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There is a need to identify mu opioid receptor (MOR) agonists that can preferentially activate
certain signaling pathways over others in order to develop better analgesics with reduced side effects.
The present study aimed to determine if single-particle tracking (SPT) of the MOR could provide
a robust sensor for distinct signaling states without reliance on effector-based readouts. SPT of
quantum dot labeled FLAG-tagged MORs in AtT20 cells was performed. Under basal conditions,
mobile and immobile states of FLAG-MORs were found to coexist on the plasma membrane. After
cells were treated acutely with the MOR, agonist DAMGO, there was a higher fraction of mobile
trajectories and free portions of the mobile tracks resulted, in part, from G-protein interaction. After
10 minutes of agonist exposure, the population of immobile receptors increased, as did co-localization
with clathrin. Yet, no single mobility state could fully account for colocalization with clathrin.
Prior discrepant reports of MOR mobility may be attributable to the limitations of population
assessments and use of a single exposure duration, which the current approach overcomes. Despite
the advantages, it appears that the SPT approach will be most informative when effectors are

examined simultaneously with the receptors.

INTRODUCTION

The mu opioid receptor (MOR) is a G-protein cou-
pled receptor (GPCR) responsible for the analgesic ef-
fects of exogenously administered opioids (e.g. morphine,
codeine, fentanyl). Signaling through the MOR also con-
veys negative side effects, potentially through specific
signaling pathways. Thus, there is interest in identify-
ing agonists that may preferentially activate select intra-
cellular signaling pathways, such that analgesic actions
are maintained while unwanted actions are minimized.
The intracellular alterations induced by agonist binding
to the MOR includes inhibition of adenylyl cyclase, in-
hibition of voltage-dependent Ca?T-channels, activation
of G-protein coupled inwardly rectifying K™ channels,
activation of signaling cascades that alter transcription,
receptor phosphorylation, and receptor interaction with
B-arrestin and clathrin-coated pits (CCPs), and these can
vary by cell type and subcellular localization of the re-
ceptor [1, 2]. Most functional studies of the MOR have
focused on the output produced by the inhibition or acti-
vation of effectors, as this generally provides a good proxy
for signaling through the receptor. Often, however, such
effector-based assays report the mean response across the
population of receptors and can have limited spatial and
temporal resolution. Further, readouts for each effec-
tor of interest can have distinct sensitivity and resolu-
tion, and assays for each effector are usually performed
separately from one another. This makes it difficult to
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determine the relative engagement of select effectors in
response to an agonist.

Imaging-based studies of directly labeled MORs have
provided an alternative to effector-dependent assays and
have been used to examine MOR mobility [3-9] and sub-
cellular localization [5, 10-12]. Studies of MOR mobil-
ity utilizing fluorescence recovery after photobleaching
(FRAP) and fluorescence correlation spectroscopy (FCS)
have shown that MORs can exist in a variety of mobil-
ity states on the membrane. However, existing studies
suggest that agonist binding either increases [6, 9] or
decreases [7] lateral mobility of MORs. These conflict-
ing results may be due to the use of different cell lines,
different experimental conditions (e.g. temperature and
agonist exposure duration) and the fact that these ex-
periments relied on bulk approaches that reflect average
mobility of the receptors as a population.

Single-particle tracking (SPT) approaches allow for ex-
amination of individual receptor behavior without re-
liance on effector-based readouts. Specific mobility states
of individual receptors detected with SPT may correlate
with distinct interactions with select effectors and other
binding partners. Prior studies examining MOR mobil-
ity using SPT have shown differing results as to what
these distinct mobility states are. One study tracking the
MOR reported that most receptors are confined within
mobile microdomains, while a smaller fraction of recep-
tors exhibit slow, directed diffusion [4]. Another study
reported short-term confinement and significant diffusion
of the receptor between compartments on the cell mem-
brane [8]. Importantly, neither of these studies examined
the effect of agonist binding on MOR, mobility, nor did
they attribute specific mobility states to specific effector
interactions.

