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ABSTRACT

Signaling by classic analgesics, such as morphine, is governed
primarily by the relative abundance of opioid receptors at the cell
surface, and this is regulated by receptor delivery to, and retrieval
from, the plasma membrane. Although retrieval mechanisms,
such as receptor endocytosis, have been extensively investi-
gated, fewer studies have explored mechanisms of receptor
maturation and delivery to the plasma membrane. A previous
study implicated receptor transporter proteins (RTPs) in the latter
process. Since not much is known about regulation of RTP
expression, we initiated studies examining the effect of chronic
morphine administration on the levels of RTPs in the brain.
Among the four RTPs, we detected selective and region-specific
changes in RTP4 expression; RTP4 mRNA is significantly
upregulated in the hypothalamus compared with other brain
regions. We examined whether increased RTP4 expression

impacted receptor protein levels and found a significant increase
in the abundance of mu opioid receptors (MOPrs) but not other
related G protein—coupled receptors (GPCRs, such as delta
opioid, CB; cannabinoid, or D, dopamine receptors) in hypo-
thalamic membranes from animals chronically treated with
morphine. Next, we used a cell culture system to show that
RTP4 expression is necessary and sufficient for regulating opioid
receptor abundance at the cell surface. Interestingly, selective
MOPr-mediated increase in RTP4 expression leads to increases
in cell surface levels of MOPr-delta opioid receptor heteromers,
and this increase is significantly attenuated by RTP4 small
interfering RNA. Together, these results suggest that RTP4
expression is regulated by chronic morphine administration,
and this, in turn, regulates opioid receptor cell surface levels and
function.

Introduction

G protein—coupled receptors (GPCRs) belong to the seven
transmembrane receptor family and the majority localize to
the cell surface. The levels of GPCRs at the cell surface
determine the extent of agonist-induced cellular responses
by peptide and other hydrophylic ligands. Activation of
these receptors leads to initiation of signaling via diverse
signal-transduction pathways, including G protein- and
B-arrestin—mediated signaling pathways, leading to their
multiple physiologic effects.

Although significant effort has been put toward under-
standing mechanisms regulating receptor endocytosis due to
its role in cellular desensitization [see review by Williams
et al. (2013)], relatively few studies have focused on exploring
mechanisms regulating delivery of GPCRs to the plasma
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membranes. Some of these studies suggested that chaperone
proteins could regulate the glycosylation of GPCRs, an
important step for membrane trafficking of receptors
(Katada et al., 2004). Other studies have suggested a re-
quirement of chaperone proteins for appropriate targeting to
the cell surface membrane (Achour et al., 2008; Williams and
Devi, 2010), such as NinaA for Drosophila rhodopsin, RanBP2
for mammalian cone opsin, ODR-4 for Caenorhabditis elegans
chemosensory receptors, Receptor-Activity Modifying Pro-
teins (RAMPs) for the mammalian calcitonin receptor like
receptor, and receptor expression—enhancing proteins and
receptor transporter proteins (RTPs) for the mammalian
odorant and taste receptors (Saito et al., 2004; Behrens
et al., 2006; Achour et al., 2008; Matsunami et al., 2009). In
some cases, the chaperone proteins mask the endoplasmic
reticulum retention signal present in GPCRs, thereby pro-
moting cell surface receptor expression (Saito et al., 2004).
These observations suggest that chaperone proteins play a
crucial role in the maturation of GPCRs. However, very little
information is available about how the expression or function
of these chaperone proteins is regulated. In this study, we
focused on RTPs and explored a role for their regulation in
opioid receptor function.

ABBREVIATIONS: ANOVA, analysis of variance; DAMGO, [D—AIaZ, N-Me-Phe?, GIyS—ol]—enkephaIin; DOPr, delta opioid receptor; ELISA, enzyme-
linked immunosorbent assay; F, forward; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPCR, G protein—coupled receptor; MOPr, mu
opioid receptor; NAcc, nucleus accumbens; NTX, naltrexone; R, reverse; RTP, receptor transporter protein; RT-gPCR, reverse-transcription
quantitative polymerase chain reaction; siRNA, small interfering RNA; USP, ubiquitin-specific protease family; VTA, ventral tegmental area.
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Opioid receptors, members of class A GPCRs, bind to and are
activated by opiates such as morphine and endogenous opioid
peptides such as endorphins, enkephalins, and dynorphins.
Studies by several groups, including ours, revealed that mu
opioid receptors (MOPrs) and delta opioid receptors (DOPrs)
form heteromers that exhibit pharmacological profiles that are
distinct from the individual receptor protomers (Gomes et al.,
2000, 2011; Rozenfeld and Devi, 2007). We have previously
reported that RTP4, a member of the RTP family, plays an
important role in the cell surface expression of these receptors.
Furthermore, we showed that RTP4 facilitates cell surface
expression of the heteromers; coexpression of RTP4 with
MOPr and DOPr leads to enhanced cell surface expression
as well as decreased ubiquitination of the receptors; and in the
absence of RTP4, there is a specific retention of MOPr in the
Golgi compartment, resulting in decreased cell surface ex-
pression of both protomers (Décaillot et al., 2008). These
results imply that RTP4 regulates the membrane expression
of not only MOPr and DOPr but also MOPr-DOPr heteromers,
thereby playing an important role in influencing the action of
exogenous and endogenous opioid ligands. In the context of
opioid receptor ligands, we previously observed that chronic
morphine administration can upregulate the expression of
MOPr-DOPr heteromers in brain regions that are important
for pain perception, as detected by using a MOPr-DOPr
heteromer-selective antibody (Gupta et al., 2010). However,
the mechanism of upregulation of MOPr-DOPr heteromers in
these brain regions is not clear. More importantly, nothing is
known about the mechanisms regulating RTP4 expression in
general or by opioid receptor activation in particular. In this
study, we examined the effect of morphine administration on
RTP4 levels and the contribution of RTP4 to changes in cell
surface expression of MOPr-DOPr heteromers in vitro and
in vivo.

