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Prolonged exposure to high-efficacy agonists results in desensitization of the �-opioid receptor (MOR). Desensitized receptors are
thought to be unable to couple to G-proteins, preventing downstream signaling; however, the changes to the receptor itself are not well
characterized. In the current study, confocal imaging was used to determine whether desensitizing conditions cause a change in agonist–
receptor interactions. Using rapid solution exchange, the binding kinetics of fluorescently labeled opioid agonist, dermorphin Alexa594
(derm A594), to MORs was measured in live cells. The affinity of derm A594 binding increased after prolonged treatment of cells with
multiple agonists that are known to cause receptor desensitization. In contrast, binding of a fluorescent antagonist, naltrexamine
Alexa594, was unaffected by similar agonist pretreatment. The increased affinity of derm A594 for the receptor was long-lived and
partially reversed after a 45 min wash. Treatment of the cells with pertussis toxin did not alter the increase in affinity of the derm A594 for
MOR. Likewise, the affinity of derm A594 for MORs expressed in mouse embryonic fibroblasts derived from arrestin 1 and 2 knock-out
animals increased after treatment of the cells with the desensitization protocol. Thus, opioid receptors were “imprinted” with a memory
of prior agonist exposure that was independent of G-protein activation or arrestin binding that altered subsequent agonist–receptor
interactions. The increased affinity suggests that acute desensitization results in a long-lasting but reversible conformational change in
the receptor.

Introduction
Opioid agonists are widely used for the management of pain. The
development of tolerance is a major clinical limitation in treating
persistent pain in that effective pain relief often requires increas-
ing doses of opioids. Activation of the �-opioid receptor (MOR)
by highly efficacious agonists for as little as 5 min results in a
decrease in downstream signaling, characterized as homologous
receptor desensitization (Harris and Williams, 1991). Acute re-
ceptor desensitization may be the first step in a process leading to
the development of tolerance.

Previous studies of receptor desensitization have focused on
changes in signaling of downstream effectors to make inferences
about changes in the receptor itself. Because of second messenger
signal amplification and variability in receptor– effector cou-
pling, it is not clear how receptor desensitization relates to decline

in effector readout. A large receptor reserve or efficient receptor–
effector coupling can limit the downstream measurement of re-
ceptor desensitization. That is, a significant number of receptors
can be desensitized while having little effect on effector activity if
an efficacious agonist is used at high concentration (Connor et
al., 2004). This has resulted in conflicting information about the
role of various signaling pathways involved in mediating desen-
sitization. Furthermore, investigations of acute desensitization
have used various effectors in many different systems, which has
created conflicting information and ideas about the processes
governing desensitization (Chuang et al., 1998; Bohn et al., 2000;
Tan et al., 2003; Schulz et al., 2004; Bailey et al., 2009; Dang et al.,
2009; Arttamangkul et al., 2012).

The current model of desensitization, based on studies of
the �2-adrenergic receptor, asserts that agonist binding and
G-protein activation induce downstream kinase activation and
phosphorylation by G-protein-coupled receptor kinase. This
phosphorylation leads to the recruitment of �-arrestin, which
binds to receptors with high-affinity preventing receptor associ-
ation and activation of heterotrimeric G-proteins (Benovic et al.,
1987; Dang and Christie, 2012). This model is assumed to hold
true for MOR signaling, although studies over the past 15 years
have not convincingly elucidated a mechanism.

Real-time measurements of receptor–ligand interactions in
living cells have the potential to examine desensitization at the
level of the receptor itself without relying on changes in effector
function. This study examines a receptor-based model of MOR
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desensitization in live cells. Fluorescent opioid ligands (an ago-
nist and an antagonist) were imaged to study their binding kinet-
ics to MOR in HEK293 cells that expressed a FLAG-tagged MOR.
Prolonged treatment of MOR cells with a protocol known to
result in desensitization dramatically slowed the rate of fluores-
cent agonist unbinding (dissociation) and increased affinity in a
long-lived manner. Antagonist unbinding was unaffected. Thus,
receptors were imprinted with a signature of previous exposure
to agonists. The increase in affinity was agonist dependent but
independent of G-protein signaling and �-arrestin proteins.
These results suggest that conditions that are known to cause
receptor desensitization also induced long-lived changes in ago-
nist–receptor interactions that directly affected agonist affinity.

Materials and Methods
Materials. The following drugs were used in this study: [Met 5] enkepha-
lin, oxycodone, concanavalin A, M1 anti-FLAG, pertussis toxin, nalox-
one, �-chlornaltrexamine (Sigma-Aldrich) fentanyl, methadone,
morphine (National Institute on Drug Abuse, Neuroscience), and Alexa-
488 SDP ester and Alexa-594 succinimidyl ester (Invitrogen). M1 anti-
FLAG was conjugated with Alexa-488 SDP ester and purified using
Bio-Spin 6 Tris columns (Bio-Rad). Plasmids and stable cells lines for
expression of FLAG tagged MOR were provided by Mark von Zastrow,
University of California San Francisco, and pcDNA 3.1 plasmids encod-
ing G-protein coupled inward rectifying potassium channels 1 and 2
(GIRK 1 and GIRK 2) were gifts from Kevin Wickman, University of
Minnesota.

Cell culture. HEK293 cells stably expressing FLAG tagged MOR
(FLAG-MOR) have been described previously (Keith et al., 1996). Cells
were cultured in DMEM containing 10% FBS, 0.5% HEPES, 0.8% G418.
Mouse embryonic fibroblast cells (MEF), created from WT or �-arrestin
1/2 double knock-out embryonic mice as described previously (Kohout
et al., 2001), were a gift from Dr. Robert Lefkowitz, Duke University.
MEF cells were efficiently transfected using NeuroMag Magnetofection
(OzBiosciences) following the manufacturer’s protocol using 5 �g of
plasmid DNA and 8.5 �l of NeuroMag solution per well of a 6 well dish.

Fluorescent ligand synthesis. Naltrexamine Alexa-594 (ntx A594) was
synthesized as follows: The 6-�-naltrexamine 2HCl, 0.75 H2O was syn-
thesized as previously described (Sayre and Portoghese, 1980). The com-
pound was dissolved in 0.1 M sodium bicarbonate and then reacted with
Alexa-594 succinimidyl ester in DMSO with the molar ratio of 1:7. The
crude product was purified by HPLC to at least 98% purity. The
molecular mass of the product was further confirmed by electron-
spray ionization mass spectrometry by the Bioanalytic Shared Re-
source/Pharmacokinetics Core, Oregon Health & Science University.

The fluorescent peptide dermorphin Alexa-594 (derm A594) was syn-
thesized as previously described (Arttamangkul et al., 2000). Briefly, the
peptide (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Lys-Cys-amide) was made using
standard Fmoc solid phase peptide protocol. The crude peptide was pu-
rified by HPLC before conjugation with the Alexa-594 maleimide dye
(Invitrogen). The final product was further purified by HPLC and its
molecular mass confirmed by electronspray ionization mass spectrome-
try (Bioanalytic Shared Resource/Pharmacokinetics Core, Oregon
Health & Science University).

