study is limited by practical constraints such as ti@msieefficiency.
More importantly, the method enables study of cell-to-cell variation and threematical
relationship between total and surface receptor, which may yield informagarding
the mechanisms governing receptor surface quantity.

Using this method, we confirmed that in both NFG-treated and non-NGF-treated
PC12 cells, DOR had a greater surface-to-total ratio than MOR did. N&EdreC12
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cells have neuron-like properties and are often used as a model to study neuronal
phenomena. The fact that NGF did not change this pattern indicates that differential
membrane trafficking is not confined to neurons or neuron-like cells. PC12 calledde
from rat pheochromocytomas, are inherently secretory cells regardi&afreatment.
However, the fact that HEK cells, a simple epithelial cell type, showed Rsdrgparity
in DOR and MOR surface-to-total ratio indicates that this phenomenon is notllimite
cells with a well-developed regulated secretory pathway either.athdtee difference
must result from a sorting mechanism different from those previously described.

The amount of receptor in the plasma membrane represents the dynamic result of
the processes of installation, internalization, and recycling back to the nmendfra
internalized receptor. Our results indicate that DOR and MOR are handkze wmlify by
at least one of these processes. Additional experiments, such as using drugs to block
recycling, will be required to determine how and if each process contributes to the
difference.

Because DOR and MOR are structurally similar receptors, our resultatedhnat
the mechanisms involved must have a high degree of receptor specificitypsizxte
research has revealed heterogeneity and complexity in the procesgesalization
and recycling, involving both receptor-specific and shared sorting proteingdldglu
and von Zastrow, 2008). In the case of DOR and MOR, it has already been shown that
differences in the C-terminus as well as a di-leucine motif in the thiatadtular loop
contribute to the tendency of MOR to recycle upon agonist-induced internalizatios, whil
DOR tends to be degraded in lysosomes (Wang et al., 2003). Initial installation in the
membrane is less well understood, but studies of other GPCRs indicate that the proces
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involves structural motifs and a host of accessory and chaperone molecules, enabling
significant receptor specificity in installation (Tan et al., 2004). Diffeneodes of
receptor installation have been shown in studies usingr#asenergic receptor
(Yudowski et al., 2006); different insertion events result in transient or mongglasti
receptor installation, and it would be interesting to explore whether theseliffe
insertion modes are involved in the differential membrane targeting of DOR and MOR.
Future studies using proteomic approaches may reveal the ensemble of protenesiinvol
in DOR and MOR installation into the membrane, and any protein identified that is
specific to only one receptor is a likely candidate for contributing to the diffarent
membrane targeting effect.

Kim and von Zastrow (2003) reported that DOR is targeted intracellularly upon
NGF treatment in stably transfected PC12 cells, while MOR is targetadndyi to the
membrane regardless of NGF treatment (Kim and von Zastrow, 2003). However, Kim
and von Zastrow found that NGF treatment did not significantly change the amount of
cell surface DOR as measured by flow cytometry; the intracelles&rve pool of DOR
evidently came from post-Golgi sorting of newly synthesized DOR. We fouhdtl @
treatment did not significantly change the difference in surface-abrtito between
DOR and MOR that we measured. Taken together, these findings indicate that NG
treatment is a factor in post-Golgi sorting of newly synthesized redeypttds not a
factor in receptor installation in the plasma membrane. We used transiefgctians
and generally got abundant total cellular receptor staining for both receptors, asdoppos
to the stable transfection used by Kim and von Zastrow. Importantly, we found that
potassium chloride stimulation increased the surface-to-total ratio BffiR@®not MOR
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(Chapter 3), which is consistent with Kim and von Zastrow’s own results and their
central claim that DOR is directed to an intracellular pool that can be neabibzhe
cell surface upon stimulation.

Because we measured a significant quantity of surface DOR even witlyout a
type of stimulation to induce regulated insertion of receptor, a large portion afesurfa
DOR is evidently installed in a constitutive manner. Indeed, while many groups have
reported that DOR occurs mainly intracellularly within neurons, others have shown
significant quantities of cell surface DOR in neuronal cells (Schetiar, 2006).
Additional factors such as receptor glycosylation may complicate D@&tatiular
targeting and account for the conflicting results. What we have shown is thateata di
comparison between DOR and MOR surface-to-total ratio in a neuron-like eell typ
expressing abundant quantities of each receptor, DOR exists in the membraargen a |
guantity than MOR, suggesting receptor-specific membrane installation msuolsa

Our investigation into the relationship between total cell receptor and deléesur
receptor provides some hints about the mechanisms responsible for receptatiorstall
into the membrane. First, the fact that there is little relationship betweeunidntities of
total and surface receptor suggest that receptor installation does not oesylafsive
“flow” from intracellular stores; if that were the case, one would expdmd that the
guantity of surface receptor increased fairly consistently with that ¢fréateptor.
Instead, we found little relationship between total and surface receptor, mdwating t
intracellular receptor is not free to move down a concentration gradient into sheapla
membrane, but rather that the quantity of cell surface receptor is regulaiad by more
mechanisms that result in widely varying surface-to-total ratios éelhio cell.
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Moreover, these mechanisms are saturable. We found that at higher levels of tota
cell receptor, the receptor surface-to-total ratio tended to decreaskattietquantity
of surface receptor did not differ significantly from medium- to high-exgmmgscells.
This is consistent with the involvement of specific accessory moleculesptoec
installation that can only handle so much cargo at once.

Our findings demonstrate the power of our quantification method. The
mathematical relationship between total cell receptor and cell sudeegtor provides
clues about the cellular mechanisms responsible for receptor installagoaud® the
method is capable of capturing cell-to-cell differences, it could be used jovstuation
within a population of cells to agonist effects. By studying DOR and MOR, we have
found that surface receptor quantity is governed by receptor-specii@dat

mechanisms.
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FLAGDOR FLAGMOR

Figurel. Visualization of Cell Surface and Total Cell Receptor by

I mmunocytochemistry. Cells are typical FLAGDOR- and FLAGMOR-transfected

cells. The red corresponds to FLAG antibody staining, done before fixation to label
surface receptor. The green corresponds to C-terminal DOR and MOR antibodies, done
after fixation to label total receptor. Images were taken by confocebsompy with a

60x objective.
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Surface-to-Total Ratios of FLAGDOR vs.
FLAGMOR in NGF Treated PC12 Cells
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Figure 2. Surface-to-Total Ratiosof FLAGDOR vs. FLAGMOR in NGF-treated

PC12 cells. The average surface-to-total ratio for all FLAGDOR-transfeatdid ¢

studied was 0.027 (+/- 0.005), while that of all FLAGMOR-transfected cells was 0.010
(+/- 0.003). Error bars represent +/- SEM for each group. Data is from sefezardif

experiments, p<0.05 by t-test.
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Surface-to-Total Ratios of FLAGDOR vs.
FLAGMOR in PC12 Cells Not Treated with NGF
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Figure 3. Surface-to-Total Ratiosof FLAGDOR vs. FLAGMOR in PC12 Cells Not
Treated with NGF. The average surface-to-total ratio for all FLAGDOR-transfected
cells was 0.05 (+/- 0.01), while that of all FLAGMOR-transfected cells was 0+313 (
0.004). Error bars represent +/- SEM for each group. Data is from five different

experiments, p<0.05 by t-test.
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Surface-to-Total Ratios of FLAGDOR vs.
FLAGMOR in HEK293 Cells
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Figure4. Surface-to-Total Ratiosof FLAGDOR vs. FLAGMOR in HEK293 Célls.
The average surface-to-total ratio for FLAGDOR-transfected e&l$s0.033 (+/- 0.007),
while that of FLAGMOR-transfected cells was 0.004 (+/- 0.002). Error barssempuir

+/- SEM for each group. Data is from four different experiments, p<0.05 bl t-tes
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FLAGDOR- Total vs. Surface Receptor
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Figure 5a. Relationship between Cell Surface and Total Cell Receptor- FLAGDOR.

