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SUMMARY

A major function of GPCRs is to inhibit presynaptic
neurotransmitter release, requiring ligand-activated
receptors to couple locally to effectors at terminals.
The current understanding of how this is achieved
is through receptor immobilization on the terminal
surface. Here, we show that opioid peptide recep-
tors, GPCRs that mediate highly sensitive presynap-
tic inhibition, are instead dynamic in axons. Opioid
receptors diffuse rapidly throughout the axon sur-
face and internalize after ligand-induced activation
specifically at presynaptic terminals. We delineate a
parallel regulated endocytic cycle for GPCRs oper-
ating at the presynapse, separately from the synaptic
vesicle cycle, which clears activated receptors from
the surface of terminals and locally reinserts them
to maintain the diffusible surface pool. We propose
an alternate strategy for achieving local control of
presynaptic effectors that, opposite to using recep-
tor immobilization and enforced proximity, is based
on lateral mobility of receptors and leverages the
inherent allostery of GPCR-effector coupling.

INTRODUCTION

Appropriate information processing in neural circuits critically re-
lies on modulation of synaptic neurotransmission by G protein-
coupled receptors (GPCRs). A widespread mechanism by which
GPCRs regulate synaptic function is G protein-linked inhibition
of synaptic vesicle exocytosis at terminals (Brown and Sihra,
2008). Presynaptic inhibition can occur in the absence of a
diffusible second messenger intermediate by local coupling of
receptors to G protein-linked effector proteins, such as
voltage-gated calcium channels associated with individual

active zones (Herlitze et al., 1996; Wilding et al., 1995). Such
spatially delimited signaling by GPCRs poses a fundamental
cell biological challenge because synapses are typically
small in size relative to axon length and sparsely distributed
(Pfenninger, 2009).

Another interesting aspect of presynaptic inhibition is its
potentially high sensitivity. Some peptide neuromodulators, for
example, inhibit presynaptic release at low nanomolar concen-
trations (Pennock and Hentges, 2011; Werling et al., 1987) that
correspond to only a few ligand molecules, on average, within
the volume of a typical presynaptic terminal. Moreover, a number
of GPCRs can maintain highly sensitive inhibition of transmitter
release under conditions of prolonged or repeated ligand expo-
sure that characteristically desensitize postsynaptic GPCR
signaling processes (Pennock et al., 2012; Wetherington and
Lambert, 2002). The ability of GPCR signaling at terminals to
achieve and maintain high ligand sensitivity is remarkable, point-
ing to a need to better understand the cell biology of GPCRs
in axons.

The present understanding is derived largely from the study of
family C GPCRs, particularly metabotropic y-aminobutyric acid
type B (GABA-B) receptors and metabotropic glutamate (mGlu)
receptors. These GPCRs cluster on terminals by binding to pre-
synaptic scaffold proteins or pre-coupling to effectors at active
zones, solving the problem of spatially delimited signaling
through enforced proximity (Boudin et al., 2000; Corti et al.,
2002; Dalezios et al., 2002; Laviv et al., 2011; Shigemoto et al.,
1996; Somogyi et al., 2003; Vargas et al., 2008; Vigot et al.,
2006). GABA-B receptors resist internalization in axons although
they internalize in the somatodendritic membrane (Vargas et al.,
2008), and internalization of mGlu receptors causes sustained
loss of presynaptic signaling (Pelkey et al., 2008). Together,
these observations support a paradigm in which GPCR function
at the presynapse requires receptors to be immobilized at the
terminal surface and not to internalize after activation.

It remains unknown whether this is the only cellular strategy for
achieving local control, particularly when one considers family A
GPCRs—such as opioid peptide receptors, D2 dopamine
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receptors, and CB1 cannabinoid receptors—that produce
strong presynaptic inhibition but are not obviously clustered on
the presynaptic surface. Rather, these GPCRs localize both on
the presynaptic surface and along the axon shaft domain clearly
outside of synapses, and some of these GPCRs are also found at
internal membranes in axons (Dudok et al., 2015; Mengual and
Pickel, 2002; Nyiri et al., 2005; Sesack et al., 1994; Svingos
et al., 1997; Wang et al., 1996). Nevertheless, family A GPCRs
comprise the largest class of signaling receptors overall and
the largest group of neuromodulator receptors operating at the
presynapse.

Opioid peptide receptors provide a clear example. The mu-type
opioid receptor (MOR) is a family A GPCR that mediates both pre-
synaptic inhibition and postsynaptic neuromodulatory effects of
endogenous opioid peptides and is a primary target of clinically
important opioid analgesic drugs (Corder et al., 2018; Darcq and
Kieffer, 2018; Kieffer and Evans, 2009). MORs localize on termi-
nals but also along the axon shaft (Svingos et al., 1997), but pre-
synaptic inhibition mediated by MORs achieves high sensitivity
(Pennock and Hentges, 2011) and remains sensitive under condi-
tions of prolonged or repeated ligand exposure, whereas postsyn-
aptic MOR responses rapidly desensitize (Fyfe et al., 2010; Lowe
and Bailey, 2015; Pennock and Hentges, 2011; Pennock et al.,
2012). The mechanism underlying postsynaptic MOR desensitiza-
tion is reasonably well understood based on a conserved GPCR
regulatory template (Gainetdinov et al., 2004; Williams et al.,
2013) initiated by ligand-induced phosphorylation of the MOR
cytoplasmic tail by GPCR kinases (GRKs) followed by receptor
internalization (Alvarez et al., 2002; Arttamangkul et al., 2018;
Just et al., 2013; Yousuf et al., 2015). Do opioid receptors fail to
engage the conserved phosphorylation-endocytosis machinery
in axons? Might opioid receptors reveal a distinct cell biology of
GPCRs at the presynapse?

Here we address and answer these questions. We show that
MORs do engage the conserved phosphorylation-endocytosis
machinery in axons and do so specifically at terminals. However,
rather than driving an overall loss of functional receptors to
produce net signal desensitization, the conserved phosphoryla-
tion-endocytosis machinery is deployed differently in axons to
support an alternate strategy for local effector control based
on receptor diffusion rather than immobilization.

RESULTS

Surface Distribution and Ligand-Induced Internalization
of MORs in Axons

We began by examining the distribution of MORs in axons of
cultured medium spiny neurons (MSNs). GFP-labeled MORs
(MOR-GFPs) were visualized along the entire axon length, both
inside and outside of presynaptic terminals marked by synapto-
physin-mCherry (syp-mCh; Figure 1A). Linear correlation anal-
ysis, achieved by determining the variation in MOR-GFP fluores-
cence intensity along the axon length, indicated a moderate
fluorescence increase that overlapped with terminals (Figure 1B).
We observed similar localization of endogenous MORs in
cultured habenula neurons using a specific antibody (UMBS3)
validated previously by others (Lupp et al., 2011) and in our
hands (Figure S1A). Endogenous MORs localized along axons
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inside and outside of synapses labeled with VGLUT2 (Figure 1C).
To specifically examine receptors present in the plasma mem-
brane, we used extracellular FLAG epitope (SSF-MOR) tagging
(Whistler and von Zastrow, 1998) or fusion of the GFP variant
superecliptic pHluorin (SEP-MOR), whose fluorescence is
quenched in acidic intracellular compartments (Sankaranar-
ayanan et al., 2000; Yu et al., 2010). These results revealed a
diffuse surface distribution of MORs, with a small (~15%) degree
of enrichment at synapses (Figures S1B and S1C). Because
UMBS3 recognizes both recombinant and endogenous MOR,
we used it to estimate the degree of recombinant receptor
expression achieved in our experiments. Depending on the
transfection method used, recombinant receptor expression
ranged from comparable with endogenous level to less than
10-fold overexpression (Figure S1D). Surface receptor distribu-
tion was diffuse over this range, indicating that it is not an artifact
of excessive expression. Application of the opioid peptide
agonist DAMGO ([D-Ala?, N-Me-Phe*, Gly®-ol]-enkephalin,
10 uM) caused MOR-GFPs to visibly accumulate at terminals
(Figure 1D). Line scan analysis verified this accumulation through
a sharpening of the fluorescence profile (Figure 1E) without a
detectable change in syp-mCh distribution (Figure S1E).
DAMGO-induced accumulation of MORs was also evident for
endogenous receptors, as indicated by localization in bright
puncta preferentially localized at synapses (Figure 1F).
Epitope-tagged MORs exhibited DAMGO-induced relocalization
after surface antibody labeling using two different epitopes
(FLAG and hemagglutinin [HA]). In time-lapse image series, re-
ceptor-containing puncta were resolved within axons in confocal
optical sections (Figure 1G) and exhibited saltatory movements
(Video S1). This suggests that MORs undergo ligand-induced
internalization in axons, a conclusion that was further supported
by uptake of a fluorescent opioid peptide (Arttamangkul et al.,
2000) by endogenous opioid receptors (Figure S1F).

We verified regulated internalization of MORs in axons using
ammonium chloride (NH4CI) to dequench SEP-MOR fluores-
cence in acidic internal compartments (Sankaranarayanan
et al., 2000). Under basal conditions, addition of NH,CI had no
significant effect on SEP-MOR fluorescence distribution or in-
tensity along axons, indicating that receptors are present almost
exclusively at the axon surface (Figures 1H and 11). Within 30 min
after application of opioid peptide, NH,Cl produced a significant
fluorescence increase, indicating that ~17% of the total axonal
SEP-MOR pool accumulated in an acidic intracellular compart-
ment (Figures 1H and 1l).

MOR Endocytosis in Axons Is Phosphorylation-
Dependent and Occurs at Presynaptic Terminals
Regulated endocytosis of MORs in the somatodendritic
compartment is dynamin dependent and requires phosphoryla-
tion of the MOR cytoplasmic tail by GRKs (Lowe et al., 2015; Wil-
liams et al., 2013; Yousuf et al., 2015). To investigate whether
MOR regulation is similar in axons, we examined the effects of
experimental manipulations that inhibit specific steps of this
conserved mechanism. We assessed MOR accumulation into
puncta using an unbiased accumulation index (STAR Methods).
The DAMGO-induced increase in the MOR accumulation index,
indicating punctate redistribution of receptors (Figures 2A and
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Figure 1. MORs Undergo Ligand-Dependent Endocytosis in Axons

(A) Representative oblique illumination (HiLo) images of axons of cultured MSNs expressing the synaptic marker synaptophysin-mCherry (syp-mCh) and
MOR-GFPs. Scale bar, 5 um.

(B) Normalized MOR-GFP line scan fluorescence aligned to the maximal value along the normalized syp-mCh line scan fluorescence (n = 177 synapses from
33 cells).

(C) Maximal projection from spinning disc images of habenula neurons. Axons are labeled with VGLUT2 and show diffuse distribution of endogenous MORs.
Scale bars, 5 um.

(D) Axons of MSNs expressing MOR-GFPs and syp-mCh 20 min after incubation with DAMGO (10 pM). Scale bar, 5 um.