Radioligand binding. HEK293 cells stably expressing FLAG-MOR were
grown to confluency and harvested for membrane preparation as previ-
ously described (Clark et al., 2003). Cell membranes were thawed,
Dounce homogenized, and incubated (5 �g/well) for 60 min at room
temperature with 0.2 nM [ 3H]diprenorphine and 0 –10 �M derm A594 or
10 �M naloxone (for nonspecific binding) in Tris buffer (50 mM Tris-
HCl, pH 7.4) or G buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM

MgCl2, and 10 �M GTP�S). Samples were filtered through glass-fiber
filter mats (Whatman, GF/C) using a Brandel cell harvester and rinsed
three times with ice-cold Tris or G buffer. Filters mats were dried, scin-
tillation mixture (EcoLume, ICN) was added, and the filter mats were
sealed in a polyethylene bag. Radioactivity retained on the filters was
counted in a Wallac 1450 Micro� liquid scintillation counter. Data were

fit to a one or two site competition binding curve using GraphPad Prism
to determine Ki. After determining that a one site model better fit the
data, the Hill slope was fixed to n � 1 to calculate the best fit.

Whole-cell [3H] DAMGO binding. FLAG-MOR-expressing HEK293
cells grown in 24-well plates were pretreated by replacing the cell media
with Krebs buffer containing 600 �g/ml concanavalin A and with or
without 30 �M [Met 5] enkephalin (ME). After 2 h at 37°C, treatment
buffer was replaced 2 times with Krebs buffer alone at 37°C, then with
Krebs buffer containing 12 nM [ 3H] DAMGO with or without 10 �M

naloxone. The binding was stopped after 10 min at 37°C by putting the
plate on ice and quickly replacing the assay buffer 2 times with ice-cold
Krebs buffer followed by replacement with cold 3% perchloric acid (or
lysis buffer for protein samples). After 30 min on ice, samples were trans-
ferred to vials for liquid scintillation counting.

Imaging solution. Coverslips were perfused with Krebs buffer contain-
ing (in mM) NaCl 126, KCl 2.5, MgCl2 1.2 CaCl2 2.4, NaH2PO4 1.2,
NaHCO3 21.4, glucose 11.1, and aerated with 5% CO2/ 95% O2. For fast
solution exchange, NaHCO3 and glucose were omitted and HEPES 15
was added, the pH adjusted to 7.4 with HCl, and osmolarity adjusted to
305 mOsm.

Imaging. Imaging was performed on an Olympus BX51WI inverted
microscope and Olympus LUMPlanFL N 60�/1.00 W objective. A Nip-
kow spinning disk confocal scanner (Solamere Technology) and ICCD
camera (XR/MEGA 10, Stanford Photonics) were used to acquire rapid
confocal images in a single plane using Piper data acquisition software
(Piper Control 2.4.51, Stanford Photonics). Alexa-488 was imaged using
a 488 nm Argon ion laser (National Laser Company), whereas Alexa-
594 was excited using a 561 nm solid state laser (Cobolt Jive 25). Rapid
switching between 488 nm and 561 nm was achieved via AOTF
(NEOS). A quadruple bandpass dichroic mirror (Di01 T403/488/568/
647, Semrock) and dual bandpass emission filter (FF01–523/610,
Semrock) were used.

Data acquisition. FLAG-tagged MOR was labeled with M1 anti-FLAG
antibody conjugated to Alexa-488 to allow for visualization of receptors
on the plasma membrane. Solution exchange was achieved using
computer-controlled solenoid valves (Warner Instruments) to switch
between two solutions that flowed through double-barrel � glass at-
tached to a piezo bimorph (Piezo Systems) to facilitate exchange. Ratio-
metric imaging was performed by taking serial images alternating
between 488 nm and 561 nm excitation wavelengths to image Alexa-488
and Alexa-594, respectively. A pair of images (100 ms exposure each)
was generally taken every 2.5 s before, during, and after application of
derm A594 to image baseline fluorescence, binding, and unbinding,
respectively.

Steady-state binding. Cells labeled with M1 A488 were incubated in
various concentrations of derm A594 (3–300 nM) and allowed to equili-
brate for 5–10 min and subsequently imaged over 10 –15 min. Because
there was no relationship between equilibration time and the amount of
derm A594 bound, it can be concluded that derm A594 was largely equil-
ibrated within 5 min (10 nM derm A594 after ME treatment linear regres-
sion of incubation time vs R/G value; r � 0.292, p � 0.45). A 5 s puff of
derm A594-free solution was applied during image acquisition to reduce
background fluorescence. The images used for quantification were taken
within 1 s of derm A594 removal so that unbinding of derm A594 was
minimal. Intensity of derm A594 binding relative to M1 488 (R/G) was
measured and averaged for each concentration. To allow a direct com-
parison of binding under different conditions, measurement of steady-
state binding in untreated and ME treated cells was interleaved using the
same stock solution of M1 A488 antibody to label surface receptors and
the same derm A594 to assess binding.

Analysis. Image quantification was performed using ImageJ software
(ImageJ, NIH) and the “Time Series Analyzer” plugin (J. Balaji, Depart-
ment of Neurobiology, University of California, Los Angeles). Analysis
was done using Excel and Origin Laboratory software. Five background
ROI surrounding the cell of interest and one signal ROI encompassing
the plasma membrane with as little intracellular area as possible were
selected, and the fluorescence intensity of each region was measured for
each image frame in a time series for both 488 nm and 561 nm excitation
wavelengths to measure M1 A488 anti-FLAG and derm A594 intensity,

Birdsong et al. • Agonist Modulation of �-Opioid Receptor Affinity J. Neurosci., February 27, 2013 • 33(9):4118 – 4127 • 4119



respectively. The average of the 5 background
ROI intensities was subtracted from the signal
ROI for each frame and the ratio of derm A594:
M1 A488 intensity was measured to give an
R/G value. The magnitude of the R/G values is
dependent upon efficiency of antibody–fluo-
rophore conjugation, exposure time, laser in-
tensity, and efficiency of light collection for
each wavelength and do not represent an abso-
lute ratio of ligand bound per receptor. The
average R/G value before exposure to derm
A594 was taken to represent the baseline fluo-
rescent signal in the absence of any derm A594.
This baseline fluorescence was subtracted from
all R/G values in the time series. To compare
the time course of binding and unbinding be-
tween experiments, the R/G intensities were
normalized to the intensity of the first image
after washout of derm A594 (unbinding) or the
final image of derm A594 application (bind-
ing). The average fluorescence intensity of the
signal ROI was generally �5 times that of the
background ROIs when measuring M1 A488
fluorescence. derm A594 fluorescence signal
was �2 times above background when mea-
suring unbinding, but only 5–10% above back-
ground ROI intensity when measuring binding
at higher derm A594 concentrations.