The present study was designed to determine if SPT
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could provide a reliable approach to detect agonist-
induced changes in mobility that correspond to in-
teractions with G-proteins and recruitment to CCPs.
Tracking of the MOR was performed in AtT20 cells
stably expressing a FLAG-epitope-tagged MOR con-
struct (FLAG-MOR) [13] conjugated with quantum dots
(Qdots) conjugated via an anti-FLAG antibody. Sig-
naling through MORs has been extensively character-
ized in AtT20 cells [13-15]. MORs in AtT20 cells cou-
ple to endogenously-expressed GIRKs [14, 16], P/Q-type
VDCCs [13], adenylyl cyclase [17], and G-protein cou-
pled receptor kinases [14, 18] via pertussis-toxin sensitive
GQteqtrmi/o Proteins [19]. Further, AtT20 cells stably ex-
pressing FLAG-MORs exhibit relatively consistent and
moderate expression of the receptor with activation, de-
sensitization, and internalization phases similar to MORs
in neurons [13]. Thus, AtT20 cells stably transfected
with Flag-MOR, provides a good system for examining
real-time dynamics of the MOR in the plasma membrane
before and during agonist exposure.

Here, MOR mobility was investigated before drug, af-
ter 1 min of exposure to the MOR agonist DAMGO
(when some desensitization has occurred but internal-
ization has not fully commenced), and after 10 min of
DAMGO treatment (when desensitization is complete
and internalization is occurring) [13]. Quantitative dif-
fusion analysis of trajectories of Qdot 565-conjugated
FLAG-MORs shows that receptors can be found in both
relatively immobile and mobile states under basal con-
ditions. Activation of FLAG-MORs with the full MOR
agonist DAMGO results in an initial increase in the pop-
ulation of mobile receptors (after 1 min agonist exposure)
followed at later time points (10 min agonist exposure)
by a decrease in the mobile fraction. The findings show
that activation of the FLAG-MOR does not result in a
uniform decrease in the mobility of the receptors, but in-
stead dynamically changes the fraction of FLAG-MORs
found in more mobile or immobile states depending upon
time observed after agonist exposure. Further, investiga-
tion of receptors in the mobile state revealed transient
confinement influenced by G-protein binding. However,
inspection of tracks later after agonist exposure revealed
that mobility state was a poor proxy for colocalization
with CCPs. The results indicate that ensemble measure-
ments of receptor mobility, such as average mean square
displacement (MSD), may not capture the full extent of
receptor activity, and that single-particle tracking can
better account for heterogeneity in signaling states. Al-
together, mobility state can provide some information
about signaling state, but may not account for the range
of potential effectors a receptor is coupled to.

RESULTS

In order to visualize MORs, FLAG-MORs in AtT20
cells were labeled with Qdots. Cells were imaged under
differential interference contrast to assess cell morphology
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FIG. 1. Single-particle tracking of FLAG-MORs in AtT20
cells. A) A DIC image of an AtT20 cell and (B) a fluorescent
image of SA Qdot 565 conjugated FLAG-MORs in the same
cell. Labeling density in this image is typical for experiments
carried out in this study. C) Trajectories of SA Qdot 565-
conjugated FLAG-MORs imaged in the absence of drug from
the cell shown in (A) and (B). All of the trajectories obtained
from a single 1000 frame video segment are shown. The upper
square in (C) shows an enlarged image of trajectories from
the area indicated by the lower dashed box. Both mobile
and immobile trajectories can be seen in the inset, as well as
confined and free portions of mobile trajectories.

(Fig. 1A) and under fluorescence using spinning disk con-
focal to detect Qdots (Fig. 1B). Trajectories of labeled
FLAG-MOR were obtained (Fig. 1C). FLAG-MOR mo-
bility was investigated before agonist application, after 1
min of treatment with the agonist DAMGO, and after 10
min of exposure to DAMGO. Displacements of individ-
ual Qdot-MORs at increasing lag times were calculated
from 50 ms to 2.5 s to obtain MSDs for each experimen-
tal condition. Time averaged MSD 02(t;44) of individual
Qdot-MOR trajectories were computed for time lags ;44
up to 2.5 s for each experimental condition (Eq. 1 in
Materials and Methods). Fig. S1 shows a representative
set of individual MSDs for trajectories in the no drug
condition. Most trajectories appear to exhibit subdif-
fusive behavior, i.e., the MSD of individual trajectories

is not linear in lag time but it scales as a power law

02(tiag) = K tf,, with a < 1, where a is the anomalous
exponent and K, is the generalized diffusion coefficient
[20-22]. Furthermore, a substantial number of trajecto-
ries have a flat MSD, indicating that these particles are
either immobile or confined to small domains [23]. In all
cases, only particles that were observed for at least 3 s
were analyzed. Clear differences were observed between

