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ABSTRACT

Whether G protein-coupled receptors signal from endosomes to control important
pathophysiological processes and are therapeutic targets is uncertain. We report that opioids from
the inflamed colon activate d-opioid receptors (DOPr) in endosomes of nociceptors. Biopsies of
inflamed colonic mucosa from patients and mice with colitis released opioids that activated DOPr
on nociceptors to cause a sustained decrease in excitability. DOPr agonists inhibited mechanically-
sensitive colonic nociceptors. DOPr endocytosis and endosomal signaling by protein kinase C
(PKC) and extracellular signal regulated kinase (ERK) pathways mediated the sustained inhibitory
actions of endogenous opioids and DOPr agonists. DOPr agonists stimulated recruitment of Goyo
and P-arrestinl/2 to endosomes. Analysis of compartmentalized signaling revealed a requirement
of DOPr endocytosis for activation of PKC at the plasma membrane and in the cytosol and ERK
in the nucleus. We explored a nanoparticle delivery strategy to evaluate whether endosomal DOPr
might be a therapeutic target for pain. The DOPr agonist DADLE was coupled to a liposome shell
for targeting DOPr-positive nociceptors and incorporated into a mesoporous silica core for release
in the acidic and reducing endosomal environment. Nanoparticles activated DOPr at the plasma
membrane, were preferentially endocytosed by DOPr-expressing cells, and were delivered to
DOPr-positive early endosomes. Nanoparticles caused a long-lasting activation of DOPr in

endosomes, which provided sustained inhibition of nociceptor excitability and relief from



inflammatory pain. Conversely, nanoparticles containing a DOPr antagonist abolished the
sustained inhibitory effects of DADLE. Thus, DOPr in endosomes is an endogenous mechanism

and a therapeutic target for relief from chronic inflammatory pain.

SIGNIFICANCE STATEMENT

G protein-coupled receptors are considered to function principally at the cell surface. We
present evidence that the 5-opioid receptor (DOPr) signals from endosomes rather than the plasma
membrane to cause a sustained inhibition of pain. Opioids released from the inflamed human and
mouse colon, and selective agonists that evoked DOPr internalization, inhibited excitability of
nociceptors by a mechanism that required DOPr endocytosis. DOPr in endosomes generated a
subset of signals in subcellular compartments that inhibited neuronal excitability. A DOPr agonist
that was encapsulated into nanoparticles designed to selectively activate DOPr in endosomes of
nociceptors caused a long-lasting inhibition of neuronal excitability and pain. Thus, endosomal
signaling of DOPr is an endogenous mechanism and therapeutic target for relief from

inflammatory pain.



\body
INTRODUCTION

G protein-coupled receptors (GPCRs) control essential pathophysiological processes. One
third of FDA-approved drugs target GPCRs (1). GPCRs at the plasma membrane detect
extracellular ligands and couple to heterotrimeric G proteins. Plasma membrane signaling is
rapidly terminated. GPCR kinases phosphorylate activated GPCRs, which increases affinity for -
arrestins (BARRs) (2). BARRs uncouple GPCRs from G proteins and desensitize signaling, and
couple GPCRs to the clathrin endocytic machinery (3). BARRs also recruit GPCRs, G proteins and
mitogen activate protein kinases to endosomes (4, 5). Endosomes are an important site of
continued GPCR signaling (6-8).

GPCRs control multiple steps of pain transmission (9). Endosomal signaling of protease-
activated receptor-2 in primary sensory neurons and of neurokinin 1 receptor (NKiR) and
calcitonin-like receptor (CLR) in second order neurons mediates neuronal excitation and pain
transmission (10-13). The d-, u- and k-opioid receptors (DOPr, MOPr, KOPr) inhibit excitation of
primary sensory, spinal and supraspinal neurons, and thereby induce analgesia (14). In patients
with inflammatory bowel disease (IBD), infiltrating lymphocytes release opioids that activate OPrs
on nociceptors to suppress excitability, providing an endogenous system of pain control (15-19).
It is not known whether OPrs at the plasma membrane or in endosomes mediate this endogenous
analgesic pathway and are the optimal target for treatment of inflammatory pain.

We investigated the hypothesis that opioids from the inflamed colon activate DOPr in
endosomes of nociceptors to evoke signals that cause long-lasting inhibition of excitability and

analgesia, and that DOPr in endosomes is a superior therapeutic target for inflammatory pain.



RESULTS
DOPr inhibits inflammatory pain

We investigated whether opioids from the inflamed colon activate OPrs on nociceptors and
decrease excitability. Segments of colon from healthy control (HC) mice and from mice with
colitis induced by chronic administration of dextran sulfate sodium (cDSS) were incubated in
culture medium (24 h) to allow opioid release into the supernatant (16-18). Mouse dorsal root
ganglia (DRG) neurons were exposed to HC or ¢cDSS supernatant for 60 min and washed (Fig.
1A). To assess sustained changes in excitability, the rheobase (minimum input current required to
fire an action potential) of small diameter neurons was measured by patch-clamp recordings at 30
min after washing (T=30 min) (11). The rheobase of neurons exposed to cDSS supernatant was
294+6% higher than the rheobase of neurons exposed to HC supernatant (P<0.05), consistent with
decreased excitability (Fig. 1A, B). To examine whether these findings translate to IBD,
supernatants were obtained from colonic biopsies of HC patients and patients with chronic
ulcerative colitis (cUC). The rheobase of neurons exposed to cUC supernatant was 62+16% higher
than the rheobase of neurons exposed to HC supernatant (P<0.01) (Fig. 1C, D). Preincubation of
neurons with the DOPr antagonist SDM25N (100 nM, 60 min) abolished the sustained effects of
cDSS supernatant on rheobase, whereas the MOPr antagonist CTOP (100 nM, 60 min) had no
effect (Fig. 1E, F). Neither SDM25N nor CTOP affected the rheobase of neurons exposed to mouse
HC supernatant (Fig. 1F). Thus, opioids from the inflamed colon cause a DOPr-mediated
inhibition of nociceptors.
Endosomal DOPr inhibits nociceptor excitability