Scatter plot showing total and surface receptor for each FLAGDORédraedfPC12

cell.
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FLAGMOR- Total vs. Surface Receptor
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Figure5b. Relationship between Cell Surface and Total Cell Receptor -
FLAGMOR. Scatter plot showing total and surface receptor for each FLAGMOR-

transfected PC12 cell.
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Surface-to-Total Ratios in Low vs. Medium vs.
High Expressers
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Figure6a. Surface-to-Total Ratiosfor Different Receptor Expression Profiles.
Transfected PC12 cells were sorted by total cell receptor and put int@tbges of

equal size corresponding to low, medium, and high expressers. Low expressers had a
range of total receptor from 6 to 490 (in units of calibrated fluorescence reported by
Image J), moderate expressers ranged from 493 to 1500, and high expressersaianged fr

1630 to 10095. Error bars represent +/- SEM for each group.
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Surface Receptor in Low vs. Medium vs. High
Expressers
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Figure6b. Surface Receptor for Different Receptor Expression Profiles.

Transfected PC12 cells were sorted by total cell receptor and put int@tbges of

equal size corresponding to low, medium, and high expressers. Low expressers had a
range of total receptor from 6 to 490 (in units of calibrated fluorescence reported by
Image J), moderate expressers ranged from 493 to 1500, and high expressersainged fr

1630 to 10095. Error bars represent +/- SEM for each group.
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Chapter 3
The Regulated Secretory Pathway: A Major Factor in the

Quantity of Cell Surface DOR but not MOR
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Summary

The literature has shown a role for the regulated secretory pathwafficking
of newly synthesized DOR to the plasma membrane. A similar role has not begedrepo
for MOR. Specifically, DOR has been shown to be directed to an intracellular pool of
vesicles that are translocated to the cell surface upon stimulation. Tacgiltiar DOR
has been shown to exist in direct physical association with the Substance Popfaeurs
pro-tachykinin in the regulated secretory pathway. Using NGF-differesht@d 2 cells
transiently transfected with DOR or MOR and applying our surface receptor
guantification method, we investigated the effects of depolarization and cosapres
pre-pro-tachykinin on DOR and MOR surface-to-total ratios. We found that tletsesfa
increased the surface density of DOR but not MOR, consistent with theuliéeoat
DOR and the regulated secretory pathway. Hence, in a model system with abundant
guantities of receptor, we have verified that the regulated secretory pathavay i
significant factor in the quantity of cell surface DOR but not MOR, providing a means

for robust, rapid, and receptor-specific control.
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Introduction

The regulated secretory pathway is involved in more than its well-estabtislee
in the secretion of various neurotransmitters and hormones. The literatuleanlys c
shown that certain GPCRs are delivered to the cell surface via regulatetbsisocior
example, activation of synaptic NMDA receptors leads to rapid redistributioMBtA
receptors from intracellular stores into dendritic spines, which may plag a long-
term potentiation (Shi et al., 1999). The hormone insulin causes rapid delivery of NMDA
receptors to the cell surface of neurons via exocytosis (Skeberdis et al., 200d)atde
ecocytosis has been shown to be important for cell surface delivery of GPCBI§ as w
notably opioid receptors. Because receptors (except for nuclear receptdrberonghe
cell surface to be functional, the regulated secretory pathway is an amipdeterminant
of the availability of these receptors to respond to drugs.

A classic demonstration of the role the regulated secretory pathwayiplay
receptor trafficking is the work by Shuster et al. (1999). Immunohistochgrarsdr
ultrastructural analysis were used to show that the kappa opioid receptor (KOR)
colocalized with the neuropeptide hormone vasopressin in cell bodies, axons, and axon
terminals of the posterior pituitary, and that KOR was associated with tleeskcgetory
vesicles that transport and store vasopressin. A stimulus that would lead to vasopress
release (salt-loading) in vivo caused a translocation of KOR from thisuleaspool to
the plasma membrane.

A variety of evidence demonstrates that the regulated secretory pathwiéigas
for the delivery of functional DOR to the cell surface. First, DOR is oftenipearhin
neuropeptide-positive axon terminals and is often associated with large segratuies
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(Cheng et al., 1995) (Zhang et al., 1998). Second, in small dorsal root ganglia neurons,
the DOR agonist deltorphin has been shown to elicit translocation of DORs from
intracellular large secretory granules to the plasma membrane, comtowith release

of calcitonin gene-related peptide (CGRP) (Bao et al., 2003). Third, it has beanishow
PC12 cells that exogenously expressed DOR is targeted to an intracellulaf pool
vesicles upon NGF treatment, and that this population of DORs can be mobilized to the
cell surface by potassium chloride stimulation (Kim and von Zastrow, 2003). Finally,
Guan et al. (2005) showed a physical association between DOR and the Substance P
precursor, pre-pro-tachykinin, that pre-pro-tachykinin was both necessarmyfaciérst

to direct DOR to large secretory granules, that pre-pro-tachykinin wastiant for

delivery of DORs to the cell membrane of small dorsal root ganglia newetshat the
population of DORs delivered in this manner was essential for DOR-mediated spinal
analgesia and morphine tolerance.

These findings regarding the role of pre-pro-tachykinin in DOR delivery to the
cell surface have been challenged recently by Scherrer et al. (2009). GfteIBP
knockin mice, this group found that DOR and Substance P were not expressed in the
same primary afferent fibers, and that DOR was targeted to the cell nmennbra
significant quantities without Substance P.

MOR, in contrast to DOR, seems to be delivered to the cell surface by the
constitutive secretory pathway (Zhang et al., 1998). We therefore soughtNGEse
treated PC12 cells transfected with DOR or MOR and our quantification method (see
Chapter 2) to test the effects of cellular depolarization and pre-proktachgo-
expression on cell surface DOR and MOR. We will determine if these effects a
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confined to DOR or can be observed with MOR also, and how robust the effects are in a

model system expressing large quantities of receptor.
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Methods

We used NGF-differentiated PC12 cells transiently transfected witk @O
MOR and our surface receptor quantification method (see Chapter 2). Briefly, PC
cells were plated and treated with NGF for two days. At this point, cells raesdfdgcted
with FLAGDOR or FLAGMOR, and with pre-pro-tachykinin where appropriategisi
Lipofectamine 2000. After twenty-four more hours in culture with NGF, FLAG anjibod
was applied to label surface receptor, cells were fixed, and antibodies to DOBFor M
were then used to label total cell receptor. Cells were imaged with fluorescenc
microscopy and quantified using Image J.