Materials and Methods

Cell Culture and Transfection. Neuro 2A cells were grown
in complete growth medium (Eagle’s Minimum Essential Medium
(E-MEM) with 10% fetal bovine serum and 1% Penicillin Streptomycin
(P/S)). Cells were transfected with either Flag-MOPr (N2AMOPT (o]g)
or Flag-MOPr along with RTP4 small interfering RNA (siRNA; Sigma-
Aldrich, St. Louis, MO) using Lipofectamine 2000 according to the
manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA).
Twenty-four hours after transfection, cells were seeded into 24-well
plates, 96-well plates, or a LabTek chamber (Thermo Fisher Scientific)
for further experiments.

Measurement of Gai Response. Gai response was measured by
using the CellKey System (Molecular Devices, Sunnyvale, CA), based
on a label-free technology called cellular dielectric spectroscopy, which
is capable of measuring complex impedance changes in cell mono-
layers after GPCR activation (an increase in impedance means Gai
activation) as described previously (Zhou et al., 2013). In brief, naive or
transiently transfected Neuro 2A cells (N2AMOPT cells) (32,000
cells/well) were seeded onto a CellKey poly-D-lysine—coated 96-well
microplate (Molecular Devices) according to their optimum growth
conditions on the day prior to the experiment and incubated overnight
at 37°C in 5% COs. At 30-60 minutes prior to running the assay, cells
were washed with 150 ul of assay buffer (Hanks’ balanced salt solution
with 20 mM HEPES and 0.1% bovine serum albumin, prewarmed at
29°C) followed by the addition of 135 ul of the assay buffer. The
baseline impedance was measured for 2 minutes followed by the
addition of ligands at a final concentration of 1 or 10 uM. The changes
in impedance were measured for 20 minutes after addition of ligands.

Treatment of N2AMOP* Cells. Twenty-four hours after plasmid
and/or siRNA transfection, N2AMOTT cells were seeded into a 24-well
plate (200,000 cells/well) in complete growth medium and incubated
overnight at 37°C with 5% CO,. The next day, medium was replaced
with 500 ul of the complete growth medium containing [p-AlaZ, N-Me-
Phe*, Gly®-ol]-enkephalin (DAMGO) or vehicle at a final concentration
of 10 uM and incubated for 24 hours at 37°C with 5% COs. In one set of
experiments, cells were pretreated with naltrexone (NTX) (Sigma-
Aldrich) or vehicle at a final concentration of 1 uM for 1 hour followed
by cotreatment with DAMGO and NTX for 24 hours. After ligand
treatment, N2AMOP" cells were washed once with cold phosphate-
buffered saline and then collected with 300 ul of cold RLT buffer
(QIAGEN, Hilden, Germany). The cell lysates were transferred into
an RNase-free centrifuge tube and stored at —80°C until they were
further processed for reverse-transcription quantitative polymerase
chain reaction (RT-qPCR). Stock solutions of DAMGO (Sigma-Aldrich)
and NTX were made in water.