To determine whether DOPr undergoes clathrin- and dynamin-mediated endocytosis in

nociceptors, we isolated DRG neurons from knockin mice expressing DOPr fused to enhanced



green fluorescent protein (DOPr-eGFP) (20). In vehicle-treated neurons, DOPr-eGFP was detected
at the plasma membrane and in vesicles of the soma and neurites (Fig. 2A). The DOPr agonist
DADLE (1 uM, 30 min) induced depletion of DOPr-eGFP from the plasma membrane and
redistribution to endosomes. Dyngo4a (Dy4, 30 uM), which inhibits dynamin (21), and PitStop2
(PS2, 15 uM), which inhibits clathrin-mediated endocytosis (22), prevented DADLE-evoked
endocytosis of DOPr-eGFP, which was confirmed by quantification of plasma membrane and
cytosolic DOPr-eGFP (Fig. 2B).

To examine the contribution of DOPr endocytosis to the inhibitory effects of endogenous
opioids, we pretreated neurons with Dy4 or PS2, and then challenged them with ¢cDSS, cUC or
HC supernatant. Neurons were washed and rheobase measured after 30 min. Dy4 and PS2
prevented the sustained increase in rheobase of neurons exposed to ¢cDSS and cUC supernatants
(Fig. 2C, D). Inactive forms of Dy4 and PS2 do not affect the rheobase of nociceptors (11).

We similarly examined the contribution of endocytosis to the effects of DOPr- and MOPr-
selective agonists on neuronal excitability. We exposed nociceptors to DOPr-selective agonists,
including DADLE and SNC80 (10 nM, 15 min), which evoke BARR recruitment and DOPr
endocytosis, and a 10-fold higher concentration of ARM390 (100 nM, 15 min), a weakly
internalizing agonist (23) (Fig. 2E). Neurons were washed, and rheobase was measured
immediately (T=0 min) or 30 min (T=30 min) after washing. DADLE and SNC80 caused an
immediate (T=0 min) and sustained (T=30 min) increase in rheobase (Fig. 2E, F). ARM390
increased rheobase at T=0 min but not T=30 min (Fig. 2G). PS2 abolished the effects of DADLE
and SNC80, but not ARM390. The MOPr agonist DAMGO caused an immediate increase in

rheobase that was not sustained and was inhibited by PS2 (Fig. 2H).



GPCRs in endosomes can activate protein kinase C (PKC) and extracellular signal
regulated kinases (ERKSs), which control nociceptor excitability (11). To examine the role of these
kinases in the sustained inhibitory actions of DOPr, we preincubated neurons with GF109203X (1
puM, 30 min), which inhibits PKC (24), or with PD98059 (50 uM, 30 min), which inhibits MEK 1
(25). GF109203X and PD98059 abolished the sustained increase in rheobase (T=30 min) to
DADLE (Fig. 21, J).

To compare the chronic actions of DOPr agonists, neurons were incubated overnight with
DADLE (100 nM) or ARM390 (300 nM). Neurons were washed and rheobase was measured (Fig.
2K). DADLE caused an immediate (T=0 min) and sustained (T=30 min) increase in rheobase,
which were blocked with PS2 (Fig. 2K). ARM390 caused an immediate (T=0 min) but not a
sustained (T=30 min) increase in rheobase, which were unaffected by PS2 (Fig. 2K).

Thus, opioids from the inflamed colon and agonists that evoke DOPr endocytosis cause a
sustained decrease in excitability of nociceptors that requires PKC and ERK signaling.
Endosomal DOPr inhibits colonic afferent activity

To assess whether endosomal DOPr signaling in the peripheral projections of colonic
nociceptors mediates the inhibitory actions of opioids, we made extracellular recordings from
lumbar splanchnic nerves innervating isolated segments of mouse distal colon (11). Nociceptors
were identified by probing the colon or mesentery with von Frey filaments (VFF). Basal responses
(1 g VFF, 100%) of each unit to repeated stimulation (3 times, 3 s) were recorded (Fig. 3A).
Agonists of DOPr (SNC80, ARM390) or MOPr (DAMGO) (all 100 nM) were superfused into the
organ bath for 15 min; tissues were washed and responses to VFF probing were reassessed every
15 min for 1 h. Compared with basal responses, DAMGO and ARM390 transiently inhibited

activity of colonic nociceptors, whereas SNC80 had a persistent inhibitory effect (Fig. 3B, C).



DAMGO maximally inhibited activity after 15 min perfusion (i.e., 0 min, 53+10% inhibition).
ARM390 (weakly internalizing) inhibited activity only at 0 min (29+4% inhibition). SNC80
(strongly internalizing) maximally inhibited activity at 30 min (33+9% inhibition), which persisted
for 60 min. PS2 (50 uM, 15 min) prevented the sustained inhibitory action of SNC80 (Fig. 3D).
Thus, DOPr endosomal signaling within the peripheral projections of colonic nociceptors may
induce a sustained inhibition of mechanical sensitivity.

DOPr agonist differentially activate G proteins, recruit BARRs and stimulate endocytosis

We characterized the differential effects of DOPr agonists on receptor signaling and
trafficking using bioluminescence resonance energy transfer (BRET) (26). HEK293 cells were
transiently transfected with Ga-Rluc8 subtypes plus Gy2-Venus, GB1 and DOPr. Ga-Rluc8/Gy2-
Venus BRET was measured to assess G protein dissociation (activation). SNC80, DADLE and
ARM390 (100 nM) decreased Goii-Rluc8/Gy2-Venus and Goao-Rluc8/Gy2-Venus BRET
indicative of Gai, and GPy activation (SI Fig. S1A, B). SNC80, DADLE and ARM390 had no
effect on Gos-Rluc8/Gy2-Venus BRET or Gog-Rluc8/Ga-Rluc8 BRET (SI Fig. S1C, D). SNCS80,
DADLE and ARM390 decreased Gaii2,3,0-Rluc8/Gy2-Venus BRET with an order of potency of
DADLE>SNC80>ARM390 (SI Fig. 1E-G).