For steady-state ligand binding and compe-
tition assays, relative fluorescence intensity was
plotted and fit using the Hill equation with a
variable slope. For kinetic binding experi-
ments, apparent association rate or dissocia-
tion rates were calculated by fitting data from
each experiment with a single exponential decay function. All fitting was
done using Origin Laboratory. Apparent association and unbinding rates
were averaged among experiments. Apparent association of derm A594
(Kobs) as a function of concentration was plotted and linearly fit (Eq. 1)
according to a first-order binding mechanism so that:

kobs � koff � kon*�derm A594�

with Kon being the slope of the line and Koff being the y-intercept and Kd

calculated from

Kd �
koff

kon

For ntx A594 binding, apparent association (kobs) and unbinding rates
(koff) were measured using 100 nM ntx A594, and Equation 1 was used to
calculate the rate of association (kon) and Equation 2 used to estimate Kd.

Results
Specificity of binding and unbinding of derm A594 to MORs
The fluorescent opioid agonist derm A594 was rapidly applied to
HEK 293 cells stably expressing FLAG-tagged MOR to address
whether derm A594 could be used to assay opioid receptor bind-
ing kinetics (Fig. 1). Plasma membrane-localized FLAG-MOR
receptors were labeled with the M1 anti-FLAG antibody conju-
gated to Alexa-488 (M1-A488) (Fig. 1A). Binding and unbinding
(dissociation) of derm A594 (100 nM, 90 s) were imaged using a
spinning disk confocal microscope. By measuring the fluores-
cence intensity of both derm A594 (red, R) and M1 488 (green, G)
bound to the cell membrane, ratiometric quantification (R/G) of
derm A594 binding relative to the receptor density was moni-
tored (Fig. 1B). Specificity of binding was confirmed by preincu-
bating cells with the irreversible antagonist, �-chlornaltrexamine
(�-CNA; 1 �M, 5 min) and subsequently applying derm A594

(500 nM, 5 min) in the presence of the opioid antagonist naloxone
(10 �M, Fig. 1C). A high concentration of naloxone was used to
increase the rate of naloxone binding to receptors because derm
A594 (500 nM) has a relatively fast apparent rate of association at
this concentration. There was no appreciable fluorescence after
�-CNA/naloxone treatment. Thus, derm A594 binds specifically
to FLAG-MOR receptors in HEK293 cells, and the kinetics of
binding can be easily monitored.

MOR was largely in low-affinity state in live cells
Agonist binding to MOR in membrane homogenates displays
two affinity states, a high agonist affinity state thought to com-
prise a ternary complex between agonist, MOR, and G-protein,
and a low agonist affinity state thought to form between agonist
and non-G-protein coupled MOR (Werling et al., 1988). Radio-
ligand competition binding assays were performed to assess the
ability of derm A594 to displace [ 3H]-diprenorphine bound to
membrane homogenates from HEK 293 cells stably expressing
FLAG-MOR. Displacement assays were performed in 50 mM Tris
to observe high-affinity binding and 50 mM Tris in the presence of
Na�, Mg 2�, and GTP�S to displace G-proteins and observe low-
affinity binding. derm A594 displaced [ 3H]-diprenorphine with
a Ki of 2.9 � 0.8 nM in Tris and 120 � 40 nM in Tris plus Na�,
Mg 2�, and GTP�S (Fig. 2A, average of 3 experiments in dupli-
cate; Table 1), revealing high- and low-affinity agonist binding.
Under both conditions, the data were best fit to a one site model.
The large shift in affinity upon addition of Na�, Mg 2�, and
GTP�S is indicative of an agonist with generally high efficacy (Lee
et al., 1999).

Next, binding of derm A594 was characterized in live HEK293
cells stably expressing FLAG-MOR to determine whether binding
in live cells resembled high- or low-affinity binding seen in the
displacement assay. Cells were maintained in HEPES-buffered

Figure 1. Imaging binding and unbinding of dermorphin A594. A, FLAG-MOR in HEK 293 cells were labeled with M1 anti-FLAG
antibody-conjugated Alexa-488 (M1 A488) to visualize receptors localized on the plasma membrane. Dermorphin Alexa-594 (100
nM, derm A594) was applied for 90 s (wash in at t ��90 washout at t � 0 in A). derm A594 binding and unbinding were assessed
by imaging M1 A488 and derm A594 every 2.5 s with images from selected time points shown. Scale bar, 20 �m. B, Ratiometric
imaging of derm A594: M1 A488 (R/G) intensity was used to quantify binding and unbinding of agonist to receptor from the
experiment shown in A. C, Specificity of binding was assessed by determining the relative fluorescence intensity (R/G) of derm
A594 bound immediately after application of derm A594 (5 min, 500 nM) under control conditions or on cells pretreated with
�-CNA (1 �M, 5 min) and bathed in naloxone (10 �M). Data are mean � SEM (ctrl, n � 5; �-CNA/naloxone, n � 6).
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modified Krebs’ solution to mimic physiological ionic conditions
as much as possible. M1 A488 was used to visualize surface-
localized receptors. derm A594 (3–300 nM) was added to the bath
solution, allowed to equilibrate at room temperature, and the
ratio of derm A594 bound to cells relative to M1 488 was mea-
sured. Half-maximal “steady-state ” binding was estimated to be
�85 nM derm A594 determined by the best fit of the data (EC50 �
85 nM, 50 –142 nM 95% CI, Hill slope � 0.95 � 0.02, Fig. 2B, n �

5–11 cells for each concentration). This more closely resembled
the low agonist affinity binding rather than high agonist affinity
binding observed in typical binding assays performed in the ab-
sence of sodium. No saturation of whole-cell binding could be
observed because derm A594 (300 nM) was the highest concen-
tration possible to image before background fluorescence be-
came unacceptable. Thus, it is possible that the observed binding
affinity could appear artificially high, and the actual value may be
closer to the 120 nM low-affinity state. It should be noted that the
R/G values in Figure 2B are dependent upon the exposure time
for each image, relative laser intensity, efficiency of fluorescence
excitation, and collection of emitted light. Thus, the maximum
R/G value of 4 does not represent an absolute ratio of 4 derm
A594 molecules bound per FLAG epitope, and the absolute ratio
was not determined in these assays.

Binding kinetics was also used to assess the interaction be-
tween derm A594 and MOR in live cells at room temperature.
derm A594 was rapidly applied at 10, 30, 100, and 200 nM (Fig.
2C, n � 4 –7), and the apparent rate of association was measured.
The apparent on rate was plotted as a function of derm A594
concentration (Fig. 2D) and fit linearly according to Equation 1
to yield an association rate of 612,000 � 114,000 (mol*s)�1, a
rate of dissociation of 0.068 � 0.006 s�1, and a calculated Kd of
�111 nM (range, 85–149 nM; Eq. 2). Thus, using nonequilibrium
binding kinetics, the calculated affinity of derm A594 for MOR
was similar to live cell steady-state measurements and radioli-
gand competition results from membrane homogenates in the
presence of sodium and GTP�S.