the MSD under basal conditions and those in cells treated
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FIG. 2. Dynamic changes in MOR mobility exist depending upon the time of drug application. A) Time averaged MSD for all
tracks for each experimental condition showing increases in the MSD with 1 min DAMGO treatment and decreases with 10 min
DAMGO treatment. Distribution of anomalous exponents , obtained from the TA-MSD of individual trajectories for all tracks
in the B) no drug (n = 17 cells, 8465 trajectories), C) 1 min DAMGO (n = 12 cells, 930 trajectories), D) 10 min DAMGO
(n = 13 cells, 8465 trajectories), E) and Naloxone (n = 7 cells, 8227 trajectories) condition. All conditions exhibit bimodal
distributions with peaks centered at o = 0.09 and o = 0.71for immobile and mobile populations, respectively. F) Compared to
the no drug condition, the population of o = 0.27 decreases in the 1 min DAMGO condition, increases in the 10 min DAMGO
condition, and does not change after Naloxone application. Example trajectories from G) immobile (o < 0.27) and H) mobile
(a > 0.27) populations are shown with their corresponding values and lengths. *p < 0.05, Kruskall-Wallis one-way ANOVA
with multiple comparisons using Bonferroni correction, error bars represent SEM for cells.

with DAMGO (Fig. 2A). Short DAMGO treatment (1
min) increased the anomalous exponent « of the average
MSD from 0.49 + 0.12 in the no drug condition to 0.55
+ 0.02. In contrast, longer DAMGO treatment (10 min)
decreased the anomalous exponent of the average MSD
to 0.38 + 0.02 (p = 0.014). Further, the generalized dif-
fusion coefficient, K, of the averaged MSD increased
after the 1 min DAMGO exposure from 0.087 £+ 0.005
pm? /%49 (no drug condition) to 0.104 £ 0.006 pm? /s0-55
(p = 0.034), whereas longer DAMGO exposure (10 min)
decreased the generalized diffusion coefficient to 0.057 +

0.004 pm? /%38 (p = 0.0004 compared to no drug).

Ensemble measurements, such as average MSD, may
mask important characteristics in the data that can be
unmasked by looking at individual trajectories. Thus,
the anomalous exponent was computed for individual
trajectories in each experimental condition. Very low
anomalous exponents are indicative of particles that ex-
plore a small region and present a flat MSD while larger
exponents indicate that the trajectory explores a larger
region and the MSD increases with lag time [24]. The
histogram for the no-drug condition shows a large scat-
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FIG. 3. Differences between MSD of mobile tracks can be explained by differences in dwell times between experimental
conditions and G-protein binding. A) MSDs of mobile trajectories decreased after DAMGO treatment (10 min, p = 0.031).
No drug (n=5855 trajectories), 1 min DAMGO (n= 697 trajectories), 10 min DAMGO (n=3958 trajectories). B) Example of
a mobile track separated into free (blue) and confined (green) parts based on procedure described in Materials and Methods
and published by Sikora et. al [30]. A threshold of 11 visits inside the circle was used to define confined portions (red dotted
line). The right panel shows a time series of the number of visitations inside the circle for the example track shown, and free
and confined portions are colored as in the example track. When segmented into C) confined and D) free portions, the MSDs
are no longer different (confined p = 0.150, free p > 0.99). E) Confined dwell times decrease after acute DAMGO treatment
and increase with longer DAMGO treatment. Application of 100 ng PTX prevents the decrease in confined dwell times seen
after 1 min of DAMGO treatment. **p < 0.01 , Kruskall-Wallis one-way ANOVA with multiple comparisons using Bonferroni

correction, error bars represent SEM for individual tracks.

tering of values, indicating marked heterogeneity in the
diffusion behavior of FLAG-MORs (Fig. 2B). In partic-
ular, two populations are clearly visible, one with a nar-
row distribution centered at o = 0.09 and another with a
broader distribution centered at o = 0.71. These popu-
lations can be separated at a ~ 0.27, and examination of
tracks within these two populations shows more confine-
ment in the low population, and less confinement in the
high population (Fig. 2G, H). Henceforth, tracks with
o < 0.27 are referred to as immobile and tracks with o >
0.27 are referred to as mobile. After 1 min of DAMGO ex-
posure, these two populations are still present, although
a higher fraction of trajectories are in the mobile popu-
lation (Fig. 2C). This trend is reversed in cells exposed
to DAMGO for 10 min, where there is an increase in the
fraction of immobile trajectories (Fig. 2D). To determine
if ligand binding, rather than receptor activation was af-