RT-qPCR. RT-gPCR was performed with the aforementioned
N2AMOPT ce]] lysates and with lysates from mouse brain. In the latter
case, we extracted RNA-containing aqueous solution using the TRIzol
reagent according to the manufacturer’s protocol (Thermo Fisher
Scientific) before the total RNA purification. Total RNA was purified
using the RNeasy Mini kit (QIAGEN, Germantown, MD) according
to the manufacturer’s protocol. cDNA was synthesized using the
PrimeScript RT Master Mix (Takara, Shiga, Japan) according to
the manufacturer’s protocol. Real-time PCR was performed using the
Power SYBR Green qPCR Master Mix (Applied Biosystems, Foster
City, CA). The PCR template source was 4 ul of 10-times diluted first-
strand ¢cDNA. Amplification was performed with an ABI PRISM
7900HT sequence detection system (Applied Biosystems) or StepOne
Real-Time PCR system (Applied Biosystems). After an initial dena-
turation step at 95°C for 10 minutes, amplification was performed
using 45 cycles of denaturation (95°C for 15 seconds), annealing (55°C
for 30 seconds), and extension (72°C for 30 seconds). We amplified
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeep-
ing gene, as a control. The data were analyzed using the sequence
detection system software (version 2.2.1, for ABI PRISM 7900HT
software, or version 2.3 for StepOne software; Applied Biosystems) as
described in Data Analysis. The software generates the baseline-
subtracted amplification plot of normalized reporter values (ARn)
versus cycle number. The amplification threshold was set at six to
seven of the ARn linear dynamic range (50%—60% of maximum ARn).
The fractional cycle at which the intersection of the amplification
threshold and the plot occurs is defined as the threshold cycle (Ct
value) for the plot. Samples that gave a Ct value within 45 cycles were
considered to be positive for the mRNA expression. Then, quantitative
analysis was performed using the AACT method, as described previ-
ously (Margolis et al., 2014).

The forward (F) and reverse (R) primers were as follows:

GAPDH-F TGAAGGTCGGTGTGAACG
GAPDH-R CAATCTCCACTTTGCCACTG
RTP1-F TGGAAGCCCAGTGAGAAGC
RTP1-R AGCAGAAGTTGCAGCCTGAG
RTP2-F AGCTTTCTGTTCTTCCTTGGG
RTP2-R GCCACCTCCATCTTCTCGTAG
RTP3-F TGCAAGAGGTGAAACCCTGG
RTP3-R AGGACAGTGGAACCTAGCAAAG
RTP4-F GGAGCCTGCATTTGGATAAG
RTP4-R GCAGCATCTGGAACACTGG.

Immunocytochemistry. Twenty-four hours after plasmid and/or
siRNA transfection, N2AMOPT cells were seeded into a LabTek
chamber (20,000 cells/well) in complete growth medium and incubated
overnight at 37°C with 5% CO,. The next day, the medium was
replaced with 250 ul of the complete growth medium containing
DAMGO or vehicle at a final concentration of 10 uM and incubated for
24 hours at 37°C in 5% CO,. After ligand treatment, N2AMOFT
cells were fixed with methanol/acetone (1:1) solution for 5 minutes



at —30°C and then incubated with blocking buffer containing 3% bovine
serum albumin in Tris-buffered saline at room temperature for 1 hour.
The cells were then incubated overnight with primary antibody in
blocking buffer at 4°C. Mouse anti-MOPr-DOPr heteromer-selective
antibody (1:100) (Gupta et al.,, 2010) or rabbit anti-RTP4 antibody
(1:200; MyBioSource, San Diego, CA) was used as the primary antibody.
After washing with blocking buffer, three times each for 5 minutes, the
cells were incubated with secondary antibody in blocking buffer at room
temperature for 1 hour. Goat anti-mouse IgG (H+L) Cross-Adsorbed
Alexa Fluor 488 (1:500; Thermo Fisher Scientific) and Goat anti-rabbit
IgG (H+L) Cross-Adsorbed Alexa Fluor 594 (1:500; Thermo Fisher
Scientific) were used as secondary antibodies. After washing with
phosphate-buffered saline, three times each for 5 minutes, cells were
mounted with ProLong Diamond Antifade Mounting Medium with 4’,6-
diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific). The immu-
nofluorescent signal was observed under confocal microscopy (LSM800
with Airyscan; Carl Zeiss Meditec, Tokyo, Japan). Surface plots were
drawn using Imaged software (National Institutes of Health, Bethesda,
MD). The signal intensity was calculated using the ImagedJ software,
and the colocalized area was calculated using the Zeiss Zen microscope
software (ZEN 2.3 SP1; Carl Zeiss Meditec). When we determined the
signal intensity for the whole cell (Fig. 4C), we first outlined the cells
and measured the mean intensity of the area using the Imaged
software. On the other hand, when we analyzed the signal intensity on
the area close to the edge of the cell (Fig. 4C), the mean signal intensity
of 10-12 randomly selected points only on the outline of the cell was
measured using the Imaged software.

Animals. Male C57BL/6 mice (25-35 g; 6-12 weeks) were obtained
from Jackson Laboratories (Bar Harbor, ME). All mice were maintained
on a 12-hour light/dark cycle with rodent chow and water available ad
libitum, and they were housed in groups of five until testing. Animal
studies were carried out according to protocols approved by the Icahn
School of Medicine at Mount Sinai Animal Care and Use Committee.