Pertussis toxin is known to eliminate activation of Gi/o

G-proteins by MOR and to reduce high-affinity binding of ago-
nists to MOR in the presence of sodium (Kurose et al., 1983;
Wüster et al., 1984). If high-affinity binding, which is sodium-
and G-protein dependent, makes a significant contribution to-
ward the interaction of agonist and receptor in live cells, one
would expect pertussis treatment to decrease the affinity and alter
the kinetics of agonist binding to MOR receptor. Treatment with
pertussis toxin, however, had no effect on the kinetics of derm
A594 binding and unbinding (Fig. 2E). Pertussis toxin treatment
did block the activation of GIRK current by ME (1 �M, 5 s) in cells
transiently coexpressing FLAG-MOR, GIRK1, and GIRK2 (un-
treated, 171 � 61 pA, n � 5; pertussis toxin 100 ng/ml overnight,
3.3 � 6.8 pA, n � 4) confirming its effectiveness at disrupting Gi/o

signaling. This suggests that, although the high-affinity state is
likely important for activation of G-proteins and subsequent sig-
naling, most binding and unbinding events in live cells occurred
to/from the low-affinity state. Together, these results suggest that
binding of derm A594 to receptors in live cells under physiolog-
ical conditions most closely resembles low-affinity binding seen
in traditional radioligand binding assays being both relatively low
affinity and pertussis toxin-insensitive. This is consistent with
many previous observations that sodium and GTP, present at
high concentrations under physiological conditions, lower the
affinity of many agonists for GPCRs.

Desensitizing conditions induced a persistent change in
agonist–receptor interaction
Classically, desensitization has been defined by a decrease in
receptor-mediated signaling in response to prolonged applica-
tion of high concentrations of efficacious agonists. Full agonists,
such as the endogenous opioid agonist ME, cause robust desen-
sitization, whereas partial agonists, such as morphine, are less
effective (Dang and Williams, 2005). If the process of desensiti-
zation results in a change in receptor conformation state rather

Figure 2. derm A594 binding to FLAG-MOR in live cells is relatively low affinity. A, Steady-
state displacement of [ 3H]diprenorphine (0.2 nM) with increasing concentrations of derm A594
(0 –10 �M) from FLAG-MOR HEK 293 cell membranes was measured in Tris alone (blue) or Tris
with Na �, Mg 2�, and GTP�S (green) and fit with one site nonlinear regression to define high-
and low-affinity binding of derm A594 to FLAG-MOR. The best fit of the data are plotted.
Average of 3 experiments performed in duplicate. B, Steady-state binding of derm A594 in live
FLAG-MOR HEK 293 cells was relatively low affinity. Cells were incubated in stated concentra-
tions of derm A594, imaged, and relative fluorescence intensity was measured. Data were fit
with the Hill equation, and the best fit is plotted (black); n � 5–11. High- and low-affinity
binding curves from [ 3H]diprenorphine competition binding experiments shown in A are over-
laid in blue and green, respectively, using the Ki values from competition binding experiments
and the slope and R/Gmax values from steady-state whole-cell derm A594 binding to simulate
expected results. C, Kinetics of derm A594 binding. derm A594 was applied at 10 (blue), 30, 100
(red), and 200 nM (black), and the apparent association rates were determined by fitting to a
single exponential decay function. For display, binding was normalized relative to the amount
of derm A594 bound at the end of the 1 min period and averaged results are plotted; n � 4 – 6.
D, Linear fit of the apparent association rate from average data in C plotted as a function of derm
A594 concentration. The plotted line has a slope of 612,000 mol �1 s �1 and an intercept of
0.068 s �1, giving a calculated Kd of 110 nM. E, Binding and unbinding kinetics were unaffected
by pertussis toxin treatment. Cells were either untreated (black) or treated with pertussis toxin
(red) (100 ng/ml, overnight). derm A594 (100 nM) was applied for 90 s at the indicated time and
rapidly washed. Data are mean � SEM (ctrl, n � 6; pertussis toxin, n � 5).

Table 1. Summary of derm A594 and ntx A594 affinity measurementsa

Ligand Assay Affinity (nM)

derm A594 Radioligand competition 2.9 � 0.8 (Ki )
�Na �, Mg 2�, GTP�S 120 � 40 nM (Ki )
Association kinetics 111 (85–149) (Kd )
Association kinetics after ME 2 h 32 (24 – 42 (Kd )
Steady-state imaging 85 (50 –142) (EC50 )
Steady-state after ME 2 h 11.6 (8.4 –16.2) (EC50 )

ntx A594 Kinetics 53 (44 – 65) (Kd )
a�3H�Diprenorphine competition performed in crude membrane preparations in the presence and absence of Na �,
Mg 2�, and GTP�S (Ki � SD; Fig. 2A) revealed low- and high-affinity states of derm A594 binding. Kinetic affinity
measurements from live cells were calculated from initial apparent binding kinetics measured for a range of derm
A594 concentrations performed in live cells untreated and pretreated with ME 2 h (Kd � error range; Fig. 2C,D).
Steady-state binding of derm A594 to live cells untreated and pretreated with ME 2 h (EC50 � 95% CI; Figs. 2B, 3B)
are shown demonstrating increased affinity after ME treatment. Affinity of ntx A594 was based on measurement of
apparent on rate and off rate of ntx A594 (100 nM, 5 min) (Kd � error range; Fig. 6B). ntx A594 shows similar affinity
to derm A594 despite different kinetics.
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than simply a loss of downstream signaling, the kinetics of
ligand–receptor interactions may be predicted to change. There-
fore, the rate of derm A594 unbinding was used as a reporter for
changes in MOR conformation in response to desensitizing ago-
nist exposure. FLAG-MOR-expressing cells were incubated at
37°C and either untreated or treated for 2 min, 20 min, or 2 h in
ME 30 �M (a desensitizing concentration) in the presence of
concanavalin A (200 – 600 �g/ml) to reduce MOR internaliza-
tion. After ME treatment, cells were washed for 1 min and trans-
ferred to an imaging chamber during which time cells were
perfused with room temperature Krebs’ buffer. After 5 min in the
imaging chamber, binding and unbinding were measured by im-
aging FLAG-MOR cells while a 60 or 90 s application of derm
A594 (100 nM) was applied. The experimental outline is dia-
grammed in Figure 3 (top). Surprisingly, pretreatment with ME
dramatically slowed the rate of subsequent unbinding of derm
A594 (Fig. 3A). The slowed rate of unbinding was quantified by
determining the fraction of derm A594 remaining 3 min after
washout. The fraction of derm A594 that remained bound after 3
min increased dramatically (Fig. 3B; fraction remaining; un-
treated, 0.16 � 0.01, n � 9; ME 30 �M, 2 min, 0.25 � 0.03, n � 6;
ME 30 �M, 20 min, 0.39 � 0.02, n � 11; ME 30 �M 2 h, 0.52 �
0.02, n � 7). Thus, although ME was washed from the receptors,
MOR pretreated with ME maintained a persistent signature of

prior agonist exposure that resulted in a change in the kinetics of
subsequent binding of derm A594 to the receptor.

Demonstrating a concentration dependence, a subsaturating
concentration of ME (300 nM) applied for 20 min induced a
modest change in derm A594 unbinding rate similar to that in-
duced by 2 min of ME 30 �M (fraction derm A594 remaining �
0.27 � 0.02, n � 4, data not shown). Receptor modulation by
agonist exposure persisted after ME washout. Cells that were
washed for 45 min at 37°C after a 1 h exposure to ME showed
�65% reversal of the change in derm A594 unbinding rate (frac-
tion derm A594 remaining: 1 h ME, 0.45 � 0.01, n � 6; 1 h ME/45
min wash, 0.26 � 0.01, n � 7; untreated, 0.16 � 0.01, n � 9; data
not shown).Together, there was a change in the kinetics of derm
A594 unbinding that was dependent upon both time and concen-
tration of ME preexposure, which reversed slowly over tens of
minutes.