fecting mobility, cells were treated with the neutral an-
tagonist Naloxone, which binds the receptor but does not
induce signaling. Naloxone did not change the fraction
of receptors in the immobile state (Fig. 2E), indicating
that ligand binding alone was not sufficient to cause a
mobility shift. The fraction of immobile tracks in each
condition is shown in Fig. 2F. In the no drug condition,
the immobile fraction is 0.33 + 0.03 and it decreases to
0.23 £ 0.02 in the 1 min DAMGO condition (p = 0.024).
Conversely, 10 min of DAMGO exposure resulted in an
increase in the fraction of immobile trajectories to 0.45
+ 0.03. As expected, there is no significant change in the
fraction of immobile trajectories caused by the neutral
antagonist Naloxone (0.37 4+ 0.03, p = 0.147 compared
to the no drug condition).

Despite the advantages of Qdot labeling in terms of
brightness and photostability [25-27], quantum dots have
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FIG. 4. Colocalization with CCPs increases across all tracks after DAMGO (10 min) application. A) When comparing all
tracks, colocalization with CCPs increases after 10 min of DAMGO treatment. No drug n = 9 cells, 670 trajectories; 10 min
DAMGO n = 8 cells, 446 trajectories. B) Distribution of distances to CCPs is shifted lower after 10 min of DAMGO treatment;
combined data is represented in the bar graph. C) Combined data from (B) showing an overall decrease in the distance to CCPs
for MORs treated with DAMGO for 10 min. ***p < 0.0001 , Kruskall-Wallis one-way ANOVA with multiple comparisons using
Bonferroni correction, error bars represent SEM for individual tracks.

the potential to reduce surface protein mobility [28]. Fur-
ther, antibody-based detection has the potential to cause
receptor crosslinking. To address these potential con-
cerns, we compared our results with Qdot-labeled MORs
to measurements of Flag-MOR bound to the fluorescent
agonist Dermorphin-488 [29]. Exposure to Dermorphin-
488 (10 min) results in « values similar to those obtained
after 10 min of DAMGO exposure in cells with Qdot-
labled MORs (Fig. S2). Thus, we exclude Qdot arti-
facts and crosslinking as the root for the immobilization
observed. Overall, the findings indicate that the MOR
shows dynamic alterations in mobility depending upon
whether it is observed 1 or 10 min after drug treatment.

Next, we focused on the behavior of mobile tracks since
we found that within mobile tracks prolonged DAMGO
treatment (10 min) lowers MSDs compared to no drug
or 1 min exposure. The anomalous exponent of the aver-
age MSD for mobile trajectories in the no drug condition
was 0.62 + 0.01. After 1 min of DAMGO exposure it
was 0.65 + 0.02, and after 10 min of DAMGO exposure
it was 0.54 £ 0.03. Further, the K, of the averaged
MSD for mobile trajectories was 0.11 4 0.02 pm? /%62
in the no drug condition and 0.12 4 0.03 pm?/s%% in
the 1 min DAMGO condition, whereas it was 0.087 =+
0.019 pm?/5%%4 in the 10 min DAMGO condition (p =
0.041, no drug compared to 10 min DAMGO). This result
suggests that even within the mobile population of recep-
tors, prolonged agonist exposure may lead to relatively
reduced mobility. To examine this more closely we used
a recently published method based on recurrence statis-
tics [30] to further segment mobile trajectories (a > 0.27)
into confined and free portions. Briefly, for each two con-
secutive locations in a trajectory, a circle is drawn with
its center halfway between them and the number of visits

within this circle is counted. Periods that undergo con-
finement revisit the same region many times and thus
the recurrence statistic is very high [30]. However, dur-
ing free periods, particle exploration is less compact and
thus the recurrence statistic is low (Fig 3B).

After segmenting the mobile trajectories into free and
confined states, the MSDs of free and confined states do
not differ between experimental conditions (confined p =
0.150, free p > 0.99, Figs. 3C & D). To better understand
this narrowing in the MSD values between experimen-
tal conditions after recurrence analysis segmentation, we
measure the dwell times of trajectories within free and
confined states. One minute of DAMGO treatment de-
creased the time mobile tracks spend confined from 0.515
+ 0.004 s to 0.454 + 0.011 s (p < 0.0001) and 10 min
DAMGO increases confined periods to 0.598 + 0.006 s
(p < 0.0001 , Fig 3E).