To investigate BARR recruitment, HEK293 cells were transfected with DOPr-Rluc and
BARR1/2-YFP. SNC80 and DADLE, but not ARM390 (all 100 nM), increased DOPr-
Rluc/BARR1/2-YFP BRET (SI Fig. 1H, I). The order of potency for BARR recruitment was
DADLE>SNC80>ARM?390 SI Fig. 1J, K). ARM390 increased BRET only at high concentration
> 1 uM).

Thus, SNC80, DADLE and ARM390 induce DOPr coupling to Gai,o. SNC80 and DADLE,

but not ARM390, stimulate DOPr coupling to BARR1/2. These results are consistent with the



capacity of SNC80, but not ARM390, to promote DOPr-eGFP phosphorylation, which is required
for BARR recruitment (27).

To assess DOPr trafficking, we measured bystander BRET between DOPr-Rluc and
Venus-tagged proteins resident of the plasma membrane (HRas-Venus, lipid rich; KRas-Venus
non-lipid rich) and endosomes (Rab5a, early; Rab7a, late; Rabl1a, recycling) (26). SNC80 and
DADLE (100 nM) decreased BRET between DOPr-Rluc, HRas-Venus and KRas-Venus (SI Fig.
S1L, M). These changes were mirrored by an increase in BRET between DOPr-Rluc and Rab5a-
Venus (SI Fig. SIN). SNC80 stimulated BRET between DOPr-Rluc and Rab7a-Venus (SI Fig.
S10). ARM390 (100 nM) did not affect BRET between DOPr and plasma membrane or
endosomal proteins. SNC80, DADLE or ARM390 did not affect BRET between DOPr-Rluc and
Rablla-Venus (SI Fig. S1P). Thus, SNC80 and DADLE cause DOPr internalization to early
endosomes, whereas ARM390 does not. Internalized DOPr traffics to degradatory pathways in
neurons (28).

DOPr agonist differentially activate G proteins and PARRs at the plasma membrane and in
endosomes

To assess the activation of G proteins at the plasma membrane and in endosomes of
HEK293 cells, we assessed bystander BRET between mini-G proteins (Rluc8-mGaijoss/q) (29, 30)
and Renilla (R) GFP-CAAX (prenylation CAAX box of KRas) (31) for plasma membrane
activation or RGFP-Rab5a for early endosome activation. Recruitment of BARRs was assessed by
measuring BRET between Rluc8-BARRI1 (32) or Rluc2-BARR2 and RGFP-CAAX or RGFP-
Rab5a. RGFP-Rab5a was localized to endosomes (SI Fig. 2A). SNC80, DADLE and ARM390
(100 nM) increased Rluc8-mGai,0/RGFP-CAAX BRET (SI Fig. 2B-E). These agonists did not

affect Rluc8-mGas(/RGFP-CAAX BRET (SI Fig. 2F, G). SNC80 and DADLE, but not ARM390,



increased Rluc8-BARR1 or Rluc2-BARR2/RGFP-CAAX BRET (SI Fig. 2H-K). Pertussis toxin
blunted BARR recruitment, indicating requirement for Gai/ signaling (SI Fig. 2H-K). SNC80 and
DADLE, but not ARM390, increased Rluc8-mGai,o/RGFP-Rab5a BRET (SI Fig. 2L-O). These
agonists did not affect Rluc8-mGas/RGFP-Rab5a BRET (SI Fig. 2P, Q). SNC80 and DADLE,
but not ARM390, increased Rluc8-BARR1 or Rluc2-BARR2/RGFP-Rab5a BRET (SI Fig. 2R-U).
Pertussis toxin blunted BARR recruitment, indicating requirement for G, signaling (SI Fig. 2R-
U).

The results suggest that SNC80, DADLE and ARM390 recruit Gai, to the plasma
membrane. Only agonists that strongly internalize DOPr (SNC80, DADLE) recruit Gaio to
endosomes and BARR1/2 to the plasma membrane and endosomes.

Endosomal DOPr activates a subset of compartmentalized signals

To examine DOPr signaling in subcellular compartments, we expressed in HEK293 cells
DOPr and Forster Resonance Energy Transfer (FRET) biosensors targeted to the plasma
membrane, cytosol or nucleus (10, 33). FRET biosensors included pmCKAR (plasma membrane
PKC), cytoCKAR (cytosolic PKC), cytoEKAR (cytosolic ERK) and nucEKAR (nuclear ERK)
(Fig. 4). To probe the link between endocytosis and compartmentalized signaling, we compared
the effects of strongly (SNC80, DADLE) and weakly (ARM?390) internalizing DOPr agonists and
used inhibitors of clathrin and dynamin.

SNC80 and DADLE (100 nM) stimulated a sustained increase in plasma membrane and
cytosolic PKC activity (Fig. 4A-C). ARM390 (100 nM) did not affect plasma membrane or
cytosolic PKC activity. All three agonists stimulated a sustained increase in cytosolic ERK activity

(Fig. 4D, F). SNC80 and DADLE, but not ARM390, caused sustained activation of nuclear ERK
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(Fig. 4E, F). The results suggest that DOPr signals from endosomes to activate plasma membrane
and cytosolic PKC and nuclear ERK.