Agonist treatment increased agonist affinity
If the rate of unbinding of derm A594 slowed with little or no
change in the rate of association, the affinity of the agonist for the
receptor should increase. Steady-state binding in live cells was
used to estimate the affinity of derm A594 for FLAG MOR after
preincubation of cells with ME (30 �M 2 h, Fig. 3C). After ME
treatment, the cells were washed, various concentrations of derm
A594 were applied, and the amount of derm A594 bound relative
to M1 A488 intensity was measured and plotted (Fig. 3C, red).
The steady-state binding curve shown in Figure 2B measured
under naive conditions is overlaid for reference (black). After
pretreatment with ME, there was a leftward shift of the derm
A594 binding curve (n � 7–19 cells for each concentration). The
EC50 of the best fit of the data increased from �85 to 12 nM (Table
1) after incubation in ME (30 �M, 2 h), indicating that desensi-
tizing conditions increased the affinity of agonist for receptor.
The Hill slope wash unchanged (1.03 � 0.3). Consistent with ME
treatment increasing the affinity of MOR for derm A594, after
ME treatment there was a large increase in derm A594 binding to
MOR at low concentrations (derm A594, 10 nM, 275 � 87%
increase after ME treatment) that was not seen at high concen-
trations (derm A594, 300 nM, 12 � 6% increase after ME treat-
ment, Fig. 3C). This observation suggests a leftward shift in the
binding curve rather than a large change in the number of avail-
able binding sites and that 300 nM derm A594 is nearly saturating
MOR binding sites.

The apparent association rate was also measured to assess
whether prolonged ME treatment increased the affinity of derm
A594 for MOR. As was done in untreated cells (Fig. 2C,D), the
binding of derm A594 to cells preincubated with ME (30 �M 2 h)
was imaged using various concentrations of derm A594 (10 –200
nM). Binding of derm A594 (30 nM) to untreated cells (black) and
ME treated cells (red) revealed that the average time constant of
association increased from 11.4 � 0.4 s to 51.5 � 7.8 s (Fig. 3D,
n � 4 each). A plot of the apparent association rate as a function
of derm A594 concentration (Fig. 3E) was linearly fit in untreated
cells (Fig. 2D, black) and cells treated with ME (red). After ME
treatment, kon decreased by �40% to 353,000 � 29,000 M

�1 s�1,
whereas koff decreased �6-fold to 0.011 � 0.002 s�1, yielding a
calculated Kd of 32 nM (24 – 42 nM range). Thus, prolonged expo-
sure of live FLAG-MOR-expressing cells to ME caused an in-
crease in the subsequent affinity of derm A594 for MOR
measured using both steady-state and kinetic assays. Because
prolonged exposure to ME both slowed the rate of unbinding and
increased the affinity of MOR for derm A594, unbinding rate will

Figure 3. MOR retained a memory of previous agonist exposure. A, FLAG-MOR-expressing
cells were incubated either under control (f) conditions or in the presence of ME 30 �M for 20
min (�) or 2 h (red circles) as indicated. After washing out ME, cells were imaged while derm
A594 (100 nM, 60 s) was applied. Individual examples are shown normalized to the relative
fluorescence intensity (R/G) immediately after washout of derm A594. B, Summary data quan-
tifying the fraction of derm A594 that remained bound to the receptor 3 min after washout
(indicated by arrow in A) in cells that were untreated or treated with ME 30 �M for 2 min, 20
min, or 2 h, and results are shown (n � 6 –11). *p 	 0.05, compared with untreated (one-way
ANOVA, Tukey post hoc). ***p 	0.001, compared with untreated (one-way ANOVA, Tukey post
hoc). C, Steady-state binding was performed as described in Figure 2B after pretreatment of
cells with ME for 2 h and was fit using the Hill equation and plotted (n � 7–19 cells for each
concentration). Data from untreated cells (black) shown in Figure 2B and data from cells incu-
bated with ME (red) are plotted. D, Average observed association of derm A594 (30 nM) in
untreated (black) and ME pretreated (30 �M 2 h, red) cells. E, Plot of average observed associ-
ation rate of derm A594 after ME treatment (red) is plotted as a function of derm A594 concen-
tration. The linear fit has a slope of 353,000 mol �1 s �1 and an intercept of 0.011 s �1 yielding
a Kd of 32 nM; n � 4 each. Data from untreated cells (black) shown in Figure 2D are also plotted.
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be used as a proxy for affinity measurements throughout this
manuscript.

Increased affinity of nonfluorescent opioid agonists
Two different assays were performed to determine whether an
increase in binding affinity after prolonged ME treatment was
common to other agonists. First, a subsaturating concentration
of [ 3H] DAMGO (12 nM, 10 min) was applied to live FLAG-MOR
HEK293 cells that were naive or pretreated with ME (30 �M, 2 h,
� Con A 600 �g/ml) and the amount of specifically bound [ 3H]
DAMGO was quantified. Consistent with steady-state binding of
derm A594 (10 nM) shown in Figure 3C, there was a 335% in-
crease in [ 3H] DAMGO binding after modulation by ME (naive,
91.3 � 2.3; ME 2 h, 397.7 � 32.6 fmol of [ 3H] DAMGO
bound/mg protein, n � 3, data not shown). The large increase in
binding at subsaturating agonist concentrations is consistent
with DAMGO behaving in a similar fashion to derm A594, show-
ing increased affinity for receptors that were previously modu-
lated by ME.

Second, the unbinding rate of ME was inferred from its ability
to slow the apparent rate and extent of derm A594 binding. The
binding of derm A594 will be occluded as long as ME remains
bound to receptors. The pulse-chase-like assay diagrammed in
Figure 4A used a prepulse of ME (3 �M, 1 min) instead of buffer
immediately preceding application of derm A594 to test whether
ME unbinding was slowed after prolonged ME exposure. After
prolonged ME treatment (30 �M, 2 h) and wash, followed by
either buffer or ME-prepulse (3 �M, 1 min), derm A594 (200 nM,
1 min) was applied and the relative amount of derm A594 bound
was measured. Cells subjected to ME-prepulse (3 �M, 1 min)
bound approximately one third less derm A594 than cells washed
with buffer solution (Figure 4Ai, ME 30 �M, 2 h; then buffer
R/G � 1.44 � 0.10, or ME 3 �M prepulse R/G � 0.95 � 0.08, n �
6 each). There was no difference in the amount of derm A594
bound after 1 min when naive cells were prepulsed with either
ME (3 �M, 1 min) or buffer (Fig. 4Ai, untreated; then buffer
R/G � 0.84 � 0.07, or ME 3 �M prepulse R/G � 0.88 � 0.07, n �
5 each), suggesting that ME rapidly and completely unbound
from MOR in naive cells.