We next investigated which particular signaling inter-
actions the free and confined portions of mobile trajecto-
ries represent by treating cells with pertussis toxin (PTX,
100 ng) overnight to inhibit G-protein/receptor interac-
tions and again examined dwell times in free and confined
portions of mobile tracks. Treatment with PTX without
subsequent application of drug does not change confined
dwell times of mobile trajectories (0.482 + 0.014 s, p =
0.45, n = 9 cells; Fig. 3E, second bar). PTX treatment
eliminates the increase free time for mobile tracks oth-
erwise seen after applying DAMGO for 1 min (0.481 +
0.019 s, p > 0.99 compared to no drug, n = 14 cells, Fig
3E, fourth bar). Therefore, G-protein binding appears to
contribute to the time mobile trajectories spend in the
free state.

Previous work indicates that after 10 min of DAMGO
treatment, half of Flag-MORs in AtT20 cells have been
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FIG. 5. Mobility state does not reflect colocalization with
clathrin. A) Colocalization with CCPs does not differ be-
tween immobile and mobile populations within either the no
drug nor the 10 min DAMGO experimental conditions. How-
ever, 10 min DAMGO still increases the fraction of MORs
colocalized with CCPs both in mobile and immobile popula-
tions compared to no drug. B) Colocalization with CCPs also
does not differ between confined and free portions of mobile
tracks within the 10 min DAMGO or no drug experimental
conditions. C) Distance to CCPs is decreased between no
drug and 10 min DAMGO experimental conditions, but is
not different between immobile and mobile fractions within
experimental conditions. D) Combined data from (C) shows
a clear lack of difference for distance to CCPs between immo-
bile and mobile fractions from no drug and DAMGO treated
cells. E) Distance to CCPs is not changed between confined
and free portions of mobile tracks within either no drug or
10 min DAMGO conditions. F) Combined data from (E).
**p < 0.01, ¥*p < 0.0001 , Kruskall-Wallis one-way ANOVA
with multiple comparisons using Bonferroni correction, error
bars represent SEM for individual tracks.
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internalized and internalization is over half maximal [13].
Because of the observed shift towards lower values after
10 min of DAMGO treatment in our study, we hypoth-
esized that capture into CCPs accounted for this shift
towards receptor immobility. Thus we examined colocal-
ization of the MOR with GFP-labeled clathrin light chain
(GFP-CLC) [27, 31-33] puncta. Ten minutes of DAMGO
treatment increased colocalization with GFP-CLC (from
4.8 + 0.6% to 12.1 + 1.2%, p < 0.0001, Fig. 4A), and
the distance to GFP-CLC was reduced by drug treatment
(from 1.88 £ 0.05 m to 1.34 + 0.04 m, p < 0.0001, Figs.
4B & C). However, the immobile population of receptors
was not more colocalized with GFP-CLC than the mobile
population of receptors in the 10 min DAMGO condition
(immobile 12.1 + 1.9% vs mobile 12.1 + 1.5%, p = 0.54,
Fig. 5A). Distance to GFP-CLC was also unchanged be-
tween mobile and immobile populations after 10 min of
DAMGO treatment (immobile 1.34 + 0.07 pm vs mobile
1.33 £ 0.05 pm, p = 0.18, Figs. 5C & D). Inspection
of GFP-CLC colocalization within the confined and free
portions of mobile receptors after 10 min of DAMGO
treatment showed that neither of these populations fully
accounted for GFP-CLC colocalization (confined 14.6 +
2.6% vs free 10.8 + 2.0%, p = 0.99, Fig. 5B). Distance
to GFP-CLC was also unchanged between free and con-
fined portions of mobile tracks (confined 1.29 £+ 0.07 ym
vs free 1.38 & 0.07 pm, p = 0.32, Fig. 5E, F). Thus,
mobility itself is not a good proxy for association with
CCPs.