Drug Administration. Morphine sulfate (Sigma-Aldrich) was
dissolved in saline. Male C57BL/6 mice were injected with morphine
sulfate (10 mg/kg) subcutaneously once a day for 10 days. On the 11th
day, mice were euthanized by cervical dislocation, and various brain
regions were collected and transferred into an RNase-free centrifuge
tube and stored at —80°C until they were further processed for
RT-qPCR.

Enzyme-Linked Immunosorbent Assay. Enzyme-linked im-
munosorbent assay (ELISA) was carried out as previously described
(Gupta et al., 2010; Fujita et al., 2014). In brief, mouse brain regions
were dissected according to the mouse brain atlas (Paxinos and
Franklin, 2001), and the membrane fraction (10 ng) was subjected to
ELISA using either mouse anti-MOPr-DOPr heteromer-selective
antibody (1:100), rat anti-MOPr antibody (1:500), rat anti-DOPr
antibody (1:500), rat anti-CB; receptor antibody (1:500), or rabbit
anti-Ds receptor antibody (1:500) as primary antibodies. As secondary
antibodies, anti-mouse IgG (1:1000; Vector Laboratories, Burlingame,
CA), anti-rat IgG (1:1000; Jackson ImmunoResearch Laboratories,
West Grove, PA), or anti-rabbit IgG (1:1000; Vector Laboratories)
coupled to horseradish peroxidase was used as described previously
(Gupta et al., 2007). ELISA for each sample was performed in triplicate.

Data Analysis. The data were expressed as the mean *= S.D.
Student’s ¢ test, one-way analysis of variance (ANOVA), two-way
ANOVA, one-way multivariate ANOVA, two-way multivariate
ANOVA, and multiple-comparison test (Newman-Keuls test, Tukey’s
test, or Bonferroni test) were used to analyze the data. A difference
was considered to be significant at P < 0.05. GraphPad Software
Prism7 (GraphPad Software, La Jolla, CA) and JMP Software 14 (SAS
Institute Inc., Cary, NC) were used.

Results

In this study, we investigated the effect of chronic morphine
administration in mice on the levels of RTP mRNAs in
different regions of the brain. In addition, we examined the
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role of RTP4 in regulation of MOPr-DOPr heteromer forma-
tion following MOPr activation in vivo and in vitro.

RTP4 Is Highly Expressed in Mouse Brain. We first
surveyed the gene-expression data sets of the mouse brain
(based on Affymetrix experiments that can be accessed using
BioGPS, http://biogps.org) for relative levels of expression of
RTPs. This analysis showed that RTPs (RTP1-4) are differ-
entially expressed in various brain regions, and that among
the various RTPs, RTP4 exhibited the highest expression
(Supplemental Fig. 1, upper panel). Next, we quantified the
levels of RTP4 in different brain regions by quantitative
RT-qPCR. Data from this analysis revealed over 2-fold higher
expression of the RTP4 mRNA in midbrain, nucleus accum-
bens (NAcc), pons, hypothalamus, and ventral tegmental area
(VTA) compared with the cortex; other brain regions had lower
levels (Supplemental Fig. 1, lower panel).

RTP4 Expression Is Regulated by Chronic Morphine
Administration and This Affects Receptor Abundance
of MOPr and MOPr-DOPr Heteromer in Select Brain
Regions. Next, we examined whether administration of
morphine to mice affected RTP4 mRNA levels in the brain.
For this, mice were subjected to repeated morphine adminis-
tration (10 mg/kg, s.c., once a day for 10 days), after which
RTP4 mRNA levels in various brain regions were quantified
by RT-qPCR. We detected a significant increase (P < 0.05) of
RTP4 mRNA levels only in the hypothalamus among the
different brain regions tested (Fig. 1A). There were no
significant changes in the mRNA levels of RTP1-3 except for
a small decrease in RTP3 mRNA levels in the nucleus
accumbens of morphine-treated animals (Fig. 1B). Next, we
examined whether the increases in RTP4 mRNA levels led to
an increase in membrane levels of MOPr-DOPr heteromers in
the hypothalamus. For this, we carried out ELISAs with
antibodies that selectively recognize receptors in endogenous
tissue and compared the abundance of these receptors in
hypothalamic membranes from saline-treated animals to the
receptors in the hypothalamic membranes of morphine-
treated animals (10 mg/kg, s.c., once a day for 10 days); as
controls, we used membranes from the cortex, nucleus accum-
bens, and VTA. Previous studies characterizing these anti-
bodies used tissues from animals lacking individual receptors
to demonstrate the specificity of these antibodies (Gupta et al.,
2010). In this study, we found that repeated morphine
administration leads to a significant increase (P < 0.05) in
MOPr-DOPr heteromer and MOPr levels but not DOPr levels
or levels of CB; cannabinoid receptors or D, dopamine
receptors (Fig. 1C). This increase was only seen in the
hypothalamus and not in the cortex, NAcc, and VTA (Fig. 1D).