(E) Normalized MOR-GFP line scan fluorescence aligned to the maximal value along the line scan, untreated n = 177 synapses (same dataset as A; a different
normalization method was used to highlight intensity and distribution changes), DAMGO (10 uM, 20 min, n = 280 synapses from 39 neurons).

(F) Maximal projection of spinning disc images of axons of habenula neurons treated with DAMGO (10 uM) for 20 min. Note the accumulation of endogenous
MORs at bright puncta. Scale bars, 5 pm.

(G) Spinning disc confocal images of cultured MSNs expressing syp-mCh and SSF-MORs, surface-labeled with Alexa 488-coupled anti-FLAG antibody
(M1-a2488). DAMGO (10 uM) was added at time 0. Note the accumulation of intraluminal puncta (green arrows). Scale bar, 1 um.

(H) Experimental protocol and representative images of MSN axons expressing SEP-MORs and syp-mCh. After 5 min of baseline, the solution was exchanged for
a solution containing 50 mM NH,4CI. A similar exchange was performed after 30 min of perfusion with control solution or a solution containing 10 uM DAMGO.
Frames were taken before and 1 min after perfusion with 50 mM NH,CI; A represents the difference between the frame in NH,Cl and the preceding frame. Note the
increased fluorescence in the presence of ammonium chloride after 30 min of agonist. Scale bar, 5 um.

(I) Quantification of the normalized fluorescence difference along lines drawn on axons obtained as in (H), before (A1) or after (A2) 30 min of control solution
(n =6 cells) or 10 uM DAMGO (n = 10 cells). Error bars represent SEM; ***p < 0.001.
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Figure 2. MOR Endocytosis Occurs at Presynaptic Terminals and Requires Receptor Phosphorylation

(A) Accumulation index plots estimating receptor redistribution by heterogeneity of the fluorescence signal of SSF-MORs (labeled with M1-a647) along MSN
axons. The right shift observed in cumulative frequency curves elicited by DAMGO (10 pM for 20 min, n = 255 axons) relative to the untreated condition reflects
SSF-MOR punctate accumulation associated with internalization (n = 316 axons, p < 0.001).

(B) The same as (A), comparing MSNs treated with DAMGO (10 uM) and Dyngo-4a (30 uM) (n = 169 axons) with DAMGO (10 uM) and DMSO vehicle
(n =220 axons); p < 0.001.

(C) The same as (A) for MSNs expressing syp-mCh and the phosphorylation-deficient MOR mutant (S/T to A) in untreated neurons (n = 275 axons) with neurons
treated with DAMGO (10 pM for 20 min) (n = 168 axons); p < 0.01.

(D) The same as (A), comparing MSNs treated with DAMGO (10 uM) and Cmpd101 (30 uM) (n = 196 axons) or cells treated with DAMGO (10 pM) and DMSO vehicle
(replotted from B); p < 0.001.

(E) The same as (A), comparing endogenous MOR in SV2-marked axons of habenula neurons treated with DMSO vehicle only (gray curve, n = 139 axons),
DMSO + DAMGO (10 pM, blue curve, n = 148 axons), or Cmpd101 (30 uM) + DAMGO (10 uM) (purple curve, n = 156 axons); p < 0.001 under all conditions.
(F) Normalized fluorescence difference of lines drawn on axons from MSNs expressing SEP-MORs and syp-mCh before and after NH,Cl. Cells were treated for
20 min with DMSO vehicle (n = 17 cells), DMSO + DAMGO (10 uM) (n = 19 cells), or Cmpd101 (30 uM) + DAMGO (10 uM) (n = 19 cells).

(G) Representative HiLo images of axons of MSNs expressing syp-mCh (top left panel), SSF-MORs surface labeled with M1-a647 (top right panel), and
B-arrestin2-GFP before (bottom left) and after (bottom right) addition of DAMGO (10 uM). Note the redistribution of the GFP signal at synaptic puncta. GFP images
are scaled the same. Scale bars, 1 um.

(legend continued on next page)
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S2A), was reduced in the presence of the dynamin inhibitor
Dyngo-4a (Figures 2B and S2A). Mutation of phosphorylation
sites in the MOR cytoplasmic tail that are required for regulated
endocytosis (Just et al., 2013) inhibited DAMGO-induced MOR
redistribution (Figures 2C and S2A). We further verified this using
compound 101 (Cmpd101), a chemical inhibitor of GRK2/3
shown previously to block MOR endocytosis via a conserved
phosphorylation-dependent mechanism (Lowe et al., 2015; Fig-
ures 2D and S2A). We also established this key result for endog-
enous MORs using the same accumulation assay (Figure 2E) and
verified that this represents blocking of internalization of MORs in
axons using the SEP-MOR dequenching assay (Figure 2F).
Another clue is that B-arrestin-2-GFP redistributed in axons in
response to DAMGO-induced activation of SSF-MORs, and,
interestingly, the highest degree of local concentration was
observed at terminals (Figure 2G). Because B-arrestins are
known to operate as endocytic adaptor proteins for MORs
(Whistler and von Zastrow, 1998; Zhang et al., 1998), this
suggested the possibility that regulated endocytosis of MORs
occurs specifically in terminals.

To directly visualize sites of MOR endocytosis, we used the
pulsed pH (ppH) protocol to resolve individual MOR-containing
endocytic events in living neurons based on the endocytic scis-
sion event rendering SEP-labeled receptors resistant to extra-
cellular application of a membrane-impermeant acidic buffer
(pPH 5.5 MES) (Merrifield et al., 2005; Rosendale et al., 2017).
We took advantage of the fact that SEP-MORs localize almost
exclusively on the axon surface of neurons in the absence of
opioid agonist, with little internal accumulation verified by essen-
tially complete quenching of fluorescent signal upon perfusion of
pH 5.5 buffer (Figure S2B). By alternating pH 5.5 and pH 7.4
perfusion at 0.5 Hz and using oblique illumination (HiLo) to image
the entire axon with a high signal-to-noise ratio, nascent SEP-
MOR-containing endocytic vesicles were resolved in DAMGO-
treated cells as acid-resistant fluorescent puncta appearing
abruptly in a pH 5.5 imaging frame (Figures 2H, S2C, and
S2D). The frequency of these events was dramatically increased
in the presence of DAMGO (Figure 2I). Remarkably, the vast ma-
jority (85% =+ 4%) of these MOR-containing endocytic events
localized specifically to presynaptic terminals (Figure 2I). These
results directly demonstrate that MORs undergo regulated,
phosphorylation-dependent endocytosis in axons and further
indicate that this regulated endocytic process occurs largely at
presynaptic terminals.

MOR Internalization Defines a Discrete Population of
Presynaptic Endosomes

Having localized endocytic events specifically at presynaptic
terminals, we next used epitope tagging and antibody uptake

to examine the location of MORs after internalization. Surface-
labeled SSF-MORs accumulated in endosomal structures that
localized within terminals but were not restricted there because
they were also observed in the axon shaft (Figure 3A). MOR-con-
taining endosomes were present in 53.8% + 5.0% of terminals
imaged along the axon (n = 10 neurons), and 62.3% + 2.3%
(same dataset) of the MOR-containing endosomes imaged
were located within terminals. Considering that synapses ac-
count for approximately one-third of axonal length (29% + 3%,
same dataset) in our cultures, this represents an ~4-fold bias
of endosome location in terminals relative to the axon shaft.
When examined in time-lapse image series, MOR-containing en-
dosomes were not static and moved bidirectionally into and out
of synapses and occasionally exchanged between neighboring
terminals (Figure 3B). Despite similar instantaneous speeds
both inside and outside of synapses (Figure S3A), MOR-contain-
ing endosomes exhibited more confined movements inside of
synapses, explaining the synaptic bias of MOR-containing endo-
somes by kinetic trapping in terminals (Figure S3B). Although
MOR-containing endosomes were often observed within pre-
synaptic terminals, their dynamics in axons clearly distinguish
them from the synaptic vesicle pool.

To our knowledge, such a discrete presynaptic endosomal
compartment has not been characterized previously, and we
sought a molecular marker to identify it separately from a recep-
tor cargo. The retromer complex was an attractive candidate
because this multiprotein sorting device marks endosomes
through which various signaling receptors transit in somata
and dendrites (Choy et al., 2014). Further, the retromer has
been localized to internal membranes in terminals but is not de-
tected on synaptic vesicles (Takamori et al., 2006; Vazquez-San-
chez et al., 2018). To test the possibility that the retromer is a
marker of MOR-containing presynaptic endosomes, we exam-
ined, in DAMGO-exposed habenula neurons, the localization of
the retromer, marked by endogenous VPS35, relative to endog-
enous VGLUT2 and MORs. Punctate staining of VPS35 was
abundant in axons and synapses marked by VGLUT2, and it
overlapped with endogenous MORs (Figure 3C). Because of
the small size of presynaptic terminals, we considered the pos-
sibility that this apparent colocalization was coincidental. Using
structured illumination microscopy to increase spatial resolution,
endogenous VPS35 puncta clearly overlapped MOR-containing
endosomes and were separate from VGLUT2 (Figure 3D). GFP-
labeled VPS29, a distinct but stoichiometrically assembled sub-
unit, revealed retromer-associated endosomes in axons and
synapses in live neurons. These endosomes were present irre-
spective of agonist application, and their density scaled with
synapse density (Figure S3C). Surface-labeled SSF-MORs re-
distributed from the axon surface into these endosomes after

(H) Top panel: illustration of the endocytic process and the expected SEP signal during the ppH protocol (green represents fluorescence, gray represents
quenching). Scission of an endocytic vesicle during the pH 7.4 step generates an acid-resistant fluorescent spot on the following pH 5.5 step. Bottom panel:
cultured MSNs expressing syp-mCh and SEP-MOR imaged with HiLo during the ppH protocol. Apparition of a pH 5.5 resistant signal (green arrow) indicates an
endocytic event. Scale bar, 1 um. The contrast is doubled for pH 5.5 frames for better visibility.

(I) Frequency of endocytic events detected with the ppH inside (red) or outside (purple) of synapses in the presence (n = 58 cells) or absence (n = 23 cells)
of DAMGO (10 uM). Frequencies were normalized to the number of synapses in the imaging field for comparison between acquisitions. Note the increased

frequency in the presence of agonist and the proportion of synaptic events.
Error bars represent SEM; **p < 0.01, ***p < 0.001.
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Figure 3. Endocytosed MOR Defines a
Discrete Population of Presynaptic Endo-
somes that Are Marked by the Retromer

(A) HiLo images of cultured MSNs expressing syp-
mCh and SSF-MORs, surface labeled with M1-a488
and incubated with DAMGO (10 uM for 20 min).
MORs containing endosomes exhibit strong synaptic
localization. Scale bar, 5 um.

(B) Kymograph obtained with 1-Hz HiLo imaging under
the same condition as in (A). Note the bidirectional,
saltatory movement of individual endosomes (arrow).