For pre-pro-tachykinin transfection, we obtained the human pre-pro-tachykinin
gene in expression-ready form from Invitrogen’s (Carlsbad, CA) Gamesollection of
human clones (clone ID RG001694, catalog # HK1000). We simply co-transfected pre-
pro-tachykinin with FLAGDOR or FLAGMOR using Lipofectamine 2000, doubling the
amount of Lipofectamine reagent used to account for the increased amount of DNA. The
pre-pro-tackykinin clone came with a V5HRP tag, so pre-pro-tachykinin pgrodweas
verified in co-transfected cells by immunocytochemistry followingtibn, using a
mouse V5HRP antibody (1:500, Invitrogen).

For stimulation experiments, we elicited depolarization in the same mander use
by Kim and von Zastrow (2003). Just prior to application of FLAG antibody, transfected
PC12 cells were treated with normal medium supplemented with 55 mM potassium

chloride (KCI) and 2 mM calcium chloride (Caftor thirty minutes.
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Results

We found that stimulation by depolarization resulted in a three-fold increase in
surface-to-total ratio of DOR but not of MOR. The average surface-to-atitafor non-
stimulated FLAGDOR-transfected cells was 0.036 (+/- 0.006), while that oGEI@R-
transfected cells stimulated by depolarization was 0.12 (+/- 0.02) (Figurdné)av&rage
surface-to-total ratio for non-stimulated FLAGMOR-transfectedsd€ligure 2) was
0.018 (+/- 0.003), while that of FLAGMOR-transfected cells stimulated by depatian
was 0.017 (+/- 0.003) (Figure 2).

Similarly, we found that co-expression of pre-pro-tachykinin with FLAGO®DR
FLAGMOR resulted in a three-fold increase in surface-to-total ratio d® bax not of
MOR. The average surface-to-total ratio for FLAGDOR-transfectisl alene was
0.033 (+/- 0.005), while that of cells co-expressing FLAGDOR and pre-pro-tachykinin
was 0.12 (+/- 0.02) (Figure 3). The average surface-to-total ratio of MIQ¥
transfected cells alone was 0.019 (+/- 0.004), while that of cells co-expressing

FLAGMOR and pre-pro-tachykinin was 0.023 (+/- 0.005) (Figure 4).
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Discussion

Our results provide additional support for the hypothesis that the regulated
secretory pathway is involved in DOR trafficking. We confirmed Kim and von
Zastrow's finding that stimulation by depolarization with potassium chlonideces a
translocation of DOR from intracellular stores to the cell surface. Kanvan Zastrow
reported a fivefold increase in cell surface DOR as measured by biatnybisurface
receptor and Western blotting. Using the exact same treatment as Kuoragddstrow
to induce depolarization, we measured a three-fold increase in DOR surfata-tatto
in treated cells compared to untreated cells using our quantification method. Our
transfection produced robust DOR synthesis and seemed to result in greBtboiO
intracellularly and on the cell surface than in Kim and von Zastrow’s cefiedln
comparison of our cell images with theirs (see Chapter 2). Since we neassthel
measured a comparable effect of translocation of DOR to the cell surfadedibates
that the cellular machinery involved in stimulus-induced translocation is capable of
handling large amounts of receptor in a short time. To the extent that this finding holds
true for neurongn vivo, it may be important for physiological states such as pain or
opiate tolerance that have been shown to involve an increase in surface DOR.

Similarly, we provide confirmation for the finding of Guan et al. (2005) on the
role of the Substance P precursor peptide pre-pro-tachykinin in DOR surfgetentar
Guan et al. reported a physical association between DOR and pre-pro+tacHhat
pre-pro-tachykinin was both necessary and sufficient to direct DOR to Ercge@y
granules, that pre-pro-tachykinin was important for delivery of DORs to the ce
membrane of small dorsal root ganglia neurons, and that the population of DORs
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delivered in this manner was essential for DOR-mediated spinal anageésmaorphine
tolerance. Both immunoblotting and autoradigraphic analysis of the DOR agonist
deltorphin binding sites showed a reduction in surface DOR in the dorsal horn of the
spinal cord in pre-pro-tachykinin knockout mice in the work of Guan et al. The role of
pre-pro-tachykinin in DOR cell surface delivery has recently been questigri&chbrrer

et al. (2009), who contend that interactions are unlikely because DOR and Substance P
are not found in proximity in the nerve fibers of their DOReGFP knockin mice.
However, consistent with a role for pre-pro-tackykinin in DOR traffickuing measured
an approximate threefold increase in DOR surface-to-total ratio when PGl e
co-transfected with pre-pro-tachykinin. The fact that we observedftecs m a cell line
shows that it is not confined just to special populations of neurons. Guan et al. showed
that pre-pro-tachykinin is both necessary and sufficient to direct DOR ®dangetory
granules. Because PC12 cells are inherently secretory cells and prophaces ¢arge
secretory granules, it may be hypothesized that co-transfection of pracpgdinin
directed a significant quantity of cellular DOR in our PC12 cells to largetsegr
granules, and that this led to plasma membrane installation of a large quab@jRrof

that otherwise would not have been installed in the membrane. Moreover, our finding
indicates that the stoichiometry between DOR and pre-pro-tachykinimuhigicell is an
important determinant of cell surface DOR quantity, suggesting that @aasecin cell
surface DOR will result when pre-pro-tachykinin is elevated. It isesterg that this
occurred in our system without any sort of external stimulus. It may be that NGF
treatment is resulting in the production of endogenous neurochemicals that induce
exocytosis.
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Although pre-pro-tachykinin may be necessary to direct DOR to largetesc
granules, it is not essential for all DOR insertion into the plasma membrane. We
observed a significant quantity of cell surface DOR without any type ofilstiion,
consistent with Scherrer et al. (2009). Moreover, pre-pro-tachykinin is notiastmmt
depolarization-induced exocytosis of DOR, since we measured an increadada sur
DOR with potassium chloride stimulation but without pre-pro-tachykinin co-tretnsfie
Kim and von Zastrow noted that the NGF-induced intracellular pool of DOR was not co-
localized with secretogranin, a marker for large secretory granulese Tihdings
suggest that regulated exocytosis of DOR may occur by more than one mechhism a
involve more than one vesicle type.

Thus, while we are in agreement with Scherrer et al. that significant tpgofi
DOR can be delivered to the plasma membrane in a constitutive manner, we have
confirmed a role for both pre-pro-tachykinin and activity-dependent insertio®i D
cell surface targeting. Morever, to the extent that the cell lines useddmyetal., Kim
and von Zastrow, and us are not an ideal way to simulate the trafficking of n&RenD
Vvivo, it is doubtful whether the DOReGFP mice are either, especially giveapbg that
the GFP tag interferes with ordinary DOR subcellular targeting (Véaag 2008). And
while Scherrer et al. report that DOR and Substance P do not occur in the saem affe
fibers in the DOReGFP mice, Guan et al. provided evidence of a direct physical
interaction between the Substance P domain of pre-pro-tachykinin and the third luminal
domain of DOR. Guan et al. found that pre-pro-tachykinin gene deletion resulted in
reduced DOR levels in laminae | and Il of the spinal cord, and we found that pre-pro-
tachykinin co-expression could triple the amount of DOR installed in the plasma
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membrane of PC12 cells. These effects were not found for MOR, although the two
receptors are structurally similar. These findings, together witistitictural and
immunohistochemical evidence (Cheng et al., 1995; Zhang et al., 1998) from tissue, point
to a role for pre-pro-tachykinin in DOR subcellular targetmgvo since it seems

unlikely that these highly specific interactions exist purely by chance.