Binding of derm A594 to untreated cells immediately after a 1
min prepulse of ME (3 �M, 1 min) occurred with an apparent
time constant of association of 8.5 � 0.3 s, only slightly slower
than the � of 5.6 � 0.2 s observed when there was no ME prepulse
(Fig. 4Aii, n � 6 each). This indicates that, under naive condi-
tions, ME rapidly dissociated from the receptor, allowing derm
A594 to bind. After the prolonged ME treatment (30 �M 2 h), the
basal rate of association of derm A594 slowed down (� � 12.3 �
0.1 s) and the ME prepulse further slowed the apparent associa-
tion (� � 26.6 � 2.9 s) (Fig. 4Aiii, n � 7 each), suggesting that ME
unbound from the receptor more slowly after the receptor had
been desensitized with prolonged ME. Thus, after treatment with
ME (30 �M, 2 h), the rate of unbinding of an unlabeled endoge-
nous peptide, ME, was slowed as was derm A594, suggesting that
ME affinity increased after extended ME treatment.

In Figure 4A, it was demonstrated that ME could remain
bound for an extended period to some receptors that were pre-
treated with ME (30 �M 2 h). To determine whether this remain-
ing ME had an effect of derm A594 kinetics, the unbinding of
derm A594 was measured. Cells were preincubated with ME for a
shorter period of time (30 �M, 20 min) to allow determination of
whether an ME prepulse increased, decreased, or had no effect on
the rate of subsequent derm A594 unbinding. When ME (3 �M)
was applied both before (1 min pulse) and after application of

derm A594 to cells previously treated with ME (30 �M, 20 min),
the rate of derm A594 unbinding was increased relative to cells
that were rinsed with buffer (Fig. 4Bii). After a 1 min exposure to
ME (1 �M), the fraction of derm A594 remaining after 3 min was
not significantly different from untreated cells (Fig. 4Bi, fraction
remaining: untreated, 0.15 � 0.01, n � 9; ME/ME/ME, 0.20 �
0.03, n � 7). One interpretation of this result is that there were
two populations of receptors after incubation with ME (30 �M).
One population, having a slow unbinding rate, remained bound
to ME, preventing the binding of derm A594. In the second pop-
ulation, ME quickly dissociated, allowing derm A594 to bind.
Thus, derm A594 bound only to the rapidly dissociating popula-
tion of receptors such that derm A594 also dissociated rapidly.

Affinity changes independent of solution exchange
An alternative explanation for the relative speeding of derm A594
unbinding is that ME present during derm A594 washout dis-
placed derm A594 through bulk displacement or negative coop-
erativity. ME-treated cells (30 �M, 20 min) were washed with
buffer, exposed to derm A594, and then washed with either buffer

Figure 4. ME unbinds slowly after prolonged ME treatment. A, The amount of derm A594
bound relative to M1 A488 was measured in cells either untreated (Aii) or treated with ME (30
�M, 2 h) (Aiii). After treatment (untreated or ME 2 h), cells were washed with buffer and then
subjected to a short pulse of buffer (black) or ME (3 �M, 60 s, red) immediately preceding derm
A594 application (200 nM, 60 s) as diagrammed. Ai, Binding of derm A594 was imaged, and the
relative amount of derm A594 bound after 60 s (R/G) was measured and plotted the average
normalized amount of derm A594 that bound is plotted. Aii, Aiii, Binding of derm A594 (200 nM)
is plotted as a function of time in untreated (Aii) or ME (30 �M, 2 h) treated cells (Aiii) and
prepulsed with either buffer (black) or ME (3 �M, 60 s, red); n � 5 or 6 each. B, derm A594 (100
nM, 60 s) was applied to cells that had been treated with ME (30 �M, 20 min) and washed with
buffer (see diagram). Unbinding of derm A594 was monitored while washing with either buffer
(ME/buffer/buffer, �) or ME (3 �M, ME/buffer/ME, blue). ME (3 �M, 1 min) was also pulsed
both immediately before and after derm A594 binding to cells that were modulated by ME (30
�M, 20 min) to determine whether residual ME had an effect on derm A594 unbinding kinetics
(green, ME/ME/ME). Averaged data in Bi show fraction of derm A594 remaining 3 min after
washout (n � 7–11, indicated by arrowhead in Bii), and individual examples of derm A594
unbinding under each condition are shown in Bii.
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“infinite dilution” (ME/buffer/buffer, Fig. 4Bii, �) or ME (3 �M)
“displacement” (ME/buffer/ME, blue) to address these possibil-
ities. Displacing derm A594 with ME had no effect on the rate of
unbinding (fraction derm A594 remaining: ME/dilution, 0.39 �
0.02, n � 11; ME/displace 0.37 � 0.2, n � 7, Fig. 4Bi), suggesting
that rapid agonist rebinding, cooperative binding, or poor solu-
tion exchange was insufficient to explain the observed change in
agonist affinity induced by prior ME exposure (DeMeyts et al.,
1976; Spivak et al., 2006).

Ligand dependence of derm A594 affinity change
FLAG-MOR-expressing cells were next pretreated with a series of
opioid ligands, including agonists ME (30 �M), methadone (15
�M), endomorphin 2 (30 �M), fentanyl, morphine, and oxy-
codone, or the antagonist naloxone (10 �M unless noted other-
wise, 2 h) to determine ligand specificity of agonist modulation
(Fig. 5B). Slowed unbinding was quantified by determining the
fraction of derm A594 bound to MOR 3 min after washout (Fig.
5A,C). Consistent with the efficacy and desensitization profile of
each ligand (Virk and Williams, 2008; Rivero et al., 2012), ME,
fentanyl, endomorphin 2, and methadone, all efficacious and
desensitizing agonists induced robust changes in the rate of un-
binding (fraction derm A594 remaining after 3 min: untreated,
0.15 � 0.01; ME, 0.52 � 0.02; fentanyl, 0.57 � 0.01; endomor-
phin 2, 0.45 � 0.02; methadone, 0.44 � 0.01, n � 5–9). Morphine
pretreatment resulted in a partial change in unbinding rate rela-
tive to ME. Oxycodone pretreatment, which causes even less de-
sensitization than morphine, resulted in less derm A594
remaining after 3 min (morphine, 0.29 � 0.03 n � 7; oxycodone,
0.23 � 0.01 n � 6). Pretreatment with naloxone had no signifi-
cant effect on the fraction of derm A594 bound after 3 min
(0.12 � 0.01, n � 6). In summary, ligand-induced modulation of
agonist–receptor interaction was dependent upon both ligand
relative efficacy (with the exception of endomorphin 2) and the

duration of ligand exposure and correlated with the ability of
agonists to induce desensitization.

Antagonist binding not changed
A novel fluorescent antagonist ntx A594 was synthesized and
found to bind specifically to MOR in a manner that was inhibited
by binding of the irreversible antagonist �-CNA (Fig. 6B). The
rate of dissociation (� � 184 � 6.1 s) and apparent rate of asso-
ciation (65.8 � 5.5 s) of ntx A594 (100 nM, Fig. 6A) yielded
estimated Kd of 53 nM. In contrast to derm A594, the rate of
unbinding of ntx A594 was unaffected by pretreatment of FLAG-
MOR cells with ME (30 �M, 2 h; Fig. 6C). Together, the results
demonstrate that ME exposure can induce a change in affinity of
agonist but not antagonist labeled with the identical fluorophore,
suggesting that modulation is specific to agonists.