(C) Single plane of spinning disc confocal images of
endogenous VPS35 in axons of habenula neurons
labeled with VGLUT2 and treated with DAMGO (10 uM
for 20 min). Note the colocalization of endogenous
MOR-containing endosomes with VPS35. Scale bars,
1 um.

(D) Single plane of structured illumination microscopy
images under the same conditions as for (C). Scale
bars, 1 um.

(E) Representative HiLo images of cultured MSNs ex-
pressing the retromer complex subunit VPS29-GFP
with syp-mCh and SSF-MORSs, surface-labeled with
M1-a647 before (top panel) and after (bottom panel)
DAMGO (10 pM) addition. SSF-MORs are diffuse in the
absence of agonist and exhibit little colocalization with
VPS29-GFP. After agonist addition, receptors redis-
tribute in puncta that colocalize with VPS29-GFP.
Scale bar, 5 pm.

(F) From the same experimental setup as (E), normal-
ized M1-a647 line scan fluorescence aligned to the
maximal value along the normalized VPS29-GFP fluo-
rescence before DAMGO (10 pM) addition (from 12
cells, n = 105 endosomes).

(G) The same as (F) after DAMGO (10 uM). Note the
increase in the linear correlation coefficient (from 12
cells, n = 113 endosomes).

(H) Kymograph obtained with 1-Hz HiLo imaging of
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VPS29-GFP (green) and surface-labeled SSF-MORs
(red) 20 min after DAMGO (10 puM) addition. MORs
containing endosomes and VPS29-GFP move together
in axons of MSNs marked with Syp-mCh (top panel).
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application of DAMGO (Figure 3E), as confirmed by line scan
analysis (Figures 3F and 3G; linear correlation coefficient of
0.62 + 0.03 under basal conditions, n 105 endosomes,
0.75 + 0.02 after DAMGO addition, n = 113 endosomes from
12 cells, p < 0.001). Similar to the behavior observed by labeling
with MORs, retromer-marked endosomes were mobile in axons
and trapped at synapses, with occasional movements observed
between adjacent synapses. Internalized MOR was indeed pre-
sent in the same endosomes because labeled SSF-MORs and
retromers moved together in axons of agonist-exposed neurons
(Figure 3H; Video S2). Segmentation of the VPS29-GFP signal to
follow retromer-marked endosomes in the axon revealed pro-
gressive accumulation of surface-labeled SSF-MORs in
response to DAMGO application (Figure 3l). Together, these re-
sults indicate that the retromer defines a discrete population of
presynaptic endosomes that accumulate internalized MORs.
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Time (min)

T
20

VPS29-GFP-positive endosomes (n = 12 cells, the
same dataset as in F and G).
Error bars represent SEM.

A Parallel Regulated Endocytic Cycle Operating at the
Presynapse

The behavior of retromer-marked endosomes that traffic MORs,
particularly their local bidirectional movements, is different from
previously described receptor-containing endosomes marked
by TrkA, which exhibit long-range retrograde transport. Thus
we asked whether the distinct endosomes containing MORs
might mediate local recycling. As a first step to address this
question, we investigated the reversibility of MOR accumulation
in presynaptic endosomes. The punctate distribution of endoge-
nous MORs produced in axons by DAMGO application fully
reversed within 30 min after terminating MOR activation by appli-
cation of the competitive MOR antagonist naloxone (Figure 4A).
We next attempted to directly visualize recycling of MORs in
axons. To do so, we imaged neurons expressing SEP-MORs
together with a synaptic marker at 10 Hz, a speed that is
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sufficient to resolve individual exocytic fusion events into the
plasma membrane by dequenching (Yu et al., 2010). When neu-
rons were imaged after 20 min in the continuous presence of
DAMGO, a condition that drives MOR internalization to a steady
state, exocytic events were detected at the axon surface as
diffraction-limited bursts of increased fluorescence intensity
(Figures 4B and 4C). For the majority of these insertion events,
SEP-MOR fluorescence decayed within seconds (Figures 4C
and S4A). This is consistent with fusion of the receptor-contain-
ing vesicle followed by lateral spread. A minority of insertion
events had a longer lifetime before disappearing (Figure S4A),
a behavior observed previously in somata and dendrites and
attributed to transient fusion-fission at the insertion site (Jullié
et al., 2014). To determine whether such events also occur in
axons, we imaged SEP-MORs during ppH perfusion and
observed that some receptor-containing exocytic insertion
events observed at pH 7.4 became resistant to quenching in
the following pH 5.5 frame (Figure S4B), indicating transient
fusion-fission at the insertion site.

The frequency of MOR-containing surface insertion events
significantly increased after incubation with an agonist both in
synapses and extrasynaptic regions (Figure 4D). This suggests
an endocytic origin of the insertion events. Verifying this, prein-
cubation of neurons with Cmpd101 to block endocytosis signif-
icantly reduced the frequency of SEP-MOR insertion events
(Figure 4E). We also noticed, from the analysis of individual
MOR-containing insertion events, that approximately two-thirds
occurred directly at terminals and one-third extrasynaptically
(Figure 4D), similar to the distribution of MOR-containing
endosomes in axons. This suggested that these endosomes
might directly mediate local insertion. Supporting this, when

SEP-MOR insertion events were imaged relative to mCherry-
tagged VPS29, SEP-MOR insertion was detected adjacent to a
retromer-marked endosome (Figure 4F). Together, these results
demonstrate that presynaptic MOR enters and transits a regu-
lated endocytic cycle that is initiated specifically at presynaptic
terminals, mediated by retromer-marked presynaptic endosome
carriers, and completed by local vesicular re-insertion from these
endosomes both in synapses and the adjacent axon shaft
domain.

Endosomes distinct from synaptic vesicles are known to accu-
mulate in presynaptic terminals under conditions of strong stim-
ulation, but these structures are typically transient and resolve
into synaptic vesicles (Kokotos and Cousin, 2015). In contrast,
retromer-marked endosomes were observed in terminals under
basal conditions. Further, their number was not significantly
changed under all conditions tested, from strong stimulation us-
ing high potassium to blockade of electrical activity with tetrodo-
toxin (Figures 4G and S4C). We then asked whether manipula-
tions of the synaptic vesicle cycle affect presynaptic MOR
insertion. To do so, we preincubated neurons with DAMGO for
20 min to drive SEP-MOR internalization to a steady state and
then imaged SEP-MOR insertion events. Neither depletion of
extracellular calcium to block synaptic vesicle release (Fig-
ure S4D) nor high potassium to stimulate synaptic vesicle exocy-
tosis significantly changed the frequency of SEP-MOR surface
insertion events (Figure 4H). We conversely tested the effect of
stimulating MOR endocytic cycling on the synaptic vesicle cycle.
Using VGAT-SEP to monitor synaptic vesicle exocytosis elicited
by electrical field stimulation (Santos et al., 2013), activation of
MOR with DAMGO strongly inhibited synaptic vesicle exocytosis
(Figure 4l). The endocytosis-defective mutant version of MOR

Figure 4. MORs Undergo a Complete Membrane Trafficking Cycle in Axons that Is Independent of the Synaptic Vesicle Cycle

(A) Accumulation index of endogenous MORs, measured on axons of habenula neurons stained with SV2 for cells treated with naloxone (10 uM for 30 min)
(red curve, n = 124 axons), cells treated with DAMGO (100 nM for 20 min) (blue curve, n = 142 axons), or cells treated with DAMGO (100 nM for 20 min) followed by
naloxone (10 uM for 30 min) (purple curve, n = 120 axons). p < 0.001 for DAMGO against the two other conditions, not significant for naloxone against DAMGO +
naloxone.

(B) After 20 min of treatment with DAMGO (10 pM), single insertion events containing SEP-MORs appear as sudden bursts of fluorescence at the membrane of
cultured MSNs imaged in HiLo. Two representative examples are shown, where insertion occurs at synapses labeled with syp-mCh (top panel) or outside (bottom
panel). Note the difference in fluorescence decay for both events and the apparent surface diffusion of SEP-MORs (top panel). Scale bars, 1 um.

(C) Average normalized fluorescence curves of single insertion events observed after 20 min of incubation with DAMGO (10 uM) (green curve, n = 324 events from
16 cells). Blue and orange curves represent the corresponding normalized fluorescence quantification of the events in (B) (top and bottom events, respectively).
(D) Frequency of SEP-MOR insertion events in the presence (n = 16 cells) or absence (n = 6 cells) of agonist inside or outside of synapses. For each cell,
frequencies were normalized to the number of synapses in the imaging field for comparison between acquisitions.

(E) Frequency of SEP-MOR insertion events monitored in axons of MSNs after incubation with Cmpd101 (30 uM) + DAMGO (10 uM) (n = 7 cells) or vehicle
(DMSO) + DAMGO (10 pM) (n = 8 cells).

(F) Example of an SEP-MOR insertion event (green arrow) at VPS29-mCh labeled endosomes (red arrow) imaged in MSNs with HiLo at 2 Hz after 20 min of
incubation with DAMGO (10 uM). Scale bar, 1 um.

(G) Normalized density of VPS29-GFP-marked endosomes in axons of MSNs labeled with syp-mCh under untreated conditions (n = 153 axons from 42 cells),
after 1 h incubation with tetrodotoxin (n = 47 axons from 20 cells), or after 1, 2 and 3 min incubation with a solution containing 50 mM KCI (n = 35 axons from
10 cells).

(H) Normalized frequency of SEP-MOR insertion events in axons of MSNs under untreated and DAMGO conditions replotted from the sum of (D). Under the two
other conditions, neurons were incubated with DAMGO (10 M) for 20 min and then imaged in a solution containing DAMGO (10 pM) without calcium (0 Ca®*,n =6
cells) or containing 50 mM KCI without DAMGO (K*, n = 8 cells).

(I) In axons of MSNs, the GABA transporter fused to SEP (VGAT-SEP) localizes to synaptic vesicles that undergo exocytosis upon 10-Hz electrical field stim-
ulation. The normalized average fluorescence increase of VGAT-SEP at synapses of neurons co-expressing SSF-MORSs reports synaptic vesicle exocytosis and
is inhibited after perfusion of DAMGO (10 uM) (n = 1970 individual measurements from 5 stimulations on synapses from 5 cells).

(J) Normalized average amplitude of VGAT-SEP fluorescence increase at synapses of MSNs expressing SSF-MORs. The black curve represents the amplitude
of unstimulated cells (n = 5 cells) and blue and gray curves the amplitudes of cells stimulated with 10 action potentials at 10 Hz every minute and perfused with
(n = 5 cells) or without (n = 10 cells) DAMGO (10 pM), respectively.

Error bars represent SEM; *p < 0.05, ***p < 0.001.
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Figure 5. An Alternative Strategy for Local GPCR Control of Presynaptic Effectors Enabled by Rapid Lateral Diffusion of Receptors

(A) Schematic of a putative pre-coupled model where naive receptors (green) bind ligand and undergo activation directly at the presynapse (blue). After some time
(At), receptors are inactivated (red) and removed from the axonal plasma membrane, which leads to a decrease in the naive receptor pool.