Neither stimulation by depolarization nor pre-pro-tachykinin co-expressiold
increase the surface-to-total ratio of MOR, in contrast to DOR. While Kdwan
Zastrow did not report the effect of stimulation on MOR, Guan et al. found that pre-pro-
tachykinin knockout mice did not display a difference in MOR surface density. These
findings are consistent with the idea that MOR, as opposed to DOR, is targetedyrimari
to the constitutive secretory pathway. The regulated secretory pathoi@yis GPCR
surface delivery is evidently very receptor-specific.

Hence, in a model system with abundant quantities of receptor, we have verified
that the regulated secretory pathway is an important factor in cell s@Reguantity,
providing robust, rapid, and receptor-specific control. Since Guan et al. provided
evidence that DOR delivered in this manner is critical for the development phimer
tolerance, this implies that blocking or otherwise disabling this population ofiDOR
cells expressing significant pre-pro-tackykinin, such as dorsal root gareglrons, is a

potential strategy to overcome the problem of tolerance in opioid analgesia.
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Effect of KCl on FLAGDOR Surface-to-Total Ratio
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Figure 1. Potassium Chloride Depolarization Increases FLAGDOR Surface-to-

Total Ratio. The average surface-to-total ratio for non-stimulated FLAGDOR-
transfected cells was 0.036 (+/- 0.006), while that of FLAGDOR-transfectead cell
stimulated by 55 mM KCI depolarization was 0.12 (+/- 0.02). Error bars represent +/-

SEM for each group. Data is from eight different experiments, p<0.05 by t-test.
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Effect of KCl on FLAGMOR Surface-to-Total Ratio
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Figure 2. Potassium Chloride Depolarization Has No Significant Effect on
FLAGMOR Surface-to-Total Ratio. The average surface-to-total ratio for non-
stimulated FLAGMOR-transfected cells (Figure 2) was 0.018 (+/- 0.003), tiaitef
FLAGMOR-transfected cells stimulated by 55 mM KCI depolarization was 0017 (
0.003). Error bars represent +/- SEM for each group. Data is from eightmiffere

experiments.
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Effect of Pre-Pro-Tachykinin Co-Transfection on
FLAGDOR Surface-to-Total Ratio
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Figure 3. Pre-Pro-Tachykinin Co-Expression Increases FLAGDOR Surface-to-

Total Ratio. The average surface-to-total ratio for FLAGDOR-transfected akhe
was 0.033 (+/- 0.005), while that of cells co-expressing FLAGDOR and pre-pro-
tachykinin was 0.12 (+/- 0.02). Error bars represent +/- SEM for each groupisData

from nine different experiments, p<0.05 by t-test.
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Effect of Pre-Pro-Tachykinin Co-Transfection on
FLAGMOR Surface-to-Total Ratio
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Figure4. Pre-pro-Tachykinin Co-Expression Does Not Significantly Increase
FLAGMOR Surface-to-Total Ratio. The average surface-to-total ratio of FLAGMOR-
transfected cells alone was 0.019 (+/- 0.004), while that of cells co-expressing
FLAGMOR and pre-pro-tachykinin was 0.023 (+/- 0.005). Error bars represepiEM-

for each group. Data is from eight different experiments.
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Chapter 4
The Lasting Effect of Agonist Treatment on DOR Surface-to-

Total Ratio
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Summary

Down-regulation of DOR and MOR has been described for neurang
following opioid drug treatment. While this may be partially because agoeastrient
causes direct internalization of cell surface GPCRs through well-¢barad processes,
we hypothesized that agonist treatment also results in a reduction in fagesur
installation of newly synthesized receptors. We tested this hypothesis usiig NG
differentiated PC12 cells stably transfected with DOR and applied our suztageor
guantification method. We determined that the time required for constitutive
internalization of all cell surface DOR is between 6 and 12 hours. Because veglverif
that baseline cell surface DOR did not significantly change during tiedpe culture
over which experiments were conducted, the rate of installation of DOR intatreal
membrane must be about equal to the rate of internalization. Hence, between 6 and 12
hours should also be sufficient after agonist internalization to restore ¢allesXOR to
baseline level. However, we found that 30 minutes of 100 nM deltorphin treatment
caused DOR surface-to-total ratio to be depressed for up to 24 hours following the
agonist treatment, with significant recovery of surface DOR measureatofdyhours
after agonist treatment. Because agonist treatment reduces thef [eslesurface DOR
for longer than would be expected based on the normal kinetics of the receptor, we
conclude that agonist treatment results not only in direct internalization bt Elsger-
lasting change in receptor trafficking kinetics, which may be among the mswtsa

responsible for acute tolerance.
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Introduction

Prolonged or repeated administration of drugs such as morphine, cocaine, or
ethanol causes down-regulation, or decrease in receptor number, of MOR and DOR in
brain areas such as the nucleus accumbens and striatum, although the extent of down-
regulation depends on the drug and cell type. For example, while chronic ethanol
consumption down-regulates MOR in both the nucleus accumbens and striatum,
morphine, a drug that actually binds to MOR, shows little ability to down-regui@e M
in these brain areas after single or repeated administration (Turchlanl€99),
although morphine binding to MOR still produces analgesic tolerance. However,
morphine, which also binds to DOR, could down-regulate DOR after chronic
administration. Down-regulation of DOR and MOR are involved in drug tolerance and
withdrawal to many drugs, although the example of morphine and MOR shows that the
relationship between down-regulation and tolerance is not always a simple one.

The most familiar mechanism of GPCR down-regulation is agonist-induced
endocytosis (Hanyaloglu and von Zastrow, 2008). GPCR kinases (GRKSs) phosphorylate
agonist-activated receptors, which promotes bindirfiyarfrestins to receptoi-arrestin
binding promotes internalization (endocytosis) of receptor into clathriredqeis.
Considerable evidence implicates agonist-induced endocytosis in opiate tolerance
(Christie, 2008). Specifically, both short-term and long-term tolerance to moigoieine
greatly reduced ifi-arrestin knockout mice (Bohn et al., 2000). In the case of DOR, very
recent evidence using DOReGFP knockin mice showed that treatment with an agonist
that strongly promoted DOR internalization blunted analgesic response to subsequent
administration of agonist for several hours, but treatment with a non-intemgad@R
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agonist did not reduce the analgesic effect of subsequent agonist adnonisstatingly
indicating that agonist-induced down-regulation is responsible for acutentdei least
in the case of DOR agonists (Pradhan et al., 2009).

However, just as the mechanisms of opiate tolerance are very complex, involving
changes at different levels of organization of the nervous system (Christie, t2@08)
mechanisms involved in receptor down-regulation may also involve more than just
agonist-induced endocytosis. We hypothesized that agonist treatment lezeptorre
down-regulation not only by direct internalization, but also by causing a |¢ajerg
change in the kinetics of receptor membrane trafficking. We testedytiothiesis using
PC12 cells stably transfected with FLAGDOR and our surface receptorfopzdiain
method (see Chapter 2).