DISCUSSION

The present single-molecule study was undertaken to
characterize time-dependent changes in FLAG-MOR dif-
fusion induced by acute and extended applications of the
full MOR agonist DAMGO and to understand if specific
mobility states of the MOR could clearly reflect inter-
actions with specific effectors. Under basal conditions,
both mobile and immobile populations of FLAG-MORs
were detected, evident in the bimodal distribution of the
anomalous exponent . This bimodal distribution was
skewed towards more mobile tracks for FLAG-MORs on
cells that were exposed to a maximal concentration of
DAMGO (10 uM) for one minute. However, DAMGO
treatment for ten minutes resulted in a dramatic increase
in the proportion of immobile FLAG-MORs. Closer in-
spection of mobile (o > 0.27 ) tracks revealed that dif-
ferences in MSD exist between experimental conditions
even within the mobile subpopulation of receptors, and
that this difference in MSD can be explained by an in-
crease in confined dwell times of receptors treated with
DAMGO for ten minutes. In contrast, MORs treated
with DAMGO for one minute show a decrease in con-
fined dwell times, and blockade of G-protein binding with
pertussis toxin abrogates this decrease in confined period
dwell times. Finally, CCP colocalization occurred simi-
larly across all mobility states inspected so that a single
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mobility state could not fully account for colocalization
of FLAG-MORs with CCPs.

Previous studies of MOR mobility in response to ag-
onist treatment have examined mobility at a minimum
of ten minutes post-drug, although acute signaling pro-
cesses occur much faster than this. In AtT20 cells, the
receptor has already undergone G-protein coupling, de-
sensitization, and internalization at this time point [13].
Thus, we were interested in understanding how MOR
mobility is changed before internalization has begun and
while the process of signaling and desensitization are oc-
curring. The marked difference in receptor mobility de-
pending upon duration of agonist exposure reveals that
mobility is likely dependent on receptor interactions with
intracellular partners. To our knowledge, the only other
study investigating the mobility of the MOR in response
to DAMGO at physiological temperature and at a simi-
lar time to ours found that lateral mobility of the MOR
increases after DAMGO (1 yM) exposure for ten min-
utes [6]. This finding is in opposition to our observations
at ten minutes post-DAMGO. This difference could be
caused by differences in expression of, or interaction with,
signaling partners between HEK293 cells and AtT20 re-
sulting in distinct time course of MOR signaling. For
example, Halls et al. discovered that it takes at least 60
minutes to see an increase in colocalization with CCPs in
HEK293 cellsb. Although we were not able to attribute
receptor immobility to CCP colocalization, we did ob-
serve an increase in colocalization after ten minutes in
the presence of DAMGO in AtT20 cells. It is also pos-
sible that other processes causing immobilization of the
MOR are slowed in HEK cells compared to AtT20s.

Other processes besides capture into CCPs could ac-
count for the decrease in receptor mobility after ten min-
utes of DAMGO treatment. For example, protein kinase
C has been found to restrict the distribution of the MOR,
in cell membranes [5], and it is possible that other kinases
could contribute to immobility as well. Another study
demonstrated colocalization of MORs with caveolin-1,
which is a marker of putative lipid rafts [34]. Another
study by the same group found that translocation into
and out of these domains was agonist dependent, and
that receptors located within the rafts were responsible
for G-protein dependent signaling, while receptors lo-
cated outside of the rafts were responsible for S-arrestin
dependent signaling [35]. It is possible that these raft
domains could contribute to the immobile receptor popu-
lation observed after ten minutes of DAMGO treatment.
However, it is worth noting that two other studies did
not find MORs localized in the Triton X-100 insoluble
membrane fractions thought to contain lipid rafts either
before or after treatment with the agonist [5, 7]. Based
on our finding that colocalization with CCPs cannot fully
account for any single mobility state, it is likely that this
is also true for other effectors as well. The immobile frac-
tion of receptors after ten minute DAMGO treatment is
likely due to the contribution of several effectors.

It was initially surprising to note that acute DAMGO
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treatment resulted in a decrease in the time that mo-
bile tracks spent confined. However, a recent study by
revealed that G-protein coupled receptors and their re-
spective G-proteins couple at specific hot spots at least
partially defined by actin networks [36]. Because desen-
sitization is known to occur very quickly in AtT20 cells,
perhaps the decrease in confined dwell times reflects the
uncoupling of the receptor from G-proteins at hot spots.
Alternatively, perhaps signaling receptors in AtT20 cells
quickly hop between G-protein hot spots after activa-
tion of G-proteins, thus decreasing their confined dwell
times. This possibility is supported by the fact that PTX
restored confinement periods back to baseline levels, po-
tentially suggesting that ligand-bound receptors are re-
cruited to hot spots but cannot leave unless they have
encountered a G-protein. Future studies using receptors
that do not desensitize, such as non-phosphorylatable
mutants [16, 37], could best parse apart the contribu-
tion of desensitization and G-protein coupling to tran-
sient confinement in mobile MOR trajectories.