(B) Density of receptors in axons calculated from dSTORM images of hippocampal neurons stained for endogenous MORs and GAD67 (n = 7 synaptic, 17
extrasynaptic areas).

(C) HiLo image of an axonal segment of a MSN expressing VGAT-SEP as a synaptic marker (Ca) and the associated reconstructed super-resolution image from
single-molecule detections of MOR-mEOS?2 (Cb). Line scans across the axon show important diameter variations as quantified by the width at half maximum on
the super-resolution image. Single-molecule trajectories can be reconstructed from single-molecule detections (Cc) and analyzed to extract diffusion coefficients
and generate diffusion maps (Cd). Scale bar, 1 um.

(D) Mean square displacement curves of SEP-MOR single-molecule trajectories obtained with an ATTO647-conjugated anti-GFP nanobody using uPAINT on
axons of MSNs labeled with syp-mCh. Dotted lines represent linear fits on the first 4 time points associated with the two different regions and illustrate Brownian
motion (n = 46 synaptic, 34 extrasynaptic areas from 7 cells).

(E) Distribution of diffusion coefficients obtained with uPAINT (the same dataset as in D).

(legend continued on next page)
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(MOR S/T to A) similarly blocked electrically evoked synaptic
vesicle exocytosis (Figure S4E). This indicates that inhibition of
the synaptic vesicle cycle is a consequence of MOR signaling
rather than endocytosis and that signaling by MOR from the pre-
synaptic plasma membrane is sufficient to block the synaptic
vesicle cycle. The ability of SSF-MORs to inhibit synaptic vesicle
exocytosis was sustained during 15 min of agonist application,
verifying, in our system, a complete lack of detectable desensi-
tization of the presynaptic MOR response (Figure 4J). We further
verified that presynaptic inhibition mediated by endogenous
MOR is resistant to desensitization in habenula neurons (Fig-
ure S4F). In light of our previous findings, this shows that activa-
tion of MOR drives the receptor into its endocytic cycle while
producing sustained inhibition of the synaptic vesicle cycle.
Altogether, these data indicate that the MOR endocytic cycle,
although it coexists at synapses with the synaptic vesicle cycle,
operates separately and is regulated independently.

MORs Are Rapidly Mobile throughout the Axon Surface
Sustained MOR-mediated presynaptic inhibition is fully consis-
tent with previous physiological observations (Fyfe et al., 2010;
Lowe and Bailey, 2015; Pennock and Hentges, 2011; Pennock
etal., 2012), but it raises a paradox with respect to the previously
established cellular paradigm because we now recognize activa-
tion-induced internalization of MORs specifically at terminals. If
MORs accumulated on the surface of boutons represent a dedi-
cated pool of immobilized receptors, then we would expect
internalization at this location to terminate responsiveness, as
is the case for mGlu7 (Pelkey et al., 2008; Figure 5A). This
paradox prompted us to investigate in more detail the nature
of MOR accumulation at the surface of terminals.

The higher fluorescence of labeled MORs on the surface of
boutons could reflect a pool of receptors clustered on the termi-
nal surface by immobilization, as for family C GPCRs, but it could
also result without such clustering from variations in axon
morphology that are not possible to resolve using diffraction-
limited fluorescence imaging (Chéreau et al., 2017). Clustering
of receptors at terminals would result in an increased density
at this location. We tested this for endogenous MORs using
dSTORM (direct stochastic optical reconstruction microscopy),
a form of localization microscopy that enables single-molecule
detection and counting (Haas et al., 2018), applying this method
to detect individual receptors in axons and determine their den-
sity (Figure S5A). The density was the same inside and outside of
synapses (Figure 5B), suggesting that MORs are not clustered at
the presynapse. Presynaptic boutons are larger in diameter than
the axon shaft, and we reasoned that an enlarged membrane
area occupied by MORs at boutons could produce apparent
enrichment despite equal receptor density on the axon mem-
brane. We tested this using PALM (photoactivation localization

microscopy), another super-resolution method that resolves in-
dividual molecules by stochastic photoconversion of MORs
fused with the photoconvertible protein mEos2 (McKinney
et al., 2009). The results indicate that MORs indeed explore a
larger membrane area at terminals than in the axon shaft (Figures
5Ca and 5Cb). Further, to search for an immobilized receptor
pool, we analyzed individual receptor trajectories from the live
image series (Manley et al., 2008; Figure 5Cc). This revealed a
homogeneous population of mobile receptors (Figure S5B)
with an average diffusion coefficient of 0.299 + 0.008 pm? s~
(n = 33 regions from 14 cells), consistent with a rapidly diffusing
receptor pool throughout the axon (Figure S5B) and no preferen-
tialimmobilization at synapses (Figures 5Cd and S5C). To specif-
ically track surface receptors, we used uPAINT (universal point
accumulation in nanoscale topography), another super-resolu-
tion method in which surface receptors are labeled in live cells
at low density (Giannone et al., 2013). Analysis of SEP-MOR tra-
jectories tracked using ATTO647-labeled anti-GFP nanobody
indicated that receptors freely diffuse both inside and outside
of synapses (Figure 5D), verifying rapid lateral mobility of SEP-
MORs throughout the axon surface (Figure 5E), and that SEP-
MOR mobility was not detectably perturbed after acute applica-
tion of DAMGO (Figure S5D). Photoactivation of MOR-PAGFP in
axons confirmed, at the population level, rapid lateral mobility of
receptors in axons and lack of a detectable immobile fraction at
synapses (Figures S5E and S5F), and this was the case both in
the absence and presence of DAMGO (Figure S5F). Together,
these results indicate that MOR is rapidly mobile throughout
the axon surface and that accumulation at boutons in diffrac-
tion-limited images is a consequence of axon morphology.

An Alternate Cellular Strategy for Local Presynaptic
Neuromodulation by GPCRs

A key difference relative to the previously established paradigm
is that MOR is dynamic and mobile in axons rather than immobi-
lized at presynaptic terminals. When one considers the organiza-
tion of axons, with effectors restricted to terminals that are
sparsely distributed along the axon length, the potential advan-
tage of receptor immobilization is clear but the potential utility
of lateral mobility is not. We noticed that MOR diffusion on the
axon surface is sufficiently fast that receptors can move over
multiple microns within the known residence time of an opioid
peptide ligand (Birdsong et al., 2013). This suggests that
MORs can bind ligand at a distance from the synapse and use
lateral diffusion to enter the synapse while still in a ligand-bound
state. The ability of GPCRs to bind ligand and couple to effectors
in distinct, allosterically coupled steps is well known. We pro-
pose that lateral diffusion enables an extended version of this
allostery, where ligand-receptor binding can occur at a distance
from the site of receptor-effector coupling in the terminal.

(F) Schematic as in (A) of a mobile model where receptors diffuse freely in and out of synapses (arrows) and receptors can bind ligand outside of the synapse and

diffuse in the active zone while in a ligand-bound state.

(G) Proportion of receptors bound to ligand at the active zone for different values of K.
(H) Frequency of independent signaling complexes (sampling efficiency) generated by the two models for different values of K.

(I) Sampling efficiency of the two models for different ligand affinity values.

(J) Sampling efficiency for receptor densities covering the reported levels of endogenous receptor expression.

Error bars represent SEM.
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To test the potential efficiency of this alternate strategy,
we turned to stochastic simulations. We first considered a
“pre-coupled” model, as we had assumed previously for MORs.
In this model, receptors are laterally concentrated at the active
zone (with an accumulation constant K) and are activated locally
upon binding of ligand (Figure S5G). We then considered an alter-
nate “mobile” model in which receptors freely diffuse on the axon
surface (Figure 5F). In this model, receptors are capable of binding
ligand at all locations but become active (with activation constant
K) only when present in the active zone (Figure S5H). We deployed
these models on an axon profile derived from serial section elec-
tron micrographs (Figure S5I). As expected, the pre-coupled
model produced a significantly larger number of ligand-receptor
complexes at the active zone at all K values tested (Figure 5G).
However, our data also indicate that receptors rapidly undergo
phosphorylation-dependent endocytosis after ligand activation
and that they do so specifically in terminals. This assures that
ligand-activated MORs can couple only transiently to effectors
at the presynaptic surface before they are inactivated and
removed. Accordingly, effectors at the active zone sample newly
formed ligand-receptor complexes rather than measuring the total
concentration of ligand-receptor complexes present at the active
zone. We accounted for this by including an inactivation step in
the simulation and scoring independent ligand-receptor com-
plexes at the active zone. When an inactivation step was included,
the mobile model produced a greater “sampling rate” than the
pre-coupled model at all K values tested and over a wide range
of other parameters (Figures 5H-5J). These findings indicate
that lateral mobility of receptors can indeed provide an alternate
strategy for local signaling at terminals. They also indicate that,
when ligand-bound receptors are rapidly inactivated at terminals,
lateral diffusion offers performance that is inherently superior to
that possible by pre-coupling.

DISCUSSION

The present results delineate a discrete regulated endocytic
cycle operating at boutons for GPCRs, which mediates rapid
removal of activated receptors specifically from the surface of
terminals and re-inserts receptors both in boutons and in the
axon shaft. This dynamic cycling behavior appears incompatible
with the previous understanding of presynaptic GPCR cell
biology, based on the paradigm of receptor immobilization at
the surface of boutons. We then show, opposite to this strategy,
that MOR is rapidly mobile throughout the axon surface,
including at synapses. Together, these results reveal a distinct
cell biology of GPCRs at the presynapse and suggest an alter-
nate strategy for local effector control at terminals.

To our knowledge, this study is the first to examine GPCR traf-
ficking in axons at the level of discrete membrane trafficking
events and the first to directly demonstrate regulated endocy-
tosis of any neuromodulator receptor at the presynaptic terminal.
We identify a discrete population of endocytic carriers that
transit receptors after local endocytosis at the presynapse, and
we demonstrate receptor re-insertion to the axon surface from
these carriers both in boutons and the adjacent axon shaft
domain. Accordingly, this work also delineates a complete regu-
lated endocytic membrane cycle at the presynapse that oper-

ates in parallel to the classical synaptic vesicle cycle, using sepa-
rate membrane carriers and different regulation. These results
add to the emerging appreciation that multiple endocytic and
exocytic routes exist at the presynapse (Ashrafi et al., 2017;
Hua et al., 2011; Kokotos and Cousin, 2015; Watanabe et al.,
2013) and significantly advance this view by delineating an
altogether separate membrane trafficking cycle for integral
membrane proteins at the presynapse.