MOPr Activation in N2AMOP* Cells Causes Signifi-
cant Upregulation of RTP4 mRNA Levels. Next, we used
Neuro 2A cells transfected with MOPr (N2AMOPT cells) as a
model system to explore the molecular mechanisms underly-
ing the upregulation of RTP4 mRNA levels to determine if the
RTP4 effects seen in vivo are a circuit-based or a cell-based
phenomenon. In N2AMOFT cells, we confirmed that DAMGO,
the MOPr-selective agonist, activates Gai-mediated signaling
using the CellKey System, which measures complex imped-
ance changes in cell monolayers after GPCR activation (in-
crease in impedance means Gai activation) (Fig. 2A) and found
that this can be blocked by the selective MOPr antagonist,
NTX (Fig. 3A). A second pulse of DAMGO 24 hours after first
exposure to the drug gave a significantly reduced (P < 0.01)
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Gai activation (Fig. 2A, second DAMGO), suggesting the
development of tolerance to the DAMGO-induced Gai
response.

Next, we examined if, similar to morphine, DAMGO could
induce changes in the gene expression of RTP4. For this, we
treated N2AMOFT cells with DAMGO for 24 hours and found
that this led to a significant increase (P < 0.05) in RTP4
mRNA levels (Fig. 2B). We also examined whether DAMGO
treatment modulated the levels of other RTPs (RTP1-3) and
found that it significantly increased (P < 0.01) the mRNA

levels of RTP1 but not RTP2 or RTP3 (Fig. 2B). Interestingly,
activation of other class A GPCRs known to be expressed in
Neuro 2A cells (http://biogps.org) (e.g., dopamine and seroto-
nin receptors) by their respective agonists did not cause
significant increases in either RTP4 or the related RTPs
(RTP 1-3; Fig. 2B). In addition, we found that DAMGO-
mediated increases in RTP4 mRNA levels can be blocked by
pretreating N2AMOFT cells with NTX (Fig. 3B). Next, we
examined if pretreatment with the MOPr-DOPr heteromer-
selective antibody affected DAMGO-mediated increases in
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DAMGO) followed by measurement of the Gai response. Data are the
mean * S.D. n = 8-9. **P < 0.01 vs. control; *P < 0.01 vs. first DAMGO,
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RTP4 mRNA levels and found that this pretreatment had no
significant effect on RTP4 mRNA levels (Fig. 3C). Since the MOPr-
DOPr heteromer-selective antibody has been shown to selec-
tively block heteromer-mediated signaling (Gupta et al., 2010),

A 201 > #
- T 11—
? 164

EE16

835

o= 12 * #it

g8 11—

£ c

& 8

= T

NOJ

So

ol Iul 1IN
0 T

DAMGO (1pM) - - + + - -
DAMGO (10 pM) - - - - + +
NTX (1 uM) -+ -+ - +
B 200- C 200
0 * # °
£ 5 1501 33 150
< E £%
Z S 1004 @ O 1004
E% E s
) 2
g 50 g < 504
o (%
oL . o-
DAMGO (10uM) - - + + DAMGO (10 M) - -
NTX (1 pM) -+ -+ MOPr-DOPrAb (1ug) -  +

Role of RTP4 in Regulation of Mu-Delta Heteromer 15

these results suggest that DAMGO-mediated increases in RTP4
mRNA levels occur via MOPr.

MOPr-Mediated Upregulation of RTP4 mRNA Levels
Leads to Increases in MOPr-DOPr Abundance. Next,
we examined if DAMGO-mediated increases in RTP4 mRNA
levels lead to increases in the abundance of the MOPr-DOPr
heteromer. To detect cell surface levels, we carried out
immunofluorescence analysis wusing the MOPr-DOPr
heteromer-selective antibody in N2AMOF* cells treated with-
out or with DAMGO (10 uM) for 24 hours. This analysis
revealed that the MOPr-DOPr heteromer exhibits a broad
punctate distribution within the cells (Fig. 4A). The surface
plot analyzed by the Imaged software using the black/white
images (Fig. 4A) revealed that the signal intensity of the
MOPr-DOPr heteromer in DAMGO-treated cells was greater
than that of control cells (Fig. 4B). The quantitative analysis
showed a significant increase (P < 0.01) in the signal intensity
of the MOPr-DOPr heteromer in the entire area of the cell
24 hours after treatment with DAMGO (Fig. 4C, whole cell). In
addition, the signal intensity of the MOPr-DOPr heteromer in
the selected area close to the edge of the cell was also
significantly increased (Fig. 4C, edge of the cell). These results
indicate that prolonged treatment with DAMGO leads to
increased MOPr-DOPr heteromer abundance.