To assess the importance of endocytosis for compartmentalized signaling, we expressed
wild-type dynamin (WT dynamin) or K44E dominant negative mutant dynamin (K44E dynamin)
(34), or treated cells with PS2 or the inactive analog PS2 inactive. In control experiments (WT
dynamin, PS2 inactive), SNC80 and DADLE induced a rapid and sustained increase in PKC
activity at the plasma membrane and in the cytosol (Fig. SA-F). Dynamin K44E and PS2 abolished
SNC80 and DADLE stimulation of PKC at the plasma membrane and in the cytosol (Fig. SA-F,
SI Fig. S3A, B). SNC80 and DADLE induced a gradual and sustained increase in ERK activity in
the cytosol and nucleus (Fig. 5G-L). Dynamin K44E and PS2 did not affect SNC80- and DADLE-
induced cytosolic ERK activity, but abolished SNC80- and DADLE-induced nuclear ERK activity
(Fig. 5G-L, SI Fig. S3C, D). To examine the contribution of BARR1/2 to signaling, we knockdown
BARR1/2 with siRNA (10, 26). BARR1/2 siRNA, but not scrambled siRNA (control), inhibited
SNC80-induced activation of nuclear but not cytosolic ERK (Fig. SM-O).

To evaluate DOPr compartmentalize signaling in nociceptors, we expressed FRET
biosensors in DRG neurons from DOPr-eGFP mice. SNC80 and DADLE stimulated sustained
activation of PKC at the plasma membrane and in the cytosol (Fig. 6A-C), and of ERK in the
cytosol and nucleus (Fig. 6D-F). ARM390 stimulated a sustained activation of cytosolic ERK but
did not affect plasma membrane PKC or nuclear ERK activity. Dy4 abolished SNC80-stimulated
activation of nuclear ERK, whereas cytosolic ERK activity was unaffected (Fig. 6G-J).

The results suggest that DOPr endocytosis in HEK293 cells and primary nociceptors
mediates activation of plasma membrane and cytosolic PKC and nuclear ERK, but not cytosolic

ERK.
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Nanoparticle-encapsulated agonists target endosomal DOPr

The realization that endosomal DOPr signaling mediates the inhibitory actions of opioids
on nociceptor excitability suggests that agonists that activate DOPr in endosomes might provide
effective relief from inflammatory pain. Nanoparticles can be used to deliver an NK;R antagonist
into endosomes of spinal neurons, where acidification triggers nanoparticle disassembly and
antagonist release, leading to sustained antinociception (12). We incorporated DADLE into
mesoporous silica nanoparticles (MSNs) designed to dissolve and release cargo in the acidic and
reducing endosomal environment (35, 36) (Fig. 7A). For selective targeting of DOPr-expressing
neurons, we cloaked MSNs with pegylated liposome covalently linked to DADLE.

Empty nanoparticles (LipoMSN), DADLE-coated nanoparticles (DADLE-LipoMSN) and
nanoparticles with a DADLE coat and core (DADLE-LipoMSN-DADLE) were spherical with a
hydrodynamic diameter of 140-210 nM, a surface charge of +28-36 mV and a polydispersity index
0f 0.24-0.27 (Fig. 7B, C). DADLE loading efficiency into the MSN core was 57+6%. To examine
MSN disassembly and cargo release, MSNs loaded with DADLE-Alexa647 (MSN-DADLE-
Alexa647) were incubated in buffers at pH 7.2 or 5.2 or with or without 10 mM glutathione to
mimic the acidic and reducing conditions of endosomes. The release of DADLE-Alexa647 into
buffer was faster and more complete at pH 5.2 and in the presence of glutathione, and continued
for 24 h (Fig. 7D, E).

To determine whether a DADLE-Lipo shell could facilitate selective uptake by DOPr-
expressing cells, MSNs loaded with Alexa Fluor 647 and coated with DADLE-Lipo were
incubated with untransfected HEK293 cells or HEK-DOPr cells for 2 h. The number of cells
containing Alexa Fluor 647 was determined by flow cytometry. DADLE-LipoMSN-Alexa647 was

internalized into 66+7% of HEK-DOPr cells compared to 22+1% of untransfected HEK293 cells
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(P<0.05, t-test), indicating preferential delivery to cells expressing DOPr (Fig. 7F). Dy4 and PS2,
but not inactive analogs, inhibited DADLE-LipoMSN-Alexa647 uptake by HEK-DOPr cells,
consistent with clathrin-mediated endocytosis (Fig. 7G). To determine whether nanoparticles
target DOPr in endosomes, HEK-HA-DOPr cells expressing Rab5a-GFP were incubated with HA
antibodies to label surface DOPr. Cells were incubated with DADLE-LipoMSN-Alexa647 (20 uM
DADLE, 200 pg/mL LipoMSN) and imaged by confocal microscopy. DADLE-LipoMSN-
Alexa647 accumulated at the plasma membrane, stimulated endocytosis of HA-DOPr, and
colocalized with HA-DOPr in early endosomes at 30 min (Fig. 7H, SI Fig. S4A). Live cell imaging,
which avoided the loss of nanoparticle fluorescence during immunostaining, revealed DADLE-
LipoMSN-Alexa647 binding to the plasma membrane and uptake into Rab5a-GFP endosomes
within 30 min (SI Movie S1). Control LipoMSN-Alexa647, which lacked the DADLE targeting
group, showed diminished uptake (SI Movie S2).

We examined whether DADLE nanoparticles activate DOPr signaling at the plasma
membrane (inhibition of cAMP, BARRI1 recruitment) and in endosomes (nuclear ERK). When
compared to Lipo-MSN or vehicle, DADLE (100 nM), DADLE-LipoMSN (20 uM DADLE) and
DADLE-LipoMSN-DADLE (20 uM DADLE) inhibited forskolin (10 pM)-stimulated formation
of cAMP in HEK-DOPr cells but not in untransfected HEK293 cells (Fig. 71, SI Fig. S4B, C).
DADLE and DADLE-LipoMSN-DADLE increased DOPr-Rluc8/BARR1-YFP BRET (Fig. 7J, SI
Fig. S4D). DADLE, DADLE-LipoMSN and DADLE-LipoMSN-DADLE activated nuclear ERK,
which was particularly sustained for DADLE-LipoMSN and DADLE-LipoMSN-DADLE (Fig.
7K, SI Fig. S4E). The results suggest that DADLE coupled to the liposome shell can activate DOPr
at the plasma membrane and stimulate DOPr endocytosis. DADLE released from the MSN core