The present results also provide new insight into the organiza-
tion of GPCR regulatory machinery in neurons. Many GPCRs
engage a conserved mechanism after ligand-induced activation
that prevents GPCRs from coupling to effectors via G proteins
and subsequently drives receptor endocytosis (Gainetdinov
et al., 2004; Williams et al., 2013). MORs have been shown
explicitly to engage this machinery in somata and dendrites, pro-
ducing acute desensitization of net MOR signaling responsive-
ness (Arttamangkul et al., 2018; Kliewer et al., 2019; Yousuf
et al., 2015). The fact that MOR signaling at the presynapse is
sustained under conditions that robustly desensitize the post-
synaptic MOR response led us to anticipate that the phosphor-
ylation-endocytosis mechanism does not operate in axons or
that MORs are selectively unable to engage it in this membrane
domain. The present results demonstrate that MORs indeed un-
dergo phosphorylation-dependent endocytosis in axons but that
endocytosis occurs almost exclusively at terminals and that the
net degree of surface receptor depletion is small (~17%) relative
to the somata, where it was previously estimated to be more than
50% (Haberstock-Debic et al., 2005). Regulated endocytosis of
GPCRs in somata and dendrites has been shown to occur
throughout the membrane surface at densely distributed sites
(Rosendale et al., 2017). In axons, the present data show that
regulated endocytosis is organized differently, occurring at
sparsely distributed sites along the membrane surface and
almost exclusively at terminals. We estimate a more than
15-fold bias of endocytic events at terminals when one considers
that ~85% of endocytic events occur at synapses and that syn-
apses represent approximately one-third of the total axonal
length in our cultures. Some bias toward endocytosis at termi-
nals might be expected simply based on morphology because
of the increased surface area of the plasma membrane at termi-
nals because of a larger diameter. However, based on our mea-
surements of the increased diameter at terminals (~2-fold), we
do not think that morphology alone can account for the endo-
cytic bias. We think that this relative bias of endocytic events
to sparsely distributed synaptic sites, together with the presence
of alarge diffusible pool of receptors on the axon surface actively
replenished by the discrete vesicular cycle, enables the
conserved phosphorylation-endocytosis machinery to locally
inactivate receptors at terminals while maintaining the global
diffusible surface pool.

These observations suggest an alternate strategy for presyn-
aptic neuromodulation by GPCRs that is based on receptor
lateral diffusion rather than immobilization. The immobilization
paradigm achieves local GPCR-effector coupling by enforced
proximity, a strategy that our analysis indicates is superior to
lateral diffusion when receptors are not inactivated. However,
in the presence of local GPCR inactivation and/or internalization,
as we demonstrate here for MORs, lateral diffusion is a superior
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strategy (Figure 5H). We believe that this is possible because the
inherently allosteric nature of GPCR signaling, where ligand
binding to receptors and receptor coupling to effectors occur
in separate steps (Calebiro and Koszegi, 2019; De Lean et al.,
1980; Hilger et al., 2018), enables effectors restricted at terminals
to sample ligand-receptor complexes that form outside of syn-
apses and then enter by diffusion. Such extended allostery re-
quires ligands to have a sufficiently long residence time relative
to receptor diffusion time, and we show that this constraint is
met over a wide range of ligand binding affinities within the range
of binding of physiological opioid peptide ligands to MORs (Fig-
ure 51). However, we anticipate that this strategy would not be
useful for GPCRs that bind physiological ligands with relatively
low affinity, such as mGilu receptors that bind glutamate in the
high-micromolar affinity range and, contrary to MORs, are phys-
ically concentrated at the presynaptic surface by protein scaf-
folding (Fisher et al., 2018). Our data also indicate that, provided
that the ligand binding affinity to the GPCR is sufficiently high and
that there exists an inactivation step at the terminal, lateral diffu-
sion provides an advantageous strategy for local ligand detec-
tion at terminals over a wide range of surface receptor densities
(Figure 5J). Accordingly, when one considers the key challenge
of achieving local control of effectors at sparsely distributed
presynaptic terminals, lateral mobility of receptors on the axon
surface can provide an efficient and economical solution.

Our stochastic model tests how rapid lateral mobility of MOR
is compatible with a sensitive presynaptic response, but it does
not explicitly test resistance of the presynaptic response to
desensitization. The reason is that the model does not include
trafficking events that follow local inactivation of receptors at ter-
minals. We believe that these later events work in concert,
enabling the presynaptic MOR response to resist desensitization
by maintaining a large reserve of diffusible receptors on the axon
surface. It will be interesting in future studies to extend the
modeling approach to include these events and more precisely
assess the integrated effects of the presently defined trafficking
events on presynaptic MOR signaling.

We believe that lateral diffusion and immobilization represent
distinct cellular strategies for local ligand detection at terminals,
with both co-existing and each offering different advantages de-
pending on physiological context. For example, opioid peptides
are able to produce significant presynaptic inhibition at low
nanomolar concentrations (Pennock and Hentges, 2011), and
this corresponds to few molecules at the size scale of a presyn-
aptic terminal. Such sensitivity would approach the stochastic
limit of detection based on GPCR immobilization, whereas lateral
diffusion could avoid this by increasing the volume any particular
terminal can sample. For ligands such as glutamate, which typi-
cally function at a higher concentration, the stochastic limit is not
approached, and immobilization is likely a preferred strategy
because of its kinetic advantages (Calebiro and Koszegi, 2019;
Chalifoux and Carter, 2011). Lateral diffusion may also explain
how some terminals are regulated by multiple GPCR types
through a shared pool of presynaptic effectors (Betke et al.,
2012; Pennock et al., 2012; Wu and Saggau, 1997). This would
be difficult to achieve using the immobilization strategy, based
on simple steric considerations, but the lateral diffusion strategy
is compatible with presynaptic regulation by multiple GPCRs.
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Also supporting this idea is that efficient sampling of extracellular
ligands is possible even at very low surface receptor density
when receptors are diffusely distributed rather than clustered
(Berg and Purcell, 1977).

In conclusion, we delineate a discrete cell biology of GPCRs at
the presynapse and propose an additional strategy for presyn-
aptic ligand detection that is based on GPCR diffusion rather
than immobilization and that leverages the inherent allostery of
GPCR-effector coupling through G proteins. We anticipate that
this alternate cell biology is relevant to a subset of GPCRs that
bind cognate neuromodulators with high affinity relative to con-
ventional synaptic neurotransmitters. Our results also identify a
parallel regulated endocytic cycle operating at the presynaptic
terminal to mediate neuromodulator receptor trafficking, sepa-
rate from the synaptic vesicle cycle that mediates neurotrans-
mitter packaging and release. This parallel regulated endocytic
membrane cycle, in addition to enabling an alternate strategy
for GPCR signaling at terminals, adds to the growing recognition
of remarkable diversity and specificity of membrane traffic at the
presynapse.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-FLAG (M1) Sigma Cat# F-3040; RRID: AB_439712

Anti-HA Alexa 488
Anti-HA Alexa-594

Donkey anti-Mouse IgG Secondary
Antibody, Alexa Fluor 488

Donkey anti-Mouse IgG Secondary
Antibody, Alexa Fluor 555

Donkey anti-Goat IgG Secondary Antibody,
Alexa Fluor 647

Donkey anti-Guinea Pig IgG Secondary
Antibody, Cy3

Donkey anti-Guinea Pig IgG Secondary
Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG Secondary Antibody,
Alexa Fluor 647

Goat anti-Rabbit IgG Secondary Antibody,
Alexa Fluor 488

Rabbit anti-MOR (UMB?3)

Goat anti-VPS35

Guinea pig anti-VGLUT2

Mouse anti-SV2

Guinea Pig anti-Parvalbumin

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Jackson ImmunoResearch Labs

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Abcam

Novus

Millipore

DSHB

Synaptic Systems

Cat# A-21287, RRID: AB_2535829
Cat# A-21288, RRID: AB_2535830
Cat# A-21202, RRID: AB_141607

Cat# A31570, RRID: AB_2536180

Cat# A21447, RRID: AB_2535864

Cat# 706-165-148, RRID: AB_2340460

Cat# A-11073, RRID: AB_142018

Cat# A-21245, RRID: AB_2535813
Cat# A-21244, RRID: AB_2535812
Cat# A-21206, RRID: AB_141708

Cat# ab134054

Cat# NB100-1397, RRID: AB_2257186
Cat# AB2251-I, RRID: AB_2665454
Cat# SV2, RRID: AB_2315387

Cat# 195 004, RRID: AB_2156476

Mouse anti-GAD67 Millipore Cat# MAB5406, RRID: AB_2278725
Chemicals, Peptides, and Recombinant Proteins
DAMGO, [D-Ala2, N-Me-Phe4, Gly5-ol]- Sigma-Aldrich E7384
Enkephalin acetate salt
dermorphin-A488 Arttamangkul et al., 2000 N/A
Alexa Fluor 647 Protein Labeling Kit Thermo Fisher Scientific Cat# A20173
Alexa Fluor 488 Protein Labeling Kit Thermo Fisher Scientific Cat# A20173
Atto647N NHS-ester Protein labeling kit ATTO-TEC Cat# AD 647N-31
Compound 101 Tocris Cat# 5642
Tetrodotoxin (TTX) Abcam Cat# ab120054
Amiloride Sigma-Aldrich Cat# A7410
Experimental Models: Organisms/Strains
Rat: Sprague Dawley Charles River N/A

Janvier Labs
Recombinant DNA
pCAGGS/SE: signal sequence FLAG (SSF)- Stoeber et al., 2018 N/A
MOR, murine
pCAGGS/SE: SSF-MOR-EGFP Stoeber et al., 2018 N/A
pCAGGS/SE: SSF-MOR-PAGFP This study N/A
pCAGGS/SE: SSF-MOR-mEos2 This study N/A
pCAGGS/SE: HA-MOR This study N/A
pCAGGS/SE: SEP-MOR This study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pCAGGS/SE: S/T to A MOR This study N/A
pCAGGS/SE: VPS29-GFP Choy et al., 2014 N/A
pCAGGS/SE: VPS29-GFP Choy et al., 2014 N/A
pPCAGGS/SE: synaptophysin-mCherry Hua et al., 2011 N/A
pCAGGS/SE: VGAT-SEP Santos et al., 2013 N/A
pPcDNAS.1: B-arrestin2-GFP Eichel et al., 2016 N/A
pCAGGS/SE: VAMP2-SEP Voglmaier et al., 2006 N/A
Software and Algorithms

MATLAB MathWorks R2014b
Metamorph Molecular Devices 7.7
MCell https://mcell.org/ 3.3
CellBlender https://mcell.org/ 1.1
Blender http://www.blender.org 2.77a
Excel Microsoft 16.11.1

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Mark von
Zastrow (mark@vzlab.org). All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary rat neurons culture