Because CCP colocalization was not associated with
a particular mobility population that we identified, it is
unlikely that single-particle tracking of the MOR alone
would be a good proxy for distinct receptor signaling
states. However, concurrent tracking of the MOR with its
signaling effectors may still be useful as a tool for biased
agonist screening and for studies of receptor/effector in-
teraction. For example, concurrent single-particle track-
ing of the MOR, G-proteins, and [-arrestin or CCPs
would allow for screening of ligand bias within the same
cell with high temporal resolution and individual receptor
sensitivity. Ultimately, future studies using concurrent
tracking of the MOR and effectors in neurons stands to
provide new insight into receptor regulation and function
while avoiding technical issues encountered with bulk as-
says, cell-lines, and single-time point observations.

MATERIALS AND METHODS
Cell Culture and Transfection

AtT20 cells stably expressing the FLAG-MOR (pro-
vided by Dr. MacDonald Christie, University of Sydney)
were maintained at 37C/5% COsz in Dulbeccos Modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (ATCC), L-Glutamine (2 mM L-alanyl-L-
glutamine), and 1% penicillin/streptomycin. Once cells
reached confluence they were exposed to 0.25% trypsin-
EDTA (Gibco) and re-plated at lower density. Cells were
maintained for no more than 12 passages beyond their
original plating.

N-terminally tagged GFP-clathrin light chain (GFP-
CLC, provided by Dr. Michael Tamkun, Colorado State
University) was transfected into cells using 1:500 Lipo-
fectamine (Invitrogen), 1:100 Opti-MEM (Gibco), and
1:1000 plasmid into 2 mL of culture media. Cells were
incubated overnight, and all cells were imaged within 24
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hours of transfection in order to avoid problems with
overexpression. For experiments in which G-protein ac-
tivity was inhibited, cells were treated with 100 ng per-
tussis toxin (Thermo Fisher) overnight. Cells were im-
aged within 24 hours of toxin treatment.

Live-Cell Labeling of the MOR

To prepare for imaging, AtT20 cells were diluted and
plated on glass-bottom dishes (MatTek, Ashland, MA)
containing the same supplemented DMEM solution as
described above. Cells were imaged on the fourth day
after plating. Labeling was performed immediately be-
fore imaging. Cells were rinsed multiple times with a
saline solution containing: 35 mM KCI, 120 mM NaCl,
1 mM CaCl,, 25 mM HEPES, 10 mM glucose, and pH
was adjusted to 7.4 (NaOH). After thoroughly washing
to remove DMEM, the plates were filled with saline con-
taining 1% (w/v) bovine serum albumin (BSA, Sigma
A7030) and incubated for 10 min at 37°C. The cells
were incubated for 5 min at 37°C in the presence of a
biotinylated anti-FLAG antibody (final concentration 1
ug/mL, BioM2 Anti-FLAG, Sigma F9291). After mul-
tiple rinses with saline (still containing 1% BSA) to re-
move unbound antibody, the cells were then incubated
for 8 min at 37°C in the presence of streptavidin-coated
quantum dots (1:10000, final concentration of 100 pM,
Streptavidin Qdot 565, Life Technologies Q10133MP; or
for two-color TIRF imaging Streptavidin Qdot 655, Life
Technologies Q10121MP). The cells were rinsed multi-
ple times with saline lacking BSA to remove unbound
SA Qdot and BSA from the culture dish. In the 10
min DAMGO condition and Naloxone condition, 10 uM
DAMGO or 1 pM Naloxone, respectively, was applied
immediately after labeling. Drug was applied 10 min af-
ter the final wash on the microscope stage in the 1 min
(10 uM) DAMGO condition. Many cells did not exhibit
Qdot fluorescence upon imaging, so only those that had
a moderate amount of labeling were chosen for imaging.

Confocal Microscopy

Single-channel imaging was carried on a spinning
disk confocal microscope (Olympus IX83, Olympus UP-
lanSApo 100x/1.40 oil objective, Yokogawa CSU-X spin-
ning disk, Andor iXon Ultra 897 EMCCD camera)
equipped with a temperature control unit (INU Stage
Top Incubator, Tokai Hit, Shizuoka-ken, Japan). All cul-
ture dishes were kept in the chamber at 37°C for 10 min
before images were acquired. This was done to allow to
ensure that all dishes were imaged at the same time after
labeling. Qdot 565 was excited using a 488 nm laser and
acquired with an emission filter (600/50). Videos were
acquired at a rate of 20 frames/s.