Role of G-proteins and �-arrestins
Several possible mechanisms could account for the long-lasting
memory of prior agonist exposure. Because the effect of agonist
pretreatment persisted long after washout of agonist, GPCR sig-
naling pathways were considered. MOR classically signals
through inhibitory G-proteins and nonclassically through
�-arrestin. Cells that were treated overnight with pertussis toxin,
eliminating inhibitory G-protein signaling, still showed a robust
slowing in derm 594 unbinding after treatment with ME (30 �M,
2 h, Fig. 7A, fraction remaining: untreated, ctrl � 0.15 � 0.01,

Figure 5. Ligand dependence of receptor modulation. A, Images taken either before (pre),
immediately after (t � 0), or 3 min after (t � 3 min) application and rapid washout of derm
A594 (100 nM, 90 s). Images show derm A594 bound to the plasma membrane of cells express-
ing FLAG-MOR that were either untreated (ctrl), or treated with ME, fentanyl, or morphine for
2 h. Scale bar, 20 �m. B, Quantification of unbinding of derm A594 as shown in A after 2 h
pretreatment with the indicated opioid ligands. Images were taken every 2.5 s imaging both M1
488 and derm A594. Averaged, normalized ratiometric intensity is plotted. Data are mean �
SEM; n � 6 –9). Arrow indicates time � 3 min after washout. C, Fraction of derm A594 remain-
ing at t � 3 min relative to t � 0 from data shown in B. Data are mean � SEM. All treatments
except naloxone resulted in a significant change in the fraction bound after 3 min ( p 	 0.05,
ANOVA, Tukey post hoc test).

Figure 6. Unbinding of ntx A594 was not affected by previous agonist exposure. A, Binding
kinetics of the antagonist ntx A594 were measured by applying ntx A594 (100 nM, 5 min) and
imaging binding and washout relative to M1– 488 intensity (R/G). Binding and unbinding were
plotted and fit with a single exponential decay formula (� association � 65.8 � 5.5 s, � off �
184 � 6.1 s, n � 4 each, mean � SEM). B, Preincubation of cells with the irreversible antag-
onist �-CNA (1 �M, 5 min) prevented all binding when measured by the fluorescence intensity
immediately after washout of ntx A594 (300 nM, 90 s), verifying the specificity of binding (n �
2 ctrl, n � 4 �-CNA mean � SD). C, ntx A594 (300 nM, 90 s) was applied, and unbinding of ntx
A594 was imaged from cells either untreated (black) or pretreated with ME (30 �M, 2 h) (red);
n � 5 each, mean � SEM.
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pertussis toxin � 0.13 � 0.005; ME 2 h, ctrl � 0.54 � 0.02,
pertussis toxin � 0.51 � 0.01, n � 3–5, Fig. 7B). This suggested
that G-protein signaling and Gi/o-mediated G-protein-coupled
receptor kinase phosphorylation were not responsible for this
modulation.

To address the possible role of arrestins in agonist induced
imprinting, �-arrestin 1 and 2 double knock-out MEF (�-
arrestin 1/2 knock-out) cells and WT controls were transiently
transfected with FLAG-MOR and the unbinding of derm A594
was measured. Loss of both �-arrestin 1 and 2 had no effect on the
ability of agonist to induce a slowing in the rate of unbinding (Fig.
7C). The rate and extent of unbinding were nearly identical be-
tween WT and �-arrestin 1/2 knock-out MEF cells both before
and after treatment with ME (30 �M, 2 h) (fraction remaining
after 3 min: untreated, WT � 0.09 � 0.01, �-arrestin knock-
out � 0.13 � 0.02; ME 2 h, WT � 0.50 � 0.05, �-arrestin knock-
out � 0.47 � 0.04, n � 5, Fig. 7D). Finally, pertussis toxin
treatment of �-arrestin 1/2 knock-out MEF cells had no effect on
the ability of ME treatment to modulate derm A594 affinity, in-
dicating that there are not parallel pathways of modulation in-
volving both G-protein signaling and arrestin signaling (fraction
remaining after 3 min: untreated � 0.12 � 0.02, ME 30 �M, 2 h �
0.51 � 0.01 n � 4 each, Fig. 7D).

Discussion
Experiments measuring binding of opioids to receptors on live
cells are not often performed, yet they have the potential to better
our understanding of opioid pharmacology at the level of binding
and the functional effects of opioids on MOR-mediated signaling
at the cellular level. One aim of this study was to gain insight into
basic features of opioid ligand–receptor interactions in live cells.

This was pursued with the goal of determining whether desensi-
tization, which has been defined at the cell signaling level, could
also be defined at the receptor level. The results presented here
suggest that conditions that are known to desensitize receptors at
the functional level also modulate receptor–agonist but not re-
ceptor–antagonist interactions, suggesting a long-lived change in
receptor conformation states that affect agonist binding and un-
binding kinetics. Furthermore, this agonist-induced change in
affinity is independent of G-protein and �-arrestin signaling.

The increase in affinity and slowed binding and unbinding
kinetics demonstrated here after prolonged ME treatment oc-
curred in receptors that were desensitized. It has not, however,
been determined whether the increase in agonist affinity, indicat-
ing a distinct conformation state, and acute desensitization of
signaling are one and the same; rather, that there is a correlation
between desensitizing agonist exposure and agonist–receptor af-
finity changes. Both phenomena share a similar agonist profile
and recover over a similar time scale (Virk and Williams, 2008;
Rivero et al., 2012). Although acute desensitization can be in-
duced in as little as 1–2 min (Johnson et al., 2006), the change in
agonist affinity occurs over a generally longer time scale, yet this
time scale is in line with other measures of cellular desensitization
in HEK 293 cells (Koch et al., 1998). It is possible that multiple
desensitized states of the receptor exist over different time scales.
Thus, it is difficult to directly compare the current results based
on direct receptor measurements with previous observations
based on downstream signaling.

Receptor desensitization results in a decline in signaling re-
sulting from a functional uncoupling of receptors and G-protein
subunits. Although this decline in signaling can be dramatic, pro-
longed exposure to agonist can never completely abolish signal-
ing, suggesting that there are always some functional receptors
present. After 2 h of exposure to ME, fentanyl, endomorphin 2, or
methadone, derm A594 unbinding was dramatically slowed.
Mirroring functional studies suggesting that both desensitized
and functional receptors are always present, the unbinding of
derm A594 after agonist imprinting was always poorly fit with a
single exponential and was better fit with both a fast and slow
unbinding component. Because cells that are not preexposed to
desensitizing agonist show predominantly fast unbinding, it is
proposed that the fast unbinding receptors are functional and the
slow unbinding receptors are desensitized.