Neurons were prepared from embryonic day 18 Sprague-Dawley rats. All procedures were performed according to the National
Institutes of Health Guide for Care and Use of Laboratory Animals and approved by the University of California San Francisco Insti-
tutional Animal Care and Use Committee. Briefly, the striatum, including the caudate-putamen and nucleus accumbens, hippo-
campi and habenula were identified (Banker and Goslin, 1998). The structures were dissected in ice cold Hank’s buffered saline
solution Calcium/magnesium/phenol red free (University of California, San Francisco, Cell Culture Facility). Structures were disso-
ciated in 1x trypsin/EDTA (University of California, San Francisco, Cell Culture Facility) for 15 min at 37°C. Cells were washed in
GIBCO Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal bovine serum (University of California,
San Francisco, Cell Culture Facility) and 30mM HEPES, then mechanically separated with a flame-polished Pasteur pipette.
When nucleofected, striatal and habenula neurons were transfected using manufacturer’s instructions (Rat Neuron Nucleofector
Kit, Lonza) for rat hippocampal neurons before plating. Cells were plated on poly-D-lysine coated 35mm glass bottom dishes
(Matek) in GIBCO Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum. Media was exchanged
1-4 days after plating for Neurobasal (Invitrogen) supplemented with Glutamax 1x (Invitrogen) and B27 1x (Thermo Fisher). For
dSTORM imaging, hippocampal cultures were prepared according to the Banker protocol (Kaech and Banker, 2006), and as
detailed in Haas et al. (2018). Half of the culture media was exchanged every week with fresh, equilibrated media. Cytosine
arabinosine 2uM (Sigma-Aldrich) was added at 8 DIV. Lipofectamine 2000 (Thermo Fisher) transfection was performed on DIV
8, using 1pl of lipofectamine and 1 pg DNA in 1ml of media per 35mm imaging dish, and media was exchanged 6 hours later. Cells
were maintained in a humidified incubator with 5% CO, at 37°C and imaged after 14-21 days in vitro. All experiments were
performed on at least 2 independent cultures.

METHOD DETAILS

cDNA constructs

To generate SSF-MOR-mEos2, SSF-MOR and mEos2 were amplified by PCR and inserted into pCAGGS-SE by multiway ligation
using Sacl, EcoRl and Agel sites. SSF-MOR and PAGFP were amplified by PCR and inserted into pCAGGS-SE by multiway ligation
using Sacl, Kpnl and EcoRl sites to generate SSF-MOR-PAGFP. Signal sequence HA-MOR (simplified as HA-MOR in the manuscript)
was amplified by PCR and inserted into pCAGGS-SE by ligation using Sacl and Kpnl sites. SEP-MOR as well at the S/T to A MOR
mutant were amplified by PCR and inserted into pCAGGS-SE using EcoRI and Xhol sites.
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Anti-GFP nanobody expression, purification, and conjugation

The pOPINE plasmid encoding the GFP nanobody (GFP-Nb) with a C-terminal 6x-His tag (Kubala et al., 2010) was transformed into
BL21-Gold (DE3) Competent Cells. Cells were grown at 37°C in TB medium. Protein expression was induced with 0.5mM imidazole
and culture incubated for 16h at 20°C. Cells were harvested and pellet snap frozen and stored at —80°C. Pellet was thawed and re-
suspended in breaking buffer B1 (50 mM HEPES, 500mM NaCl, 10% glycerol, 5mM DTT, 10mM imidazole, protease inhibitors, pH
7.5, supplemented with Complete EDTA-free protease inhibitor cocktail (Sigma-Aldrich) and lysed by sonication. Cell debris were
removed by centrifugation for 30 min, 11150 g at 4°C. Cleared lysate was loaded onto a nickel-Sepharose column (His SpinTrap,
GE Healthcare). Column was washed with buffer B1 followed by wash with B1 containing 40 mM imidazole, and eluted with
250 mM imidazole. Purified GFP-Nb was shown to be more than 95% pure by SDS-PAGE/Coomassie. Protein containing fractions
were pooled and concentrated using Amicon Ultra centrifugal filter units MWCO 10kDa. Labeling of purified GFP-Nb with ATTO 647N
NHS-ester (ATTO-TEC) was performed according to the manufacturer’s procedures. In brief, labeling reaction was performed with 3-
fold molar excess of dye to protein for 1h at RT in the presence of 10mM NaHCO;. Separation of labeled GFP-Nb from unbound dye
and buffer exchange was performed in size-exclusion columns (Sephadex G-25, GE Healthcare Life Sciences). The resulting
ATTO647-Nb labeling ratio was determined by spectrofluorometric measurement. On average, GFP-Nb was labeled 0.6 dye
molecules.

Widefield imaging

Imaging of presynaptic activity as well as endocytosis of SEP-MOR experiments were performed on a Nikon TE-2000 inverted
microscope equipped with a S Fluor 40x 1.30 NA objective, a Bioptechs objective warmer and an Andor iXon EM+ EMCCD camera.
lllumination, perfusion and electrical field stimulation devices were custom built. Briefly, an insert was 3D printed and equipped with
two platinum wires distant of 1cm used for field stimulation. Live cellimaging was performed in HEPES buffered saline solution (HBS)
adjusted to pH 7.4 containing, in mM: NaCL 120, KCI 2, CaCl, 2, MgCl, 2, Glucose 5, HEPES 10 and osmolarity was adjusted to
270mOsm. This insert left a dead volume of 300ul inside the imaging dish and was used to perfuse solutions with a debit of
1.5ml/min. This perfusion system was used to perfuse HBS, HBS + 10uM DAMGO, calcium free HBS or ammonium chloride solution
(HBS containing 50mM NH,4CI with NaCl adjusted to 80mM). Widefield illumination in the green channel was controlled and synchro-
nized with an Arduino uno, with a blue LED replacing the mercury bulb of a Nikon lamp and an appropriate combination of filters and
dichroic mirror. Forimaging in the red channel, widefield illumination was performed with a micrometer-guided illuminator (Nikon) and
a 543nm HeNe laser (Spectra Physics) and an appropriate set of filters and dichroic mirror. To monitor SEP-MOR endocytosis in lip-
ofectamine transfected MSNs, syp-mCh marked axons were imaged at 1Hz and continuously perfused with HBS, HBS+10uM
DAMGO or ammonium chloride solution as illustrated. To monitor synaptic vesicle exocytosis, MSNs were transfected with SSF-
MOR together with VGAT-SEP using lipofectamine, VGAT-SEP only was nucleofected for imaging of presynaptic activity in calcium
free condition. Axons of neurons expressing SSF-MOR were stained for 10 min with M1-Alexa-555 conjugated antibody (1/1000)
before imaging to confirm receptor expression. Same approach was used for the S/T to A MOR mutant. Electrical stimulation (10
action potentials at 10hz, 10V/cm, once every minute) was controlled with an arduino uno (Arduino) to synchronize the stimulation
with the acquisition. Neurons were imaged at 1Hz and perfused with the different solutions as indicated. Ammonium chloride solution
was added at the end of the acquisition. Same protocol was used with habenula neurons nucleofected with VAMP2-SEP only, with a
stimulation protocol of 20 action potentials at 10Hz every minute.

Spinning disc confocal, dSTORM and SIM imaging

To localize endogenous proteins in fixed cells, the same protocol was used as follows, with different combinations of primary and
secondary antibodies as indicated. Cultured neurons were fixed and permeabilized for 15 min with methanol 100% at —20°C. Cells
were washed 3 times with phosphate buffered saline solution (PBS) and blocked for 1 hour in PBS-3% normal donkey serum (PBS-
NDS). Cells were incubated with primary antibodies diluted in PBS-NDS overnight at 4°C, rinsed 3 times with PBS-NDS, and incu-
bated with secondary antibodies diluted 1/1000 (except when specified) in PBS-NDS for 30 min. After 3 washes with PBS-NDS
followed by 3 washes with PBS, cells were directly imaged in PBS.

To evaluate the degree of MOR expression, experiments were performed in parallel on different neuron cultures prepared from the
same dissection (striatal, hippocampal, habenula, SSF-MOR + syp-mCh electroporated MSNs, SEP-MOR + syp-mCh transfected
MSNs using lipofectamine). Antibodies were rabbit anti-MOR (UMB3) 1/500 revealed by goat anti-rabbit-Alexa647. Cells were
then imaged at room temperature on a Nikon Ti-E equipped with a Yokogawa CSU-22 spinning disc head. Microscope was equipped
with a Photometrics Evolve Delta camera and a temperature-, humidity- and CO,-controlled Okolab enclosure Bold Line incubator.
488nm, 568nm and 640nm Coherent OBIS lasers were used as light sources and 0.2um Zstacks acquired with an Apo TIRF 60x 1.40
NA objective.

For the accumulation index experiments to test the effect of Cmpd101 on endogenous MOR distribution in habenula neurons
axons, cells were preincubated with Cmpd101 30 uM or DMSO vehicle 0.06% in culture media at 37°C 5% CO, for 10 min, and
DAMGO 10 uM was added depending on the condition for another 20 min in the incubator. Antibodies were UMB3 1/500 + mouse
anti-SV2 1/500 revealed by donkey anti-rabbit-Alexa488 + donkey anti-mouse-Alexa555, cells were imaged using the spinning disc
confocal as described previously.
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For the accumulation index experiments to test the effect of naloxone, habenula neurons were incubated at 37°C 5% CO, in culture
media with DAMGO 100nM for 20 min, naloxone 10 pM for 30 min, or DAMGO 100nM for 20 min followed by naloxone 10 uM for
30 min. Antibodies were UMB3 1/500 + mouse anti-SV2 1/500 revealed by donkey anti-rabbit-Alexa488 + donkey anti-mouse-
Alexab555, cells were imaged using the spinning disc confocal as described previously.

To study the distribution of endogenous MOR relative to synapses, habenula neurons were incubated for 20 min with DAMGO
10 uM in culture media at 37°C 5% CO, or fixed directly. Antibodies were UMB3 1/500 + guinea pig anti-VGLUT2 1/1000 revealed
by donkey anti-rabbit-Alexa488 + donkey anti-guinea pig-Cy3, cells were imaged using the spinning disc confocal as described
previously.

To study the colocalization of MOR-containing endosomes with retromer, habenula neurons were incubated 20 min with DAMGO
10 uM in culture media at 37°C 5% CO,. Antibodies were UMB3 1/500 + guinea pig anti-VGLUT2 1/1000 + goat anti-VPS35 1/500
revealed by donkey anti-rabbit-Alexa488 + donkey anti-guinea pig-Cy3 + donkey anti-goat-Alexa647. Cells were imaged using the
spinning disc confocal as described previously or using a DeltaVision OMX SR imaging system with a 60x 1.49 NA TIRF apo objective
for the SIM imaging. Image quality was checked using the SIMCheck plugin (Ball et al., 2016) running on the imagedJ environment.