MOPr-Mediated Increases in MOPr-DOPr Hetero-
mer Abundance Are Dependent on RTP4. Given that
DAMGO treatment leads to increases in RTP4 mRNA levels
as well as MOPr-DOPr heteromer abundance, we examined if
RTP4 is required for heteromer upregulation. For this, we
pretreated N2AMOPT cells with RTP4 siRNA prior to DAMGO
treatment. We found that this treatment led to no significant
increase in the abundance of MOPr-DOPr heteromer in
response to DAMGO treatment; in contrast, an increase was
seen in cells treated with the control siRNA (Fig. 5A). We
confirmed that RTP4 siRNA treatment led to a significant
decrease in the levels of RTP4 mRNA (Fig. 5B) and protein
(Fig. 5, C and D). These results, showing that a decrease in the

Fig. 3. Activation of MOPr in N2AMOP" cells upregulates
RTP4 mRNA levels. (A) N2AMOP" cells (3.2 x 10* cells/well)
were treated with DAMGO (1 or 10 uM) with or without
pretreatment with NTX (1 uM) as described in Materials
and Methods, and the Gai response was measured using the
CellKey System. Data are the mean *+ S.D. n = 3-12. **P <
0.01 vs. control; #*P < 0.01 vs. DAMGO alone, Tukey’s test.
(B) N2AMOPT cells (2 x 10* cells/well) were treated without
or with DAMGO (10 uM) for 24 hours with or without
pretreatment with NTX (1 uM) for 1 hour before addition of
DAMGO. RT-gPCR was performed with specific primers
against RTP4 and GAPDH. Data are the mean = S.D.n = 6—
n.s. 11. *P < 0.05 vs. control; P < 0.05 vs. DAMGO alone,
Tukey’s test. (C) N2AMOPT cells (2 x 10* cells/well) were
treated with DAMGO (10 uM) for 24 hours without or with
pretreatment with MOPr-DOPr heteromer-selective anti-
body (Ab; 1 ug) for 1 hour before addition of DAMGO.
RT-qPCR was performed with specific primers against
RTP4 and GAPDH. Data are the mean = S.D. n = 6-15;
*P < 0.05 vs. control, Tukey’s test. n.s., not significant.
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Fig. 4. MOPr-mediated upregulation of RTP4 mRNA leads to increases in MOPr-DOPr heteromer abundance. (A) N2AMOF” cells were treated without or
with DAMGO (10 uM) for 24 hour, and the presence of MOPr-DOPr heteromers was detected by immunofluorescence with MOPr-DOPr heteromer-
selective antibody as described in Materials and Methods. Images were taken using a Carl Zeiss LSM800 microscope. (B) The surface plot of the cell in the
dotted square in (A) was analyzed using Imaged software. (C) The signal intensity of the MOPr-DOPr heteromer was measured by Imaged software. n =
196 (control), n = 341 (DAMGO 10 uM) (whole cell), n = 205 (control), n = 381 (DAMGO 10 uM) (the area close to the edge of the cell). **P < 0.01 vs. control,

unpaired ¢ test.

expression of RTP4 leads to decreases in MOPr-DOPr levels,
indicate that RTP4 plays a role in the maturation of MOPr-
DOPr heteromers.

MOPr-Mediated Upregulation of RTP4 Increases
Colocalization of MOPr-DOPr Heteromer with RTP4.
We also examined if treatment of N2AMOT ¢ells with DAMGO
for 24 hours increased colocalization between RTP4 and MOPr-
DOPr heteromers. For this, we costained the cells with anti-
RTP4 and with MOPr-DOPr heteromer-selective antibodies
and examined the extent of their colocalization. As expected, in
control cells, RTP4 appears to be localized to Golgi- and
endoplasmic reticulum-like intracellular compartments (Fig.
6A, upper panel). Interestingly, upon treatment with DAMGO
(10 uM for 24 hours), we found that RTP4 was detected in the
cytosol (Fig. 6A, lower panel). Moreover, we found a significant
increase in the colocalization of MOPr-DOPr heteromer with
RTP4 (i.e., the area of merged yellow signal) upon DAMGO
treatment (Fig. 6B). These results indicate an increased
association between RTP4 and MOPr-DOPr heteromers, which

would support a role for RTP4 in the maturation of this
heteromer.