The canonical model of GPCR desensitization involves bind-
ing of �-arrestin to phosphorylated receptors. The binding of
�-arrestin is proposed to prevent binding of the G-protein to the
receptor, disrupting signaling (Benovic et al., 1987, Luttrell and
Lefkowitz, 2002). High-affinity binding of agonists to GPCRs is
thought to be mediated by intimate association of the heterotri-
meric G-protein with the opioid receptor (Da Lean et al., 1980).
Loss of coupling between receptor and G-protein through desen-
sitization would be expected to result in a loss of high-affinity
binding and thus a decrease in affinity. However, our results
suggest that the opposite occurred in live cells where the affinity
was increased after exposure to desensitizing agonists. Although
many ligand gated ion channels, such as the nicotinic acetylcho-
line receptor (Heidmann et al., 1983), display increased agonist
affinity when in a desensitized state, this has not been reported for
G-protein-coupled receptors.

The mechanism for the prolonged agonist binding must differ
from that of ligand-gated ion channel desensitization whereby
desensitized receptors remain bound to agonist while desensi-
tized and upon unbinding of agonist, desensitization is reversed.
Because derm A594 binding and unbinding are affected by prior

Figure 7. Modulation was independent of G-protein signaling and �-arrestins. A, FLAG-
MOR-expressing HEK 293 cells were either untreated (black) or treated with pertussis toxin (100
ng/ml overnight) (red), and the unbinding of derm A594 (100 nM, 90 s) was imaged under
control conditions or on cells subjected to agonist pretreatment (ME 30 �M, 2 h). Normalized
average data are plotted; n � 3– 6. B, The fractional amount of derm A594 that remained
bound to cells 3 min after washout was quantified relative to the receptor fluorescence inten-
sity. C, MEFs cultured from �-arrestin 1/2 double knock-out mouse embryos (blue) or their WT
controls (black) were either untreated or pretreated with ME (30 �M, 2 h), and unbinding of
derm A594 (100 nM, 90 s) was imaged; normalized data are shown. D, Quantification of the
fraction of derm A594 remaining 3 min after washout from WT (black) and �-arrestin 1/2 d
knock-out MEF cells (blue) shown in C; n � 5 each. Additionally, �-arrestin 1/2 d knock-out
MEF cells were treated with pertussis toxin (100 ng/ml overnight), and the fraction of derm
A594 remaining in untreated and ME treated cells is shown (purple); n � 4 each. All points are
mean � SEM.
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agonist exposure, it is clear that MOR has retained a “memory” of
desensitization that persisted after the agonist was removed. Re-
ceptor phosphorylation is one mechanism by which information
about prior agonist-induced conformational changes could be
encoded into a persistent change at the receptor level, and many
functional studies of MOR desensitization implicate a role of
kinases in the processes of desensitization and recovery from de-
sensitization (Bailey et al., 2009; Dang et al., 2009; Arttamangkul
et al., 2012; Dang and Christie, 2012). It has recently been dem-
onstrated that receptor phosphorylation in the C-terminal tail is
induced in a ligand-dependent manner similar to agonist treat-
ments described here (Doll et al., 2011; Lau et al., 2011). Although
it is recognized that agonists can induce phosphorylation of
MOR, it is generally assumed that phosphorylation mechanisms
involve downstream signaling for recruitment of kinases to the
active receptor, yet not all G-protein-coupled receptor kinases
require G-proteins for recruitment to GPCRs. Additionally, tyrosine
residues in the intracellular loops and C-terminal tail of MOR un-
dergo phosphorylation in a manner that may be agonist-dependent
but G-protein-independent (Pak et al., 1999, McLaughlin and
Chavkin, 2001). The present results suggest that neither G-protein
nor �-arrestin-mediated signaling was required for agonist modula-
tion of MOR to alter subsequent agonist affinity, and future studies
will address whether phosphorylation is involved.

Multiple conformational states are known to exist in MOR
and other GPCRs. Opioid receptor dissociation kinetics can be
modulated by both sodium and GTP indicating the existence of
multiple conformational states (Kurowski et al., 1982). The un-
binding kinetics of peptide agonists from both MOR and DOR
have been previously reported to be dependent on the time of
agonist incubation using radioligand binding assays from hip-
pocampal synaptic membranes, although this time-dependent
slowing in unbinding rate was eliminated by the presence of so-
dium, perhaps suggesting an involvement of G-proteins and sta-
bilization of the ternary complex (Scheibe et al., 1984).

Recent studies have found evidence for dynamic changes in
conformation and affinity of other GPCRs. Purified, solubilized
�2-adrenergic receptors undergo a fast conformation change
upon initial binding of agonists and then a slow conformation
change in the continued presence of some but not all agonists
(Swaminath et al., 2004). NK2 receptors in intact cells display a
time-dependent change in the rate of fluorescent ligand unbind-
ing with a desensitizing fluorescent peptide but not a shorter,
nondesensitizing peptide (Palanche et al., 2001). Both of these
studies have noted the relationship between these slow changes
and desensitizing agonists but have not investigated further. Re-
petitive activation of the �2-adrenergic receptor by agonist al-
tered the kinetics of subsequent activation, suggesting a transient
memory of previous agonist exposure (Ahles et al., 2011). The
current results further support and expand upon the existence
and ligand modulation of multiple affinity states, suggesting that
several G-protein- and �-arrestin-independent conformational
states exist for MOR, which are agonist-sensitive yet antagonist-
insensitive. Furthermore, this study demonstrates a long-lived
modulation of affinity, in which imprinting lasted for tens of
minutes after washout of agonist in live cells.

As had been long predicted, the low-affinity binding state may
be the most physiologically relevant state of opioid agonist–re-
ceptor interactions as judged by binding in live cells (Carroll et
al., 1988). This was supported by two observations: (1) derm
A594 binding in whole cells had an affinity close to that of the
low-affinity radioligand competition binding measured in the
presence of Mg 2�, Na�, and GTP�S and (2) pertussis toxin had

no effect on the kinetics of binding or unbinding of derm A594. It
is also notable that, although derm A594 has a relatively high-
affinity for MOR even in the low-affinity state (120 nM), dissoci-
ation of derm A594 from the receptor was rapid with a time
constant on the order of 10 s. In live cells, rapid dissociation is a
common property of most opioid agonists (Ingram et al., 1997),
perhaps because of the relatively exposed binding pocket as noted
in the recent x-ray crystallographic structure of MOR (Manglik et
al., 2012).

In conclusion, a novel approach for studying opioid receptor
dynamics has demonstrated that prolonged exposure to de-
sensitizing agonists can be imprinted onto receptors. This
study suggests that agonist modulation affects the subsequent
conformational changes induced by agonists, increasing agonist
affinity and stabilizing agonist binding. Although a definitive link
between functional agonist-induced desensitization of receptor-
mediated signaling and physical agonist-induced modulation of
agonist affinity has not been established, both the agonist depen-
dence and time course of action are similar (Virk and Williams,
2008; Rivero et al., 2012). Further, this technique could be
adapted for live-cell screening applications, such as screens for
allosteric modulators of agonist binding. The ease of manipula-
tion of this system will allow pharmacological and structure–
function-based investigation of the mechanism of agonist
modulation and determination of how physical changes at the
receptor level affect receptor function and signaling.
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