To study the distribution of MOR in axons of hippocampal neurons using dSTORM, hippocampal neurons were stained with UMB3
1/250 + guinea pig anti-parvalbumin 1/2000 or mouse anti-GAD67 1/1000 revealed by goat anti-rabbit-Alexa647 1/500 and goat anti-
guinea pig-Alexa488 1/500 or donkey anti-mouse-Alexa488 1/500. dSTORM imaging was performed on a LEICA DMi8 mounted on
an anti-vibrational table (TMC, USA), using a Leica HCX PL APO 160x 1.43 NA oil immersion TIRF objective and fiber-coupled laser
launch (Roper Scientific, Evry, France). Fluorescent signal was collected with a sensitive EMCCD camera (Evolve, Photometrics,
Tucson, USA). Experiments are realized as described in Haas et al., 2018.

The spinning disc microscope described was used for imaging of SSF-MOR and HA-MOR internalization in live MSNs with a 100x
1.49 NA objective. Neurons were transfected with syp-mCh and HA-MOR or SSF-MOR using lipofectamine, incubated for 10 min
with alexa488 conjugated anti-HA antibody (Invitrogen) or M1-Alexa488 and washed 3 times with HBS before live cell imaging at
37°C. Time lapse was performed at 0.1Hz (HA-MOR) or 0.05Hz (SSF-MOR) and DAMGO 10pM added on stage after 1 min of imaging.
The same system was used to monitor internalization of alexa488 conjugated dermorphin in syp-mCh expressing neurons. After
30 min of incubation with 1uM of fluorescent ligand, cells were washed 3 times with HBS and imaged live.

Photoactivation

Photoactivation of MOR-PAGFP was performed in HBS at 37°C on an Andor Borealis CSW-W1 spinning disc confocal Nikon Ti Mi-
croscope with Andor 4-line laser launch and a temperature, humidity- and CO,-controlled chamber (Okolab). Neurons were trans-
fected with syp-mCh and MOR-PAGFP using lipofectamine and were labeled with M1-a647 for 10 min before 3 washes with HBS.
Depending on the condition, DAMGO 10 uM was added to the imaging media 1 minute before the beginning of the acquisition. Axons
were imaged using a 100x 1.40 NA Plan Apo VC objective (Nikon) and an Andor iXon Ultra DU888 EMCCD camera controlled by
MicroManager software. After one image in the red and far red channels, MOR-PAGFP was photoactivated at 2-3 synapses or
extrasynaptic regions using a Rapp Optoelectronic UGA-40 system with 405 laser (Vortran). PAGFP fluorescence was monitored
by acquiring images every 500ms before and after photoactivation.

Oblique illumination

HiLo imaging was performed on a Nikon Ti-E TIRF microscope equipped with an Andor iXon DU897 EMCCD camera controlled by
NIS-Elements 4.1 software. Solid-state lasers of 405, 488, 561 and 647nm (Keysight Technologies) were used as light sources and
samples imaged with an Apo TIRF 100x 1.49NA objective except when indicated. Microscope was also equipped with a perfect focus
system and an objective and stage heater set to 37°C.

For imaging of syp-mCh and MOR-GFP, MSNs transfected with lipofectamine were washed and imaged in HBS or incubated for
20 min with DAMGO 10uM in HBS before imaging in HBS.

Imaging of surface MOR was performed on MSNs transfected with syp-mCh and SEP-MOR using lipofectamine, or nucleofected
with syp-mCh and SSF-MOR after 10 min of incubation with M1a488. Cells were washed 3 times with HBS before imaging in both
channels.

For imaging of SSF-MOR relocalization using the accumulation index measurement, MSNs nucleofected with syp-mCh and either
wild-type SSF-MOR or the S/T to A mutant were incubated for 10 min with M1a647 at 37°C 5% CO2 in culture media, plus Cmpd101
30uM, Dyngo-4a 30uM or DMSO 0.06% (vehicle control concentration) for the corresponding conditions. Cells were washed 3 times
with HBS and incubated for 20 min at 37°C 5% CO, in HBS, HBS plus DAMGO 10uM and Cmpd101 30uM, Dyngo-4a 30uM or DMSO
0.06% depending on the condition.

To study the effect of Cmpd101 on SEP-MOR endocytosis, SEP-MOR and syp-mCh transfected MSNs were preincubated with
Cmpd101 30uM or DMSO 0.06% in culture media at 37°C 5% CO, for 10 min, and DAMGO 10uM was added depending on the con-
dition for another 20 min in the incubator. Cells were washed 3 times with HBS before imaging in HBS+DMSO 0.06%, HBS+DAMGO
10uM+Cmpd101 30uM or HBS+DAMGO 10uM+DMSO 0.06%. A Plan Apo VC 60x 1.4NA objective was used for this set of exper-
iments, one frame was taken in both channels, coverslips washed with 4ml of ammonium chloride solution on stage before acqui-
sition of another frame in both channels.
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Imaging of B-arrestin2-GFP distribution in live MSNs transfected with syp-mCh and SSF-MOR using lipofectamine was performed
after incubation for 10 min with M1-a647 in culture media. Cells were washed 3 times with HBS and imaged at 0.2Hz and DAMGO
10uM added during the acquisition. Imaging of SSF-MOR accumulation at VPS29-GFP labeled endosomes in syp-mCh marked
axons was performed in the same conditions, but the frequency of acquisition was 1 frame per minute. To generate kymographs
and movies showing movement of VPS29-GFP and internalized MOR, the same procedure was applied but MSNs were imaged
at 1Hz after incubation with DAMGO 10puM for 20 min in imaging media in the incubator.

For imaging SSF-MOR containing endosomes, MSNs nucleofected with SSF-MOR and syp-mCh were incubated for 10 min with
M1-a488. Neurons were washed 3 times in HBS and incubated for 20 min in HBS with 10uM DAMGO at 37°C 5% CO.. Images were
taken in both channels or time series performed at 1Hz.

To quantify the density of VPS29-GFP marked endosomes and synapses, MSNs were transfected with VPS29-GFP and syp-mCh
using lipofectamine and images acquired in both channels. For the TTX conditions, neurons were incubated for one hour with TTX
1uM in culture media in the incubator before 3 wash and imaging in HBS+TTX 1uM. For the untreated and high potassium conditions,
cells were washed in HBS and mounted on the microscope stage, with 1ml of media for the high potassium condition. 1ml of HBS
solution containing 24mM NaCl and 98mM KCI was added to 1ml of HBS at the beginning of the acquisition for the high potassium
condition in order to achieve a final concentration of 50mM KCI and 72mM NaCl. 0.2Hz time lapse image series were acquired and
quantification of endosomes densities performed at 1,2 and 3 min after high potassium addition.

For imaging of insertion events, MSNs nucleofected with SEP-MOR and syp-mCh were incubated for 20 min with DAMGO 10uM in
culture media in the incubator. Cells were washed 3 times with HBS and mounted on stage with HBS or HBS+10uM DAMGO. After
imaging of one frame in the red channel, axons were imaged at 10Hz in the green channel for 5 min. The same protocol was used to
quantify the frequency of insertion events in calcium free HBS supplemented with 10uM DAMGO, or a solution containing 50mM po-
tassium (1ml regular HBS and 1ml of the solution containing 98mM KCI described previously added right before the acquisition). The
same protocol was used to quantify the effect of Cmpd101 on MOR insertion events frequency, but neurons were preincubated for
10 minin culture media in the incubator with Cmpd101 30uM or DMSO 0.06% vehicle and DAMGO 10uM was added for 20 other min
before imaging.

To localize SEP-MOR insertion events relative to VPS29-mCh marked endosomes in morphologically identified axons, lipofect-
amine transfected MSNs were incubated for 20 min with DAMGO 10uM in the culture media in the incubator, washed 3 times
with HBS and imaged in HBS + DAMGO 10uM at 2Hz in both channels using triggered acquisition.

We used the same imaging system for implementation of the pulsed pH. Axons of cultured MSNs rarely contact the coverslip,
excluding the possibility of TIRF imaging of axons. We used oblique illumination on neurons expressing syp-mCh and SEP-MOR
as the axonal pH5.5 resistant fluorescent cellular background was minimal in the green channel and allowed for the unambiguous
detection of endocytic events. After coverslips were washed with HBS, DAMGO 10uM was added to the imaging media depending
on the condition. Cells were mounted on the heated stage of the TIRF microscope for imaging in oblique illumination. For the solution
exchange, a theta pipet with a tip of about 100pm was placed close to the recorded area. It contained HBS pH7.4 + 500uM
amiloride + 10uM DAMGO in one channel, and in the other channel a pH5.5 solution supplemented with amiloride and + DAMGO
as well. pH5.5 solution was similar to HBS except that 10mM HEPES was replaced with 10mM MES and pH adjusted to pH5.5. So-
lution flow was alternated in synchronicity with 0.5Hz image acquisition every 2 s with electrovalves (The Lee company) controlled by
a custom-built device.

For uPAINT imaging, axons of neurons transfected with SEP-MOR and syp-mCh were imaged in oblique illumination for one frame
both in the green and red channel. A low concentration of anti-GFP nanobody conjugated to ATTO-647N was added to the media
before acquisition. When performing the uPAINT experiment in the presence of agonist, DAMGO 10 uM was added together with
the ATTO647-Nb. We performed 256*256 pixels 45Hz acquisition in the far-red channel for a total of 20 000 frames. Each frame ex-
hibited diffraction limited bright spots corresponding to individual molecules. PALM imaging of MOR-mEos2 was performed at 45Hz
on a 256*256 pixels area of the camera on axons of MSNs identified by VGAT-SEP. mEos2 single molecules were photoconverted
with 405nm and simultaneously imaged with 561nm illumination. 405nm light intensity was adjusted to achieve an appropriate den-
sity of single molecules, total acquisition was 20 000 frames. For both single-molecule approaches, specificity of labeling was
confirmed by the negligible number of detections in areas of the images where no transfected neuron was present.

Statistics

Quantification of data are presented as mean + standard error of the mean (SEM) based on at least 2 independent neuronal cultures.
The precise number of independent experiments and sample size is indicated in the figure legends. Statistical analysis was
performed with Excel (Microsoft office, 2016) using unpaired Student’s t test except when indicated otherwise. Statistical signifi-
cance of cumulative frequencies accumulation index curves difference was estimated using two-samples Kolmogorov-Smirnov
test performed with MATLAB.

Quantitative image analysis
Except when specified, image analysis was performed on unprocessed TIFF images using custom scripts written in MATLAB.

To quantify the average Alexa647 fluorescence on maximal projection from spinning disc images of HEK293 cells, a polygon
was drawn around the contour delineated by the TRF-SEP fluorescence and the average fluorescence in the far-red channel was
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background subtracted. To quantify the expression level of MOR in the different neuronal systems, background subtracted average
fluorescence was calculated along a 3-pixels wide linescan in the far-red channel.

To quantify the amount of intracellular SEP-MOR before and after treatment with DAMGO, 5 pixels wide lines were drawn on axons
identified with syp-mCh on the frames following the ammonium chloride perfusion. Quantification of A was done by subtraction of the
average linescan fluorescence value of the frame in ammonium chloride minus the preceding frame in HBS. Normalized AF/F was
calculated by dividing the A value by the background corrected fluorescence value in the presence of ammonium chloride solution.
Paired Student’s t test were used to evaluate the statistical significance of this result. Same analysis was performed with 3-pixel lines
to quantify the fluorescence difference in DMSO, DMSO+DAMGO and Cmpd101+DAMGO but using unpaired Student’s t test.