in endosomes might activate DOPr to stimulate nuclear ERK activity.
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Primary cultures of DRG neurons from DOPr-eGFP knockin mice were studied to assess
nanoparticle targeting and uptake into neurons. Neurons were incubated with DADLE, LipoMSN-
Alexa647 (control) or DADLE-LipoMSN-Alexa647 (1 uM, 60 min, 37°C) and were fixed. GFP
and the neuronal marker Hu were localized by immunofluorescence. DADLE evoked endocytosis
of DOPr-eGFP in neurons (SI Fig. S5A). LipoMSN-Alexa647 was detected at the surface of some
neurons but did not promote DOPr-eGFP endocytosis (Fig. 8A). DADLE-LipoMSN-Alexa647
evoked DOPr-eGFP internalization and colocalized in endosomes with DOPr-eGFP.

A nanoparticle-encapsulated DOPr agonist provides long-lasting antinociception

To assess antinociception, DRG neurons were incubated with DADLE, DADLE-LipoMSN
or DADLE-LipoMSN-DADLE (100 nM DADLE) for 30 min, washed, and rheobase was
measured T=0, 90, 120 or 180 min after washing. DADLE and DADLE-LipoMSN increased
rheobase only at T=0 min (Fig. 8B, C). DADLE-LipoMSN-DADLE increased rheobase at 0, 90
and 120 min (26+6% at 120 min). PS2 prevented the sustained inhibitory actions of DADLE-
LipoMSN-DADLE (Fig. 8B, C).

To assess activity of peripheral colonic nociceptors, extracellular recordings were made
from colonic afferents. DADLE-LipoMSN-DADLE (100 nM DADLE) was superfused into the
organ bath for 30 min. Responses to VFF probing were assessed 60 min and 120 min after washing.
DADLE-LipoMSN-DADLE inhibited activity of colonic nociceptors for at least 120 min (54+13%
inhibition) (Fig. 8D). PS2 prevented the sustained inhibitory action of DADLE-LipoMSN-
DADLE.

To assess inflammatory nociception, complete Freund’s adjuvant (CFA) was administered
to mice by intraplantar injection. Withdrawal responses to stimulation of the plantar surface of the

ipsilateral paw with VFFs were measured after 48 h. When administered by intrathecal injection
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to target DOPr on the central projections of nociceptors and on spinal neurons, DADLE (100 nM,
5 pL) had a moderate and transient antinociceptive action, whereas DADLE-LipoMSN-DADLE
(100 nM DADLE, 5 pL) had a large antinociceptive action that was sustained for 6 h (Fig. 8E).
LipoMSN (1 pg/mL, 5 pL) had no effects. Nanoparticles did not affect withdrawal responses of
the contralateral paw (Fig. S5B).

Thus, neuronally-targeted stimulus-responsive nanoparticles provide long-lasting
antinociception.
A nanoparticle-encapsulated DOPr antagonist prevents the sustained antinociceptive actions
of DOPr

To provide evidence that DOPr endosomal signaling underlies sustained inhibition of
neuronal excitability, we encapsulated the DOPr antagonist SDM25N into nanoparticles with a
liposome shell (LipoMSN-SDM25N). LipoMSN-SDM25N had a hydrodynamic of 176.5+0.6 nm,
a surface charge of +32+3 mV and a polydispersity index of 0.15+0.02. SDM25N loading
efficiency was 73.5+0.8%. To assess uptake of nanoparticles lacking the DADLE targeting group,
LipoMSN-Alexa647 nanoparticles were incubated with HEK293 cells (0-4 h, 37°C). After 120
min, LipoMSN-Alexa647 was detected in Rab5a-positive early endosomes (Fig. 8F). LipoMSN-
Alexa647 was internalized in 67.7+1.3% of HEK293 cells after 120 min, assessed by flow
cytometry (Fig. 8G). To determine whether an endosomally targeted DOPr antagonist can block
nociception, DRG neurons were incubated with LipoMSN-SDM25N (100 nM SDM25N, 100
pg/ml LipoMSN) or LipoMSN (100 pg/ml, control) (120 min, 37°C) (Fig. 8H). Neurons were
washed, incubated with DADLE (10 nM, 15 min) and washed. Rheobase was measured at T=0 or
T=30 min after washing neurons. In LipoMSN-treated neurons, DADLE increased rheobase at 0

min (53.44+17.1) and 30 min (55.56+10.07%) compared to control. LipoMSN-SDM25N had no
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effect on the rheobase at 0 min (52.18+13.78%) but abolished the inhibitory effect of DADLE at
30 min. The results support the hypothesis that DOPr signals from endosomes to cause persistent

antinociception.

DISCUSSION

Our results suggest that the inflamed colon releases opioids that activate DOPr in
endosomes to evoke signals that induce a sustained inhibition of nociceptors. A DOPr agonist
encapsulated into nanoparticles, which were designed to target DOPr-expressing nociceptors,
trigger DOPr endocytosis and release drug payloads in endosomes, provides long-lasting
suppression of excitability. A nanoparticle-encapsulated DOPr antagonist prevents the long-lasting
antinociceptive actions of opioids. These findings support the hypothesis that DOPr in endosomes
is as a key component of an endogenous mechanism of pain control and that endosomal DOPr is
a viable therapeutic target for chronic inflammatory pain.
Antinociceptive signaling of endosomal DOPr