Discussion

In this study, we explored a role for RTP family members,
previously shown to be involved in targeting odorant and taste
receptors to the cell surface (Saito et al., 2004; Behrens et al.,
2006), as a chaperone of opioid receptors. Analysis of the gene
expression data sets showed that these proteins are widely
expressed in the brain and periphery (http:/biogps.org).
Among the different RTPs, RTP4 was previously shown to
help target MOPr and DOPr to the cell surface in either HEK-
293 or Neuro 2A cells (Décaillot et al., 2008). In this study, we
found that repeated morphine administration leads to brain-
region-specific modulation of RTP4 mRNA levels, with in-
creased levels being observed in the hypothalamus. Other
than RTP4, the only other RTPs that were found to be
regulated by repeated morphine treatment were RTP3, whose
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levels showed a trend of decrease in the NAcc and in the
cortex; RTP2, which showed a small trend of increase in the
cortex and VTA; and RTP1, which showed a small trend of
increase in the hypothalamus and NAcc. These results suggest
a brain-area-specific modulation of RTP levels by morphine.
Although very little is known about how morphine regulates
RTP4 levels, one possibility is that repeated administration
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leads to region-specific adaptations that affect the levels of the
transcription factors that bind to the promoter region of RTP4,
leading to up-/downregulation of mRNA levels. Support
for this comes from studies showing that chronic morphine
treatment leads to differential activation of transcription
factors in different areas of the brain, and this may be
dependent on the schedule and dose of morphine

Fig. 6. Increase in colocalization between RTP4 and the MOPr-
DOPr heteromer following MOPr activation. N2AMOF* cells were
treated without or with DAMGO (10 uM) for 24 hours and
analyzed by immunofluorescence using the MOPr-DOPr
heteromer-selective antibody and an RTP4-selective anti-
body. (A) Images were taken using a Carl Zeiss LSM800
microscope (63x oil lens, Airyscan). Red, RTP4; green,
MOPr-DOPr heteromer; blue, 4',6-diamidino-2-phenylindole
(DAPI). (B) Colocalized area indicated by yellow signal in the
merged image was examined using ZEN software (Carl Zeiss
microscope). n = 23 (control), n = 26 (DAMGO). **P < 0.01 vs.
control, unpaired ¢ test.
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administration [reviewed by Ammon-Treiber and Hollt
(2005)]. Another possibility is that the region-specific adapta-
tions induced by repeated morphine administration affect the
stability of the mRNA for RTP4. It is also possible that the
adaptations to repeated morphine administration could be
brought about by brain-region-specific modulation of MOPr
signaling involving either B-arrestin or mitogen-activated
protein kinase signaling instead of the normal Gai-mediated
signaling (Al-Hasani and Bruchas, 2011; Williams et al.,
2013). Thus, further studies are needed to elucidate how
morphine regulates RTP4 levels in the brain. In addition, with
regard to antinociception, it is well known that the hypothal-
amus regulates the endogenous opioid ligand-mediated
descending inhibitory pathway projecting from periaqueduc-
tal gray to the nociceptive neurons located in the dorsal horn of
the spinal cord and, thus, controls nociceptive input from the
periphery (Basbaum and Fields, 1979). It is possible that after
chronic morphine administration, the endogenous compensa-
tory mechanisms against excessive activation of the opioid
system might occur in the hypothalamus. Hypothalamus-
specific knockdown of RTP4 on the development of antinoci-
ceptive tolerance to morphine would have to be evaluated in
future studies.

Although we found that repeated morphine administration
modulates RTP4 levels in specific brain regions, this does not
rule out the modulation of the levels of other chaperone
proteins in other brain areas expressing MOPr. This could
account for the observation that, although levels of RTP4 were
decreased in the cortex, MOPr, DOPr, and MOPr-DOPr
heteromers were increased. Candidate chaperone proteins
for MOPr could include ribophorin I (Ge et al., 2009), which
has been shown to target MOPr, or proteins such as DRiP78,
ATBP50, RACK1, GEC1, norbin, MRAP, or USP4, which have
been shown to help in the cell surface targeting of other
GPCRs [reviewed by Williams and Devi (2010)]. Members of
the ubiquitin-specific protease family (USP) would be in-
teresting candidates since USP4 has been shown to function
as an adenosine A2A receptor chaperone, helping target it to
the cell surface and protect this receptor from ubiquitination
and degradation (Milojevic et al., 2006). We previously found
that USP8, a member of this family, is downregulated in the
quantitative proteomic studies with striatal postsynaptic
density fractions of mice treated with escalating doses of
morphine for 5 days (Stockton et al., 2015). Thus, further
studies are needed to determine the brain-region-specific
putative MOPr chaperone proteins that are modulated fol-
lowing chronic treatment with morphine and how the levels of
these chaperones are affected under the various paradigms of
chronic morphine administration.