To determine a linear correlation coefficient between syp-mCh and MOR-GFP, a 1-pixel wide line was drawn on individual synap-
ses, the fluorescence profile obtained in both channels for each synapse was normalized with the maximal value set to 1 and the
minimal value set to 0. Linescans in both channels were aligned to the maximal value in the mCherry channel. A similar approach
was used to quantify M1-a647 labeled surface MOR enrichment at VPS29-GFP labeled endosomes before and after DAMGO addi-
tion, with the average fluorescence of 3 pixels wide linescan and the GFP channel used for reference for the alignment. The linear
correlation coefficient was calculated for every VPS29-GFP marked endosome as the value of the normalized 647 channel at the
maximal GFP value. Paired Student’s t test were used to evaluate the statistical significance of the linear correlation coefficient.
To quantify the difference in distribution of MOR-GFP in the absence or presence of agonist, a different normalization approach
was used to highlight differences in amplitude. Fluorescence measurements from a 1-pixel wide linescan were background sub-
tracted and normalized as follow: F = FL-Fmin/Fmax where Fmax is the maximal value along the linescan, Fmin the minimal value
along the linescan, FL the value at the corresponding position on the linescan. Normalized linescans were aligned to their respective
maximal value for both channels.

To quantify the synaptic enrichment of SEP-MOR or M1-a488 labeled SSF-MOR at synapses labeled with syp-mCh, 1-pixel wide
lines were drawn on individual synapses and immediately neighboring axonal shaft. After background subtraction, average fluores-
cence in the synaptic area was normalized by the average fluorescence outside of the synapse. Paired Student’s t test were used to
evaluate the statistical significance of this result.

To achieve unbiased quantification of opioid receptor redistribution in axons, while making the analysis compatible with endoge-
nous receptor localization, we defined an ‘accumulation index’. This metric takes advantage of the fact that receptors present in the
axon surface are diffusely distributed along the axon length but, when internalized, receptors accumulate in punctae. The accumu-
lation index was calculated on HiLo images (MSNs) or maximal projection from spinning disc Zstacks (habenula neurons) by
quantifying the background subtracted average fluorescence of 3 pixels wide lines drawn on axonal segments for each position
on the linescan. For each segment, the index was the difference of the average of the 5% brightest values minus the average
fluorescence of the 50% dimmest values, normalized by the average value obtained for the whole segment. Values calculated
from line scan analysis of individual axon segments are plotted, over a large number of segments analyzed, as a cumulative frequency
distribution. Punctate redistribution of receptors, correlating with internalization, is indicated by a right shift in this cumulative
frequency curve.

Tracking of endosomes was performed manually on 1Hz movies of internalized SSF-MOR. Tracking lasted for as long as the
endosome was unambiguously identified, and stopped when endosome was moving out of focus or crossing another
endosome. Instant speed was calculated as the distance traveled between two frames, sorted for intra-synaptic movement
or extrasynaptic movement. Movement into or out of synapses were not considered for this analysis. Mean square displace-
ment for either synaptic or extrasynaptic trajectories was calculated using the same formula as for single particle tracking
(see below).

For the quantification of the SSF-MOR enrichment at VPS29 sites, VPS29-GFP image series were divided into subregions contain-
ing axons labeled with syp-mCh. These movies were manually thresholded to encompass VPS29-GFP endosomes and generate a
mask of the structures through the whole time series. After filtering to exclude objects smaller than 5 pixels, remaining objects were
then smoothed with a dilatation of 1 pixel before an erosion of 1 pixel. The generated mask was applied to the SSF-MOR channel in
order to quantify the fluorescence at VPS29-GFP objects and the average fluorescence in the mask was background subtracted and
normalized to the average fluorescence of the 5 frames preceding DAMGO addition.

For quantification of SEP-MOR exocytosis, image series were reviewed and exocytic events manually registered. The insertion site
was scored relative to the synapse and fluorescence quantified in a 2.2 pixels radius circle centered on the event. Fluorescence
curves were normalized as follows: the average fluorescence of the 10 frames before exocytosis was considered background
and subtracted to the signal. The fluorescence curve was then normalized with the maximal fluorescence value of the frames 0-5
after insertion set to 100%. The fluorescence half time was scored as the first time point where the normalized fluorescence was
less than 50%. Frequency of exocytosis was defined as the ratio of the number of detected events by the length of the acquisition,
and normalized by the number of synapses in the imaging field for accurate comparison between acquisition. Paired Student’s t test
were used to evaluate the statistical significance of the frequency of exocytosis inside and outside of synapses.

Quantification of the density of synapses and VPS29-GFP marked endosome were made by manually counting the corresponding
structures in both channels along measured axonal segments.

For endocytosis of SEP-MOR, pH5.5 image series were reconstructed after separation of the pH7.4 and pH5.5 frames. Sudden
appearance of a pH5.5 resistant fluorescent signal were manually registered and reviewed together with the pH7.4 frames and
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the syp-mCh images to classify them as endocytic (signal stable at pH7.4) or kiss and run (coincident burst of fluorescence at pH7.4)
events, and their position scored relative to synapses. Fluorescence was then quantified in a 2.2 pixels radius circle centered on the
event. Frequencies of endocytosis were normalized as for frequency of exocytosis. Paired Student’s t test were used to evaluate the
statistical significance of the frequency of endocytosis inside and outside of synapses.

Quantification of the presynaptic response signal upon electrical field stimulation was performed by averaging the fluorescence of
in-focus VGAT-SEP expressing synapses. Synapses were manually picked on a differential image before/after addition of
ammonium chloride. Fluorescence was quantified in a 2.2 pixels radius circle centered on each synapse, and normalized by the fluo-
rescence in the presence of ammonium chloride. The normalized fluorescence signal of each synapses for a given stimulation for the
10 frames preceding the stimulation was used to define the baseline and set to 0. To plot the fluorescence increase upon electrical
field stimulation, normalized fluorescence curves were averaged across cells and stimulations. To quantify the amplitude of fluores-
cence increase upon electrical field stimulation, the maximal normalized fluorescence value of the first 5 time points after stimulation
was scored as the amplitude and averaged across synapses for each cell. For the quantification of endogenous MOR inhibition of
synaptic vesicle exocytosis in habenula neurons, only synapses with an average baseline (first 5 stimulations) response > 0.02
A.U. were used for the analysis.

dSTORM experiments are realized as described in Haas et al., 2018 and super-resolution images with a pixel size of 25 nm were
reconstructed using WaveTracer software (Kechkar et al., 2013) operating as a plugin of MetaMorph software. To estimate the
density of endogenous MOR in axons and synapses, the intensity of secondary antibodies bound to the coverslip were used to es-
timate the dSTORM detection signal corresponding to individual molecule. This was used to calibrate the signal of single MOR re-
ceptors in axons. A typical uPAINT or PALM experiment acquired with the microscope setup and protocol described above produced
a set of 20,000 images that were analyzed to extract molecule localization and dynamics. Single molecule fluorescent spots were
localized and tracked over time using a combination of wavelet-based segmentation and simulated annealing tracking algorithms
using a software package a custom written plug-in running within the MetaMorph software environment as previously described
(Nair et al., 2013; Rossier et al., 2012). The mean square displacement (MSD) and diffusion coefficient (D) were calculated for every
trajectory as follow. For every trajectory of N data points (coordinates x(t), y(t) at times t = 0 to (N-1)*At with At = 22ms), the MSD for
time intervals T = n*At is calculated using the formula:

R0 [x((i+n) At) — x(i*AY + [y((i+n)"At) — y(i* AP
Z N—-n

i=1

To define the diffusion profile across the different conditions, we included only trajectories longer than 6 points. This allowed for the
exclusion of non-specific detections and reconstructed trajectories were overlapping with the area of transfected axons. The diffu-
sion coefficients D for each trajectory were extracted by linear fitting on the first 4 time points of the MSD curves using the formulae
MSD(1) = {?) (1) + o = 4D7 + &, with o the ordinate at the origin of the linear fit due to the precision accuracy in the localization process.
The bin at 107 um2.s™ represents trajectories for which calculation of D was < 10-°um?. s™'. Super-resolution images were
generated to display localization intensities, reconstructed individual trajectories, localization density of mobile molecules
(D > 1072 pm2.s™), immobile molecules (D < 1072 pm2.s™), or diffusion coefficients maps. Diffusion coefficients maps were
computed by calculating averaging in each pixel the diffusion coefficients from all the trajectories detected in the correspond-
ing pixel.

Quantification of the fluorescence decay of PAGFP-MOR was calculated by generating a mask of the photoactivation area of the
axon in an area of the time series that encompass the photoactivated area. The mask was generated by thresholding the resultimage
of the difference of the first frame after photoactivation minus the frame before activation. Fluorescence was quantified in the cor-
responding mask through the time series and normalized so the maximal fluorescence value after photoactivation was set to 1
and the average fluorescence before photoactivation set to 0. Because the diameter of axons (and consequently of the photoacti-
vated area) was variable, this approach was limited to the study of an immobile fraction.

Modeling

Computer modeling were performed using the MCell/CellBlender simulation environment. The realistic model of glutamatergic syn-
aptic environment was constructed from 3D-EM of hippocampal area CA1 neuropil as described in (Bartol et al., 2015a, 2015b; Kin-
ney et al., 2013). The 3D-EM reconstruction is highly accurate and detailed and contains all plasma membrane bounded components
including dendrites, axons, astrocytic glia and the extracellular space itself, in a 6x6x5 um® volume of hippocampal area CA1 stratum
radiatum from adult rat. For these models, a segment of axon containing two presynaptic terminals was used. The axonal plasma
membrane was associated with two surface properties: the axon shaft and the active zone defined as the area facing the postsyn-
aptic densities. Simulations were performed at the us timescale.

The various interactions are implemented following the scheme presented Figures S5G and S5H with binding constant for dermor-
phin obtained from the literature (Birdsong et al., 2013). Homogeneous ligand concentration was simulated by associating a uniform
binding probability to each receptor reflecting the k-on for dermorphin (k-on = 494200 M~".s™") and a concentration of dermorphin of
100 nM. Except when specified, we used values of K = 5 57", an average diffusion coefficient of 0.1 pm?2.s™ and a density of 50 re-
ceptors.um™. K-off for dermorphin was 0.05 s™, and the different affinity values were simulated by adjusting the k-off only. The inter-
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action constants varied in function of the simulation as detailed in the figure legends, and 10 simulation trials were averaged for each
condition.

DATA AND CODE AVAILABILITY

The custom written scripts supporting this study have not been deposited in a public repository because they require extensive user
experience to navigate, but are available from the corresponding author on request.
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