Several observations suggest that DOPr signaling in endosomes, rather than at the plasma
membrane, mediates the sustained antinociceptive actions of endogenous opioids and DOPr-
selective selective agonists (SI Fig. S6). Biopsies of inflamed human and mouse colon released
opioids that caused a sustained inhibition of the excitability of nociceptors, revealed by increased
rheobase. These effects are attributable to DOPr because a selective antagonist prevented
inhibition. Colitis evokes endocytosis of DOPr-eGFP in myenteric neurons, consistent with opioid
release and DOPr activation (37). Our findings support reports of an opioid-mediated mechanism
of antinociception in the inflamed colon (15-19). DOPr agonists that stimulated robust receptor

endocytosis (DADLE, SNC80) caused a persistent inhibition of nociceptor excitability, whereas a
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weakly internalizing DOPr agonist (ARM390) had only a transient inhibitory action. Inhibitors of
clathrin and dynamin prevented agonist-evoked endocytosis of DOPr-eGFP in nociceptors and
blocked the sustained inhibitory actions of endogenous opioids and internalizing DOPr agonists.
These results support a role for endosomal signaling of DOPr in regulating sustained excitability
of the soma, which was examined by patch clamp recordings. Similar mechanisms may control
excitability of nerve endings in the colon since SNCS80 caused a long-lasting inhibition of
mechanically-sensitive nociceptors, whereas weakly- ARM390 did not. A clathrin inhibitor
blocked the effects of SNC80, which require endosomal signaling. DOPr endocytosis has also been
linked to analgesic tolerance (23, 27, 38, 39).

Our results reveal spatial and temporal differences in the way in which DOPr and MOPr
regulate the excitability of nociceptors. A MOPr antagonist did not prevent the inhibitory actions
of colonic supernatants on neuronal excitability, which suggest that MOPr does not contribute
antinociception during colitis. Although the MOPr agonist DAMGO transiently decreased
excitability of DRG neurons and colonic afferents, these effects were not sustained. A clathrin
inhibitor prevented the transient inhibitory actions of DAMGO, which likely require endosomal
signaling of MOPr. These results are in agreement with studies in which a conformationally-
selective nanobody was used to detect activated MOPr in subcellular compartments (40). We
found that DOPr, but not MOPr, exerts a sustained inhibitory effect, which involves receptor
endocytosis and continued signaling from endosomes.

Biophysical approaches were used to examine DOPr trafficking and signaling in HEK-
DOPr cells and nociceptors, with consistent results. All DOPr agonists (DADLE, SNC80,
ARM390) caused expected coupling of DOPr to Gaiio and inhibited cAMP formation to a similar

degree. However, only strongly internalizing agonists (DADLE, SNC80) potently recruited
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BARRI1/2 and stimulated DOPr depletion from the plasma membrane and accumulation and
retention in early endosomes. The results confirm reported differences in the ability of DADLE,
SNC80 and ARM390 to promote DOPr internalization (23). These differences are attributable to
GRK-induced DOPr phosphorylation; SNC80 induces DOPr phosphorylation at Ser®$?, whereas
ARM390 does not (27).

The use of FRET biosensors targeted to the plasma membrane, cytosol or nucleus revealed
that DOPr endocytosis is necessary for a subset of signals in subcellular compartments. Our results
suggest that DOPr signaling from the plasma membrane activates ERK in the cytosol, whereas
DOPr signaling in endosomes activates PKC at the plasma membrane and in the cytosol, and ERK
in the nucleus but not the cytosol. Support for these conclusions derive from the observation that
internalizing agonists alone activated plasma membrane and cytosolic PKC and nuclear ERK.
Furthermore, inhibitors of clathrin- and dynamin-mediated endocytosis, dominant negative
dynamin, and BARRI1/2 knockdown selectively suppressed these signals. Other GPCRs also
signal from endosomes to regulate subsets of compartmentalized signals (10, 11, 13). Inhibitors of
PKC and MEKI prevented the sustained inhibitory actions of DADLE on neuronal excitability,
providing a link between endosomal DOPr signaling and antinociception. PKC is a critical
regulator of DOPr-mediated signaling and antinociception (41). DOPr endocytosis is also required
for ERK activation and trafficking to perinuclear and nuclear locations (42).

Goai and BARRs may mediate endosomal DOPr signaling since internalizing, but not
weakly internalizing, DOPr agonists stimulated the recruitment of mini-Gai, and BARRI1/2 to
early endosomes, determined by BRET. BARRI1/2 knockdown inhibited SNC80-stimulated

nuclear ERK activation, which could be due to inhibition of DOPr endocytosis and endosomal
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signaling. Thus, further studies are necessary to determine the contribution of BARRs and Gaii/, to
endosomal DOPr signaling.
Therapeutic targeting of endosomal DOPr

The realization that GPCRs can signal from endosomes to mediate pain has revealed that
endosomal GPCRs are a viable therapeutic target (8). Conjugation to transmembrane lipids or
encapsulation into pH-tunable nanoparticles delivers antagonists of pronociceptive GPCRs to
endosomes (10-13). Endosomally-targeted antagonists preferentially inhibit endosomal signaling
and provide enhanced antinociception when compared to conventional antagonists. The present
study shows that endosomally-targeted agonists of antinociceptive GPCRs also provide long-
lasting relief of pain. DADLE-LipoMSN-DADLE inhibited nociceptor excitability for at least
three hours after washout, compared to the transient inhibitory action of free DADLE. DADLE-
LipoMSN-DADLE caused a long-lasting inhibition of mechanically-evoked activation of colonic
nociceptors, and effectively reversed inflammatory nociception. One component of the enhanced
antinociceptive properties of nanoparticles might relate to selective delivery to endosomes of
primary sensory neurons. Targeted delivery to DOPr-expressing neurons was accomplished by
cloaking MSNs with pegylated liposomes covalently linked to DADLE. DADLE-LipoMSNs
retained ability to activate DOPr in HEK-DOPr cells, assessed by inhibition of cAMP, recruitment
of BARRI, stimulation of DOPr endocytosis, and activation of nuclear ERK (SI Fig. S6). Uptake
of DADLE-LipoMSNs by HEK-DOPr cells was 3-fold greater than untransfected HEK cells,
suggesting preferential targeting. DADLE-LipoMSNs entered cells by clathrin-mediated
endocytosis and were delivered DOPr-positive early endosomes. Another component of enhanced
antinociception could be the sustained activation of DOPr in endosomes, which was attained by

incorporating DADLE into the MSN core. DADLE release was accelerated in the acidic and
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reducing endosomal environment and continued for 24 h. The finding that a clathrin inhibitor
abrogated the antinociceptive actions of DADLE-LipoMSN-DADLE indicates a requirement for
nanoparticle endocytosis.