Our observations that increased RTP4 mRNA levels led to
increases in protein levels of MOPr but not DOPr, CB;
receptor, or Do receptor in the hypothalamus would suggest
that only certain proteins could function as a chaperone for a
given GPCR. This is supported by our data in N2AMOFT cells,
where we found that activation of dopamine receptors does not
lead to significant increases in RTP mRNA levels. Moreover,
studies have shown that RACK1 helps target thromboxane A2
and chemokine CXCR4 receptors to the cell surface but not S2-
adrenergic or prostanoid prostaglandin (PG) D2 receptor
(DP) receptors (Parent et al., 2008), and GEC1 facilitates the
trafficking of Kappa opioid receptor (KOPr), but not MOPr or
DOPr, to the cell surface (Chen et al., 2006). The robust

increases in levels of MOPr protein in the hypothalamus
following chronic morphine treatment could be due to an
increase in its mRNA levels. However, qRT-PCR analysis did
not detect significant changes in MOPr mRNA levels (control
= 100% = 36; morphine treated = 96% = 50; data not shown).
This would indicate that RTP4 could play a stabilizing effect
on MOPr protein level and prevent it from degradation.

In this study, we found that repeated morphine adminis-
tration, in addition to modulating RTP4 mRNA levels,
significantly increases expression of MOPr-DOPr heteromers
only in the hypothalamus. This is in contrast to a previous
study showing that chronic morphine administration leads to
significant increases in MOPr-DOPr heteromers in brain
regions involved in pain processing and in the spinal cord
(Gupta et al., 2010). These differences could be due to the
different paradigms of morphine administration or additional
mechanisms regulating MOPr-DOPr heteromer levels. Our
in vitro data indicate that RTP4 plays a role in increased
MOPr-DOPr heteromer expression. In addition, the control
experiments suggest that the maturation of the MOPr-DOPr
heteromer under physiologic conditions requires endogenous
RTP4. However, this does not rule out the possibility that
there might be both RTP4-dependent and RTP4-independent
mechanisms in the increased MOPr-DOPr heteromer forma-
tion in vivo. In addition, the in vitro study revealed the
possibility of the involvement of RTP4 in the mechanism of
development of tolerance to the DAMGO-induced Gai re-
sponse, which may relate to the side effects of chronic
morphine treatment, such as development of analgesic toler-
ance in vivo. Thus, further studies are needed to explore
mechanisms regulating MOPr-DOPr heteromer expression in
different brain regions. In addition, we found that the protein
level of MOPr showed a robust (i.e., >5-fold) increase, whereas
the increase of MOPr-DOPr was around 2-fold, and there were
no changes in DOPr protein levels in the hypothalamus after
chronic morphine treatment (Fig. 1C). These results suggest
the possibility that the increase in MOPr-DOPr heteromer
formation would depend on the increase of cell surface MOPr.
However, as is well known, prior works on the effects of
chronic morphine treatment on regulation of MOPr abun-
dance are controversial. Some papers have suggested an
increase of plasma membrane binding of MOPr agonist
(Fabidn et al., 2002), whereas others have reported down-
regulation of MOPr mRNA levels in the mouse brain (Zhu
et al., 2012) or no change in MOPr protein levels (Ujcikova
et al., 2017). It is probable that these differences are due to the
experimental paradigm or brain regions used, as a recent
article suggested that the changes in mRNA levels depend on
the MOPr splicing variants and on the brain regions (Xu et al.,
2015) used.

In addition to serving as a chaperone protein for the
transport of GPCRs (Behrens et al., 2006; Décaillot et al.,
2008; Gifford et al., 2008), RTP4 has been shown to have other
physiologic roles. RTP4 is one of the interferon-stimulated
genes increased in peripheral blood leukocytes after preg-
nancy and, thus, could be used as a marker of pregnancy,
particularly in rodents (Gifford et al., 2008; Ribeiro et al.,
2014; Kose et al., 2016; Sinedino et al., 2017). In addition,
RTP4 plays an important role as a marker of disease incidence
in conditions such as hypertension in type 2 diabetic patients,
Q-fever, interferon-induced depression, HER2(+) breast can-
cer, and virus infection (Laurin et al., 2013; Mehraj et al., 2013;



Davenport et al., 2015; Hoyo-Becerra et al., 2015; Radkowski
et al., 2016). Studies have also indicated that in addition to
having antiviral activity, RTP4 is involved in microbiota regu-
lation and inflammatory cytokine secretion (Schoggins et al.,
2011; Ueta et al., 2011; Brodziak et al., 2013). It is not clear if
RTP4 functions as a chaperone under these various scenarios.
All of these roles underscore the necessity to understand how
RTP4 levels are regulated under different conditions and
suggest that it could be a target for the development of
therapeutics for disease conditions in which the levels of this
protein are altered.

In conclusion, in this study, we found that prolonged MOPr
activation leads to increases in RTP4 mRNA levels in mouse
brain and N2AMOFT cells. Moreover, we found that in N2AMOP*
cells, RTP4 is necessary and sufficient to increase cell surface
expression of MOPr-DOPr heteromers. This suggests that
RTP4 could be a putative therapeutic target for treatment of
pain or side effects involving MOPr and/or MOPr-DOPr
heteromers.
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