Testing the hypothesis involves a technical difficulty: how to determitie wi
certainty that a reduction in measured cell surface receptor resuttsfianged kinetics
and not simply from agonist-induced endocytosis. Our solution was to show that surface
receptor levels remained depressed for longer than would be expectedhipllow
complete internalization by agonist. If cell surface receptor is in dysttate, the rate of
receptor installation in the membrane (by either installation of newiyregized receptor
or recycling of previously internalized receptor) must equal the ratersttitutive
internalization. Using our antibody-based methods, we were able to deternvatetbe
constitutive internalization by labeling cell surface FLAGDOR wiihi-&LAG antibody,
then varying the amount of time before fluorescent secondary antibody waslapisi
anti-FLAG antibody bound to receptor internalizes, it becomes unavailable for binding
the secondary antibody, and hence the rate of constitutive internalization carsbeschea
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as the rate at which FLAG signal diminishes. Moreover, using our surfaqeoe
guantification method, we verified that cell surface FLAGDOR was in tlaelgtsate
during the period in culture over which experiments were performed, so we knew
indirectly from the rate of internalization what the rate of installatrmukl be when the
receptor followed normal kinetics. Finally, by applying the DOR-sa&lectgonist
deltorphin for thirty-minute administrations at varying intervals beforibadty labeling
of surface receptor, we found that cell surface DOR remained depressednipliow

deltorphin treatment for far longer than would be expected based on normal kinetics.
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Methods

We used PC12 cells stably transfected with FLAGDOR for these expdsime
To generate stably transfected cells, wild-type PC12 cells wersdrdly transfected
with FLAGDOR using Lipofectamine 2000 as described previously (see Chapter 2).
Isolation and maintenance of stably transfected colonies were carriednmuthegssame
culture conditions described for wild-type PC12 cells (see Chapter 2), but with the
addition of geniticin (G418) (1 mg/ml, Gibco, Grand Island, NY) to the media.

For experiments, stably transfected PC12 cells were plated onto polyak-lysi
and laminin-coated coverslips and maintained in culture for three days with continuous
NGF treatment. Deltorphin (100 nM, Sigma-Aldrich, St. Louis, MO) was added to the
media at appropriate times for 30 minutes, after which cells were rinsed amal nor
media was restored for the remainder of culture time. We determined in pegiimi
studies that this concentration of deltorphin was necessary for optimal irgatioali
Control cells received the rinse but no deltorphin treatment. Deltorphin treatment
occurred at 48 hours, 24 hours, 12 hours, 6 hours, or 0 hours before antibody labeling of
surface receptor, corresponding to 24 hours, 48 hours, 60 hours, 66 hours, and 72 hours in
culture, respectively. For “pulse chase” experiments, rabbit anti-FuA®Body (1:2000,
Sigma-Aldrich) was added to the media at appropriate times for 30 minutesellsen c
were rinsed and normal media was restored. Treatment with anti-FLAG anitibod
these experiments occurred at 12 hours and 6 hours before the end of the culture period,
corresponding to 60 and 66 hours in culture, respectively.

After 72 hours in culture, we applied our protocol for antibody labeling of surface
and total cell receptor, imaging, and quantification using Image J as previossiydd
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(see Chapter 2). Cells pre-treated with anti-FLAG antibody for pulse ekpsements
merely sat in serum-free media while other cells were incubated witRlahG
antibody in the usual course of the protocol, while all cells received Cy3 bhii-ra

antibody (1:200, Jackson Immunoresearch, West Grove, PA) at the usual point.
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Results
Determination of Baseline FLAGDOR Surface-to-Total Ratios at Sarting and
End Points of Experimental Period
To determine if cell surface FLAGDOR was in the steady state for thedper
culture over which experiments were conducted, we measured FLAGDOR dorace

total ratios at the starting point (24 hours in culture) and end point of this period (72

hours in culture). No experiments were conducted before 24 hours in culture. We found

that the average surface-to-total ratio at the starting point was 0.15 @)/-\0kle that
at the end point was 0.23 (+/- 0.04) (Figure 1). This increase is not statistically
significant (p=0.134 by t-test). This indicates that baseline surface BORGIs at least
in the steady state, or perhaps increasing a bit over the experimental pemoe, tHe
rate of receptor installation into the membrane must be equal or greater thate thfe r
constitutive internalization.
Time Course for Constitutive Internalization of FLAGDOR

We measured the rate of constitutive internalization by a variation on fase c
experiments. Specifically, we labeled cells in culture with anti-Flak@body at the
usual concentration at 0, 6, and 12-hour intervals before we applied the fluorescent
secondary antibody. As anti-FLAG antibody bound to receptor internalizedainbec
unavailable for binding by the secondary antibody, and hence the rate of constitutive

internalization could be measured as the rate at which FLAG signal diministeed. W

found that with no delay between application of primary and secondary antibody to label

surface receptor, the average surface-to-total ratio was 0.23 (+/- 0.04)6 Watrs
delay, the average surface-to-total ratio was 0.16 (+/- 0.03), while with 12 htays de
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the average surface-to-total ratio was 0.012 (+/- 0.006) (Figure 2). Hencee @&
is approximately halved after about 6 hours and is almost gone by 12 hours. Since we
have verified that surface DOR s in the steady state, 12 hours or less shouldcnsuffi
after complete internalization by agonist to fully restore surface [@fgeline levels if
receptor kinetics are unchanged by agonist.
The Long-term Effect of Acute DOR Agonist Treatment

We applied 100 nM deltorphin for 30 minutes at 6, 12, 24, and 48 hour intervals
before the culture end point (and our antibody staining protocol) at 72 hours in culture.
At the same time as each drug treatment, we applied a media rinse only to another
coverslip to use as a control for any effects the media change may have on BRAGD
surface-to-total ratios. For cells receiving media change only at 6 h@ursuts, 24
hours, and 48 hours before the culture end point, the average surface-to-total ratios were
0.26 (+/- 0.04), 0.25 (+/- 0.06), 0.20 (+/- 0.03), and 0.21 (+/- 0.03), respectively. For
cells receiving 30 minutes of 100 nM deltorphin treatment at 6 hours, 12 hours, 24 hours,
and 48 hours before the end point, the average surface-to-total ratios were 0.021 (+/-
0.010), 0.003 (+/- 0.001), 0.020 (+/- 0.007), and 0.17 (+/- 0.04), respectively (Figure 3).
Following deltorphin treatment, cell surface FLAGDOR remains quite low foo @24 t
hours, with significant recovery as compared to control being measured only at 48 hours
after deltorphin treatment. Since normal kinetics would yield complete ngctave
baseline levels in 12 hours or less, we conclude that deltorphin treatment has a longer-
lasting effect on receptor trafficking kinetics that keeps surtaoeptor levels low for 24

hours or so.
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Discussion

It has been observed that DOR does not recycle back to the membrane following
agonist-induced endocytosis, but rather tends to be sent to lysosomes and degraded (Ko et
al,. 1999). This non-recycling nature of DOR has often been associated with the
receptor’s slow rate of recovery following agonist internalization. Howewehave
shown that cell surface DOR remains depressed for longer than would be expeatted eve
accounting for the time that would be required for complete recovery of recegbr le
based on normal kinetics. Thus, we have demonstrated that deltorphin treatment
fundamentally changes the kinetics of DOR membrane trafficking to deplesgriace
DOR for an extended period of time, roughly 24 hours. This property may result from a
decrease in cell surface targeting of newly synthesized receptor,cadedite of
recycling or installation events, or an increased rate of internalizatioregnadation.
Additional experiments using drugs such as brefeldin A, which blocks vesicle, traff
concanavalin A, which blocks internalization, or the proteasome inhibitor ZLLL should
help to elucidate the mechanistic details of this slowed DOR traffickimgdgating the
relative contributions of installation, internalization, and recycling to noamalaltered
receptor kinetics.