More direct evidence for a role of endosomal DOPr in antinociception was provided by
incorporating the DOPr antagonist SDM25N into nanoparticles. When incubated with neurons for
2 h to allow endosomal accumulation followed by extensive washing to remove extracellular
antagonist, LipoMSN-SDM25N prevent the sustained inhibitory actions of DFADLE on
nociceptor excitability, supporting endosomal signaling. In contrast, the immediate inhibitory
actions of DADLE were unaffected and likely arise from plasma membrane DOPr.

Incorporation into nanoparticles can enhance the stability and delivery of drugs, thereby
improving efficacy (43-45). Stimulus-responsive nanoparticles deliver combinations of
chemotherapeutics to tumors, where increased vascular permeability and extracellular
acidification promote delivery and cargo release (46, 47). Although nanoparticles are often
endocytosed, endosomal disruption is necessary for drug delivery to cytosolic and nuclear targets,
which can compromise efficacy (48). The discovery of GPCRs in endosomes as therapeutic targets
provides an opportunity to use nanoparticles to deliver treatments for pain (8). Our results
demonstrate the feasibility of using nanoparticles to target nociceptors with consequent reductions
in dose. Nanoparticles might allow the simultaneous delivery to endosomes of agonists or
antagonists of several endosomal GPCRs involved in pain. Since multiple GPCRs control pain
transmission (9), the ability to target multiple receptors in pain-transmitting neurons for prolonged
periods might provide effective and long-lasting antinociception.

Nanoparticle-encapsulated GPCR ligands may have utility beyond the treatment of pain. GPCRs

control many pathophysiological processes and are the target of over one third of drugs (1). Many
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GPCRs internalize when activated and likely continue to signal from endosomes. The use of
stimulus responsive nanoparticles for delivery of drugs to endosomes of targeted cells might
enhance efficacy with reduced doses and fewer side effects.
Limitations

There are several limitations of our study. Further studies are required to determine whether
DOPr endosomal signaling involves G proteins and BARRs, which mediate endosomal signaling
of other GPCRs (4, 5, 10, 11, 49, 50). Although dynamin and clathrin inhibitors blocked a subset
of DOPr signals and inhibited sustained antinociception, these inhibitors also have non-specific
actions (51). However, dominant negative dynamin and BARR knockdown replicated some effects
of endocytosis inhibitors. The differential effects of DOPr agonists that strongly (SNCB80,
DADLE) or weakly (ARM390) promote endocytosis support a role of endosomal DOPr signaling
for antinociception. However, ARM390 is a partial DOPr agonist, which may also explain its
inability to cause long-lasting antinociception. We cannot exclude the possibility that DOPr signals
from intracellular compartments other than endosomes since MOPr can signal from different
compartments depending on the membrane permeability of the agonist (40). Although our results
show that PKC and ERK mediate the inhibitory actions of endosomal DOPr on nociceptor
excitability, the targets of these kinases and how they inhibit nociception remain to be defined.
Toxicological analysis of nanoparticle constituents, pharmacokinetic studies of nanoparticle cargo,
and pharmacodynamic studies in preclinical models of pain will be necessary before this approach

can be advanced to patients.

MATERIALS AND METHODS

Animal subjects. Institutional ethics committees approved mouse studies.
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Human subjects. Institutional ethics committees approved human studies.

Colon supernatants. Mice were treated for three cycles with 2% DSS in drinking water to induce
chronic colitis or with water (control). Segments of whole colon were incubated in medium (24 h)
to obtain supernatants (16-18). Biopsies of colonic mucosa from cUC patients and controls (Table
S1) were incubated in medium to obtain supernatants (11, 52).

Patch clamp recording Patch clamp recordings were made from mouse DRG neurons (11, 16,
18, 52). Neurons were pre-incubated for 60 min with supernatants and then washed. Neurons were
stimulated for 15 min with DADLE (10 nM), SNC80 (10 nM), ARM390 (100 nM), DAMGO (10
nM) or vehicle (control) and were washed. Neurons were also incubated overnight (12-16 h) with
DADLE (100 nM) or ARM390 (300 nM) and then washed. In some experiments, neurons were
pre-incubated for 30 min SDM25N (100 nM), CTOP (100 nM), Dy4 (30 uM), PS2 (15 uM),
GF109203X (1 uM), PD98059 (50 uM) or vehicle. Rheobase was measured after agonist-
treatment and washing.

Extracellular recording. Extracellular recordings were made from the lumbar splanchnic nerve
innervating isolated mouse distal colon (53, 54, Jimenez-Vargas, 2018 #124). SNC80, ARM390,
DAMGO (100 nM) were superfused into the organ bath for 15 min. In some studies, colon was
pre-incubated for 15 min with PS2 (50 uM) before SNCSO0.

cDNAs, cell culture and transfection. See Supplementary Information.

Dissociation of DRG neurons. DRG neurons were dispersed from DOPr-eGFP mice (55).
BRET assays. BRET was measured in HEK293 cells (10, 26).

FRET assays. FRET was measured in HEK293 cells and DRG neurons from DOPr-eGFP mice
(10, 55). After FRET imaging, DOPr-eGFP was localized by immunofluorescence. FRET was

measured in neurons expressing DOPr-eGFP.
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DOPr-eGFP trafficking. DRG neurons from DOPr-eGFP mice were exposed to vehicle, DADLE
(1 uM), DADLE-LipoMSN-Alexa647 (I uM DADLE) or LipoMSN-Alexa647 (10 pg/mL
LipoMSN) (30 or 60 min, 37°C). In some experiments, neurons were preincubated with Dy4 (30
uM) or PS2 (15 uM) (30 min). DOPr-eGFP in neurons was localized by immunofluorescence.
Preparation and physicochemical characterization of nanoparticles. See Supplementary
Information.