8
TIRF Microscopy

GFP-CLC was found to bleach rapidly using the spin-
ning disk confocal, so for concurrent imaging of GFP-
CLC and the MOR, total internal reflection fluorescence
(TIRF) microscopy was performed on a Nikon Eclipse Ti
fluorescence microscope equipped with a Perfect-Focus
system, AOTF-controlled 488 and 647nm diode lasers,
a 512x512 Andor iXon EMCCD DU-897 camera, and
Plan Apo TIRF 100, NA 1.49 objective. Temperature
was maintained at 37°C using Zeiss stage and objective
heaters. Qdot 655 was used instead of Qdot 565 to avoid
bleed-through into the 488 channel for imaging CLC-
GFP. To avoid analyzing Qdots that occasionally were
stuck to the culture dish glass, trajectories with MSDs
characteristic of glass-stuck particles were removed be-
fore analysis. A sample of glass-stuck Qdots were imaged
and found to have mostly MSDs below 0.0165 pym? (Fig.
S3A). Therefore, all trajectories with an MSD less than
0.0165 pm? (measured up to a lag time of 2.5 s) were
excluded from the data prior to analysis.

Image Processing and Analysis

Images were background-subtracted in ImageJ soft-
ware. A Gaussian kernel filter was then applied to the im-
ages using a standard deviation of 0.8 pixels. After pro-
cessing, Qdot-labeled MORs were detected and tracked
using the u-track algorithm in MATLAB as previously
described [38]. Detection of CLC-GFP puncta was also
performed using the u-track algorithm. MOR trajecto-
ries less than 60 frames in length were excluded from
further analysis.

Trajectories were analyzed in terms of the time-
averaged mean square displacement (TA-MSD) using al-
gorithms written in MATLAB. For an individual trajec-
tory the TA-MSD is obtained by averaging over the time
series,

1

02(tiag) = Tt
ag

T—trag
/0 IK(t + trag) — 2(0)2dE, (1)

where 62(t;qy) is the TA- MSD, r(t) is the two-
dimensional position of the particle at time ¢, #;,4 is the
lag time (the time over which the displacement is com-
puted), and T is the duration of the trajectory. For nor-
mal diffusion processes, the MSD scales linearly in lag
time, namely in two dimensions 62(t;qq) = 4D%1qg, Where
D is the diffusion coefficient. However, measurements in
live cells often exhibit anomalous diffusion, which man-
ifests as a deviation from this simple law [20-22], and
is characterized by a non-linear scaling of the MSD,
02(tiag) = Katf,,, where « is the anomalous exponent
and K, is the generalized diffusion coefficient which has
units of cm?/s®. Processes with 0 < o < 1 are consid-
ered subdiffusive, and those with a > 1 are considered
superdiffusive. Detection uncertainty increases the MSD
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by a constant value. Given a standard deviation o of
the detected position in both z and y direction due to
uncertainty in the localization, the MSD is then

6% (tiag) = Kalfy, + 402, (2)

In order to obtain a and K, from individual trajecto-
ries, we first obtained an average o of 0.02 with the u-
track algorithm and subtracted 402 to obtain a static
error-corrected MSD (see Fig. S3B for a histogram of
localization uncertainties,o). Then we perform a linear
regression in log-log plot to find o and K.

To separate mobile tracks into free and confined por-
tions, recurrence analysis was performed as described
previously [30]. Briefly, a circle is constructed equal to
the diameter of two consecutive points in a trajectory,
and the number of subsequent visits by the particle into
this circle was calculated. Portions of tracks with sub-
sequent visits > 11 were classified as confined portions
of mobile trajectories, and those that did not reach this
threshold were classified as free portions. This thresh-
old was determined by identifying the minimum number
of visits at which most immobile (a < 0.27) trajectories
were classified as confined.

To calculate the colocalization and distance of the
MOR to CCPs, spatial coordinates of GFP-CLC puncta
were determined using the detection output in u-track.
The coordinates of GFP-CLC puncta were then com-
pared to the coordinates of MOR tracks files at each

9

frame. MOR coordinates that were located within 3 pix-
els of the closest GFP-CLC pit center (0.48 pum) were
considered to be colocalized.

Statistical Analysis

Data sets were compared using an unpaired Kruskall-
Wallis one way ANOVA with post hoc tests performed
with Bonferroni correction, and p values of less than 0.05
were considered significant. Prism was used to perform
statistical tests as well as to obtain descriptive statistics.
Compiled data are shown as the mean + SEM, or as
histograms.
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