Although agonist-induced endocytosis is the best understood mechanism of
GPCR down-regulation, there are other reports that agonists alter thesofatceptor
membrane trafficking. The down-regulation of MOR by agonist was studied in
neuroblastoma (N2A) cells (Afify 2002). It was found that the MOR-selectivrisiy
DAMGO produced an increased rate of MOR turnover caused by both increased receptor
degradation and decreased receptor biosynthesis. More recently, two distingtoinode
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receptor insertion were actually observed by total internal reflectioneicence
microscopy for th@2 adrenergic receptor: a transient insertion mode that resulted in
rapid lateral dispersion of receptors after insertion, and a more persisenion mode

that retained inserted receptors in surface-accessible domains for adengerof time
(Yudowski et al., 2006). Treatment with the adenergic agonist isoproterencédasudt
decrease in transient insertion events and increase in persistent insemitsn § hese
insertion events were on the order of seconds and milliseconds, but it is reasonable to
expect that the cumulative effect of one mode or another dominating over time could
make a big difference in the amount of receptor installed.

Unlike the instances in these reports, however, the effect we observeddasted f
up to 24 hours after drug was withdrawn. A longer-lasting change in recefftokitrg
kinetics is a potential contributor to drug tolerance. Indeed, recent evidence using
DOReGFP knockin mice strongly indicate that the efficacy of DOR agonishsnted
by internalization of the receptor by previous agonist exposure (Pradhar2608)). In
these experiments, pre-treatment of the mice with the highly intermgahgjonist SNC80
caused significant internalization of DOR, while pre-treatment with ardifteagonist,
AR-M100390, caused little internalization. The SNC-80-treated mice showed no
analgesic response to either agonist 4 hours after pre-treatment, but agonist
responsiveness was restored after 24 hours. By contrast, the mice treatbeé wan-
internalizing agonist AR-M100390 retained full analgesic responsiveness to sutiseque
agonist administration at 4 hours. It is intriguing to compare the time drafrikis
effect and the one we observed. In both cases the effect lasted several thowgh ah
our case we still observed significantly reduced cell surface DOR codnjpacentrol at
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24 hours after agonist treatment, while Pradhan et al. report complete reacoagopist
efficacy at 24 hours. However, the surface-to-total ratio we measu2dchaurs is
higher than that at 12 hours, suggesting cell surface DOR had started to recoseld It
be that only a small recovery of surface receptor level is necessariote @&gponist
efficacy because of the spare receptor effect, the ability of only &sontadn of total
receptor to produce a full agonist effect. It would be very interesting telatarr
restoration of agonist efficacy with recovery of cell surface DOR in SNG30 @ated
DOReGFP knockin mice. However, since there is evidence that the GFP tagesterfe
with ordinary DOR subcellular targeting (Wang et al. 2008), it should be aseerthat
these mice display similar DOR agonist response profiles to wild-tyge m

In summary, we have shown that down-regulation of cell surface DOR following
agonist exposure results from not just direct internalization but also a changepitorec
membrane trafficking kinetics. This change, which may be a component of acute
tolerance, should be investigated further to determine the biological mechanisms
responsible. Understanding these mechanisms may lead the way to new drugs or

strategies to improve opioid drug therapy.
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Baseline DOR Surface-to-Total Ratios Over Course of
Experiments
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Figurel. Basdline Surface-to-Total Ratios of FLAGDOR at the Starting Point and

End Point of the Experimental Period in Culture. The average surface-to-total ratio at
the starting point of the experimental period in culture (24 hours in culture atiagpla
was 0.15 (+/- 0.02), while that at the end point of the experimental period (72 hours in
culture after plating) was 0.23 (+/- 0.04). Error bars represent +/- SEMdogeaup.

Data is from three different experiments, p=0.134 by t-test.
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Time for DOR Constitutive Internalization
0.3
0.25
2
g 02 -
8
o
'g 0.15 m labeled surface FLAGDOR
@
Q
£ 01
>
n
0.05 -
0 4
0 hrs. 6 hrs. 12 hrs.
Interval Between Primary and Secondary
Antibody

Figure2. Time Coursefor Constitutive Internalization of FLAGDOR. With no

delay between application of primary and secondary antibody to label sudap&re

the average surface-to-total ratio was 0.23 (+/- 0.04). With 6 hours delay, thesaverag
surface-to-total ratio was 0.16 (+/- 0.03), while with 12 hours delay, the averéasesu
to-total ratio was 0.012 (+/- 0.006). Error bars represent +/- SEM for each grotapis Da

from three different experiments.
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Long-term Effect of Deltorphin Treatment on DOR Surface-to-
Total Ratio
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Figure 3. Long-term Effect of Deltorphin Treatment on FLAGDOR Surface-to-

Total Ratio. For cells receiving media change only at 6 hours, 12 hours, 24 hours, and
48 hours before live staining, the average surface-to-total ratios were 0.26 (+/02064)

(+/- 0.06), 0.20 (+/- 0.03), and 0.21 (+/- 0.03), respectively. For cells receiving 30
minutes of 100 nM deltorphin treatment at 6 hours, 12 hours, 24 hours, and 48 hours
before live staining, the average surface-to-total ratios were 0.020.@%0), 0.003 (+/-
0.001), 0.020 (+/- 0.007), and 0.17 (+/- 0.04), respectively. Error bars represent +/- SEM

for each group. Data is from three different experiments.
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Chapter 5
Relationship Between Cell Surface DOR and MOR and

Agonist Effectsin Co-Expressing PC12 Cells
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Summary

Interactions between DOR and MOR have been described in the literature.
Because our method enables quantification of surface receptor in individual cells, we
sought to determine how short-term treatment (30 minutes) with agonigtweefer one
receptor would affect the other receptor’s presence in the plasma membrenBOR-
selective agonist deltorphin, in addition to internalizing DOR, caused a sagtific
increase in surface MOR in co-expressing cells, an effect that wasemotvith
deltorphin treatment in cells expressing only MOR. This suggests that agoneti@ct
of DOR results in installation of MOR into the plasma membrane. By contrast, the
MOR-selective agonist DAMGO internalized MOR in co-expressing cellghleut
increase in surface DOR measured did not reach statistical sign#ficdihts suggests
that agonist binding to DOR can cause a rapid installation of MOR into the membrane.
This is in contrast to MOR, for which chronic agonist treatment has been reported to
cause installation of DOR into the plasma membrane, an effect that we did ngedbser
a significant extent with short-term MOR agonist treatment. This sugbestxistence
of different modes of agonist-induced receptor installation, one rapid and one slower.
We also found a positive linear relationship between cell surface DOR andrtaaties
MOR in co-transfected cells. Deltorphin treatment increased this poséng while
DAMGO treatment decreased it. This is further evidence for receptaadtitars,
suggesting that agonist treatment at one receptor can either induce iosteflatrelated

receptor or that interactions can modify the ability of an agonist to intexmatzptor.
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Introduction

A large body of evidence indicates that GPCRs generally, and MOR and DOR
specifically, interact. The interactions may take the form of directigddy@ssociation
such as the formation of heterodimers (Jordan and Devi, 1999), or the interaction may be
more functional; for example, agonist binding at one receptor may influencehidnadre
of the other. The importance of these interactions is shown by the fact that ®keranc
morphine’s analgesic effect, which is mediated primarily by MOR (Kreff999), is
abolished in DOR knockout mice (Zhu et al., 1999), clearly implicating DOR in
morphine tolerance. Recent evidence indicates an essential role for MOR in DOR-
mediated antihyperalgesia (Gendron et al., 2007). Thus, functional interactiorstetw
MOR and DOR occur both ways; each receptor can modify the other’s effects.

It has been shown that activation of MOR by morphine or other ligands can
induce installation of DOR into the plasma membrane of certain neurons (Cahijll et a
2001) (Morinville et al., 2003) (Chieng and Christie, 2009). Moreover, in dorsal root
ganglia neurons, the population of cell surface DOR installed by stimulus-depende
release from an intracellular pool of LDCVs has been shown to be critidhkfo
development of tolerance to morphine analgesia (Guan et al., 2005). On the basis of this
evidence, it has been proposed that the development of tolerance is positivelyetbrrelat
with the ratio of DOR to MOR on the cell surface (Zhang et al., 2006).

We sought to use PC12 cells transiently co-transfected with DOR and MOR to
explore the effects of agonist on the trafficking of functionally releg¢edptors. On the

basis of the literature describing interactions between DOR and MOR, wénéspaed
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that agonist binding at one receptor would lead to cell surface installation oféne ot

receptor.
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Methods

We used NGF-differentiated PC12 cells transiently transfected witk @O
MOR and our surface receptor quantification method (see Chapter 2), with certa
modifications. Wild-type PC12 cells were plated and treated with NGfwtodays. At
this point, cells were transfected with FLAGDOR, HAMOR, or both, using
Lipofectamine 2000. After twenty-four more hours in culture with NGF, polyclonal
rabbit anti-FLAG antibody (1:2000, Sigma-Aldrich, St. Louis, MO) and/or monoclonal
mouse HA.11 clone 16B12 (1:2000, Covance, Emeryville, CA ) was applied to label
surface receptor, Cy3 anti-rabbit and/or Cy2 anti-mouse fluorescent secondary
antibodies (1:200, Jackson Immunoresearch, West Grove, PA) was applied to enable
visualization of labeled surface receptor, cells were fixed, and antibodiesRobDO
MOR were then used to label total cell receptor (in singly transfectiscoody, since in
doubly transfected cells, both fluorophores characterized for our quantificationgrot
Cy2 and Cy3, were already used to label surface receptor). Labelingaufestg€eptor
with primary and secondary antibodies and rinses in between were carrie@61€ at
instead of 4°C as in other experiments, since we found that this was necessaryto obta
robust HA staining. For this reason, exposure time to antibodies was twentysmninute
instead of thirty minutes to minimize the effect of ongoing receptordkaffy at the
warmer temperature, although we have found in the past that the temperatuhat whi
live staining is conducted makes little difference in surface receptatifigd Cells
were imaged with fluorescence microscopy and quantified using Image J.

Where appropriate, the MOR-selective agonist DAMG@NI Sigma-Aldrich)
or the DOR-selective agonist deltorphin (100 nM, Sigma-Aldrich) were addeduoecul
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medium for thirty minutes , then removed just prior to rinsing and antibody labeling of
surface receptor at the end of the culture period. We found in previous work that these

doses were optimal to obtain significant internalization of receptor by itmt®tgand.
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Results
Sngly Transfected Cells As Controls

To verify that any agonist effects we observed were not the result of promiscuous
binding of agonists, we quantified average surface FLAGDOR and HAMOR in PC12
cells singly transfected with these receptors in the presence and atisagorist. As
Figure 1 shows, in FLAGDOR-transfected cells the average surfa®@POR in the
absence of agonist was 72 (+/- 10), after 30 minutes of 100 nM deltorphin was 14 (+/- 3),
and after 30 minutes of i{M DAMGO was 56 (+/- 5). In HAMOR-transfected cells
(Figure 2), the average surface HAMOR was 136 (+/- 21), after 30 minutes of 100 nM
deltorphin was 133 (+/- 25), and after 30 minutes pMIDAMGO was 73 (+/- 14).

Hence, each agonist caused significant internalization of its cognateordmatpdid not
significantly affect the cell surface quantity of the other receptor.
Agonist Effectsin Co-Transfected Cells

We quantified cell surface FLAGDOR and HAMOR in PC12 cells co-traresfect
with these receptors in the absence and presence of agonists. In the tA58DOR,
the average surface receptor in the absence of agonist was 154 (+/- 9)) afiautes of
100 nM deltorphin treatment was 78 (+/- 8), and after 30 minuteglf RAMGO was
170 (+/- 11). The increase in cell surface FLAGDOR in the presence of DAMGO did not
reach statistical significance (p=0.251 by t-test).

In the case of HAMOR, the DOR-selective agonist deltorphin caused acaghifi
increase in cell surface HAMOR in co-expressing cells, unlike in eefisessing only
HAMOR. The average surface receptor in the absence of agonist was 229 (+tel4), af
30 minutes of 100 nM deltorphin treatment was 394 (+/- 31), and after 30 minutes of 1
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uM DAMGO was 189 (+/- 19). The increase in cell surface HAMOR with deltorphin
treatment was statistically significant (p<0.00001 by t-test).
Rel ationship between Cell Surface MOR and DOR

To visualize the mathematical relationship between cell surface DOR @i M
we made scatter plots of co-transfected cells with surface FLAG&rCRe x-axis and
surface HAMOR on the y-axis, in the presence and absence of agonistgFEi@jrand
7). In all cases the trend is that as cell surface DOR increasesyfzalesMOR
increases too, as reflected by the positive slope of the trendlines obtainedby line
regression. TheRvalues for these trendlines are not very high, indicating significant
scatter. Deltorphin treatment increases the slope of the trendline, whil&SDAM

treatment decreases the slope.
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Discussion

The literature provides many reports of interactions between DOR and MOR.
This concept has been challenged recently by Scherrer et al. (2009), who found that the
receptors occur almost exclusively in different primary afferentdibeDOReGFP
knockin mice. The subcellular targeting properties of the DOR in these micenisoope
guestion, since it has been found that large fluorescent protein tags such as GFP ca
interfere with the normal cellular targeting of DOR (Wang et al., 2008). So atthoug
many studies of receptor interactions have involved highly artificial condsiacts as
cell lines expressing abundant quantities of transfected receptor, DOReGEKHM mice
are highly questionable as an approach for avoiding these artifactual.effentsover,
in vivo evidence for interactions is shown by the finding that morphine tolerance is
abolished in DOR knockout mice (Zhu et al., 1999), although Scherrer et al. could not
replicate that finding. We found additional evidence for interactions, althoughomith s
surprises.

First, we verified that agonist action at one receptor can cause addition@htparge
and installation of the other receptor to the plasma membrane. It is well docditienite
morphine or other MOR agonists binding to MOR can induce DOR insertion (Cabhill et
al., 2001) (Morinville et al.,2003) (Chieng and Christie, 2009). We are not aware of
reports that binding to DOR of a DOR agonist can induce plasma membrane insertion of
MOR.

However, the latter is exactly what we found. In cells co-transfeatad w
FLAGDOR and HAMOR, treatment with the DOR agonist deltorphin caused a
significant increase in surface HAMOR, an effect that was not found mtcafisfected
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with HAMOR alone and treated with deltorphin. This raises the question of whather t
effect is an artifact of our experimental system, PC12 cells transteantisfected to

produce copious quantities of receptor, or whether up-regulation of MOR by agonist
action at DOR is a real phenomenon in vivo with physiological relevance. The flace
look to answer this question include cells such as dorsal root ganglia neuronshalarsal
neurons, and periaqueductal grey neurons, where DOR is known to be elevated under
certain conditions (Zhang et al., 2006). Since DOR has been shown to be essential for
development of tolerance to morphine (Zhu et al., 1999), which works primarily at MOR,
it would be odd if agonist activation of DOR led to insertion of additional MOR.
However, interactions between DOR and MOR could be more complex than is currently
understood, and it is plausible that in certain cell types DOR activation does &Rt
up-regulation.

Although agonist binding to MOR has been shown to cause plasma membrane
insertion of DOR in certain cell types (Cabhill et al., 2001) (Morinville et al.,2003)
(Chieng and Christie, 2009), we did not measure a statistically signiffzarase in
surface FLAGDOR upon DAMGO treatment in co-transfected cells. However,
Morinville et al. reported that morphine treatment of 48 hours was necessarateenh
DOR antinociception in the dorsal horn of the spinal cord. The work by Chieng and
Christie similarly reported that chronic morphine treatment was negdssaduce DOR
insertion in periaqueductal grey neurons. So a likely explanation for our resudt teeem
be that the time of our DAMGO treatment, 30 minutes, was insufficient to elicit a
measurable insertion of DOR. This is interesting given the obviously fasteranssr
HAMOR that we found upon 30 minutes of deltorphin treatment. Also, DOR can be
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inserted into the plasma membrane rapidly following some types of stimuli, s3¢h a
minutes of potassium chloride depolarization of NGF-treated PC12 cells (Kim and von
Zastrow, 2003), and in large quantities in proportion to the total receptor in the cell
(Chapter 3). Evidently, there are different modes of agonist-induced receptbomser
and the mechanisms involved should be investigated further.

We also examined the mathematical relationship between cell surfd&R @D
cell surface MOR in co-transfected cells, with and without agonist treatridéa did this
by making scatter plots of surface DOR vs. surface MOR, with DOR on the aaXi
MOR on the y-axis. Linear regression revealed a positive relationshipdmeswgace
DOR and surface MOR; as DOR increases, so does MOR, although the correlation as
indicated by Rvalues is not very strong. While this relationship is consistent with
receptor interactions such as heterodimers or a trafficking relatiortstmay imerely
reflect that cellular trafficking machinery tends to install simaliarounts of DOR and
MOR on the membrane, since the receptors are structurally similar. EQwe&idence
for interactions is provided by the fact that agonist treatment changed tienstig
between DOR and MOR. Deltorphin treatment increased the slope of the trentllae, w
DAMGO treatment decreased it. This means that the quantity of surfacebigcaime
more sensitive to the quantity of surface DOR with deltorphin treatment, and less
sensitive with DAMGO treatment. The former may be because deltorphiméreta
induced installation of MOR, as previously discussed, and cells with more DOR for
deltorphin binding accounted for the bulk of the overall increase in surface MOR.
Alternatively, it may be that physical interaction with MOR stabiliz€aRDagainst
internalization by deltorphin, so that cells with more DOR tended to be the ohes wit
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more MOR. Consistent with this interpretation, it has been found that expression of
MOR is necessary for DOR-mediated anti-hyperalgesia by DOR &sjcemsl it was
suggested by the investigators that MOR may stabilize DOR while teeifgtracts
with agonist (Gendron et al., 2007). By the same token, the decrease in the positive trend
between surface DOR and surface MOR with DAMGO treatment may mean that
interaction with DOR makes MOR more susceptible to agonist-induced inretraii
Receptor interactions could stabilize against internalization in soraes basenhance
internalization in others.

In summary, we have found evidence for a rapid insertion of MOR into the
plasma membrane following agonist activation of DOR, a novel finding that should be
investigated further. We have also found evidence consistent with a role foctintesa

between MOR and DOR in mediating agonist response at these receptors.
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Effect of Agonist Treatment on Cell Surface DOR in Cells
Expressing DOR Only
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Figurel. Effect of Agonist Treatment on Cell Surface FLAGDOR in Célls

Expressing FLAGDOR Only. The average surface receptor in the absence of agonist
was 72 (+/- 10), after 30 minutes of 100 nM deltorphin was 14 (+/- 3), and after 30
minutes of JuM DAMGO was 56 (+/- 5). Error bars represent +/- SEM for each group.

Data is from three different experiments.
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Effect of Agonist Treatment on Cell Surface MOR in Cells
Expressing MOR Only
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Figure 2. Effect of Agonist Treatment on Cell Surface HAMOR in Cells Expressing
HAMOR Only. The average surface receptor in the absence of agonist was 136 (+/- 21),
after 30 minutes of 100 nM deltorphin was 133 (+/- 25), and after 30 minuteg\wbf 1
DAMGO was 73 (+/- 14). Error bars represent +/- SEM for each group. Dabanis fr

three different experiments.
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Effect of Agonist Treatment on Cell Surface DOR in Co-
Expressing Cells
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Figure 3. Effect of Agonist Treatment on Cell Surface FLAGDOR in Co-Expressing
Cells. The average surface receptor in the absence of agonist was 154 (+/- 9), after 30
minutes of 100 nM deltorphin treatment was 78 (+/- 8), and after 30 minuteg\bf 1
DAMGO was 170 (+/- 11). Error bars represent +/- SEM for each group. Dedanis

three different experiments.
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Effect of Agonist Treatment on Cell Surface MOR in Co-
Expressing Cells

450

400 -
350 -
300 -
250 -

@ Surface MOR

200 -

Surface Receptor

150

100 -

50 A

no agonist deltorphin DAMGO

Figure4. Effect of Agonist Treatment on Cell Surface HAMOR in Co-Expressing

Cells. The average surface receptor in the absence of agonist was 229 (+/- 14), after 30
minutes of 100 nM deltorphin treatment was 394 (+/- 31), and after 30 minuted/bf 1
DAMGO was 189 (+/- 19). Error bars represent +/- SEM for each group. Dedanis

three different experiments.
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Co-Expressing Cells in Absence of Agonist- Surface DOR vs.
Surface MOR
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Figure5. Relationship between Cell Surface FLAGDOR and HAMOR in Co-
Expressing Cellsin Absence of Agonist. Scatter plot showing cell surface FLAGDOR

and HAMOR for each co-expressing cell. Data is from three differgargments.
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Co-Expressing Cells with Deltorphin Treatment- Surface DOR
vs. Surface MOR
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Figure 6. Relationship between Cell Surface FLAGDOR and HAMOR in Co-
Expressing Cellswith 30 Minutes of 100 nM Deltor phin Treatment. Scatter plot
showing cell surface FLAGDOR and HAMOR for each co-expressing ceth iD&rom

three different experiments.
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Co-Expressing Cells with DAMGO Treatment- Surface DOR vs.
Surface MOR
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Figure7. Relationship between Cell Surface FLAGDOR and HAMOR in Co-
Expressing Cellswith 30 Minutes of 1 pM DAMGO Treatment. Scatter plot showing
cell surface FLAGDOR and HAMOR for each co-expressing cell. Bdtam three

different experiments.
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