Cellular targeting of LipoMSNs. HEK293-HA-DOPr or untransfected cells were incubated with
DADLE-LipoMSN-Alexa647 or LipoMSN-Alexa647 (40 pg/mL). Uptake of nanoparticles was
quantified by flow cytometry. In some experiments, cells were preincubated with Dy4, PS2 or
inactive analogs (10 pg/mL, 30 min). For imaging studies, cells were infected with Rab5a-GFP.
After 24 h, cells were pre-incubated with rat anti-HA. Cells were washed and incubated with
DADLE-LipoMSN-Alexa647 or LipoMSN-Alexa647 (20 uM DADLE, 200 pg/mL LipoMSN).
HA-DOPr was localized by immunofluorescence. In some experiments, LipoMSN-Alexa uptake
was examined by live cell imaging.

LipoMSNs and DOPr signaling. See Supplementary Information.

LipoMSNs and electrophysiology. Rheobase was measured at 0-180 min after exposure to
DADLE or SDM25N nanoparticles and washing. Colonic afferent responses were assessed at 0-
120 min after exposure to nanoparticles and washing.

LipoMSNs and inflammatory pain. The investigator was blinded to the treatments. Mice were
randomly assigned to treatments and acclimatized. CFA (0.5 mg/mL) was administered by
intraplantar injection (10 pL) into the left hindpaw. DADLE (100 nM), DADLE-LipoMSN-

DADLE (100 nM DADLE, 0.8 pg/mL LipoMSN), LipoMSN (1 pg/mL LipoMSN, control) or
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vehicle (control) was injected intrathecally (5 pL) at 48 h after CFA. Paw withdrawal to VFF was
determined (10, 12).

Statistics. Results were analyzed and graphs prepared using Prism 8. Results are expressed as
mean+SEM. Statistical significance was assessed using t-tests or 1-way or 2-way ANOVA with

Tukey’s or Sidak’s post hoc test (Table S2).
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Fig. 1. Endogenous opioids and nociceptor excitability. Mouse DRG neurons were pre-

incubated with supernatant from biopsies of HC, cDSS or cUC colon, washed (W) and rheobase
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(Rh) was measured at T=30 min after washing. Representative traces (A, C, E) and pooled results
(B, D, E) of effects of supernatants from mouse (A, B, E, F) and human (C, D) colonic biopsies.
E, F. Effects of antagonists of DOPr (SDM25N) or MOPr (CTOP) on responses to HC or ¢cDSS
supernatants. Data points indicate the number of studied neurons from N=12-16 mice in B, 6 mice
in D, and 8 mice in F for each treatment (mean+SEM). *P<0.05, **P<0.001 2-way ANOVA,

Tukey’s test.
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Fig. 2. Endosomal DOPr signaling and nociceptor excitability. A, B. Endocytosis of DOPr-
e¢GFP in DRG neurons from DOPr-eGFP mice. Neurons were incubated with vehicle (Veh) or
DADLE (1 uM, 30 min), and DOPr-eGFP was localized by immunofluorescence. Neurons were
preincubated with vehicle, Dy4 or PS2. A. Representative images from 4 independent experiments.
Arrow heads denote plasma membrane and arrows endosomal DOPr-eGFP. B. Quantification of
the proportion of total cellular DOPr-eGFP at the plasma membrane. Data points indicate the
number of studied neurons (N). *P<0.05, ***P<(0.001 2-way ANOVA, Tukey’s test. C-L.
Rheobase of mouse DRG neurons at T=0 min or T=30 min after exposure to supernatant or DOPr
agonists and washing. C, D. Supernatant from c¢DSS, cUC or HC biopsies. E-J. Neurons were
incubated with the following agonists for 15 min, washed (W), and rheobase was measured at T=0
or T=30 min after washing: DOPr agonists SNC80 (E, 10 nM, internalizing), DADLE (F, 10 nM,
internalizing) or ARM390 (G, 100 nM, weakly-internalizing), and MOPr agonist DAMGO (H, 10
nM). In C-H, neurons were pre-incubated with Dy4, PS2, or vehicle. In I, J, neurons were pre-
incubated with PKC inhibitor GF10923X or MEK1 inhibitor PD98059 before DADLE. K, L.
Neurons were incubated with the following agonists overnight, washed, and rheobase was
measured at 0 or 30 min after washing: DADLE (K, 100 nM, internalizing) or ARM390 (L, 300
nM, weakly-internalizing). Data points indicate the number of studied neurons from N=12-16 mice
in C, 6 mice in D, 10-15 mice in E-J and 6 mice in K, L for each treatment (mean+SEM). *P<0.05,

*#P<0.01, ***P<0.001 1- or 2-way ANOVA, Tukey’s test.

31



A DOPr

¥ Veice SRR

VFF , \ , ,
. , T T ’
probing _ 45 0 15 30 45 60 min
B SNC80 (100 nM) ARM390 (100 nM) DAMGO (100 nM)

Probing -15 0 15 304560 -15 0 15 30 45 60 -15 0 15 30 45 60 min

Activity
(80 uv)
+
e =
i
e ot
——
= o
-
#
i
i

3
cC n
[N
2 X
[oN
O »n
LL o —_—— ] — i e — — e e e —— ke . R s e
$ —
3s
C  SNC80 A ARM390 @ DAMGO D I SNC80+Veh @ SNC80 +PS2
’_37120- @120- . ”
2 1001 S 1001
N N
< 80- < 804
[} [0
2 2
g 60 S 60
(o} o
@ 40 8 40-
L L
L 201 L. 201
> >
01— . . . . . 0 . ; . . . .
15 0 15 30 45 60 15 0 15 30 45 60
Time (min) Time (min)

Fig. 3. MOPr and DOPr inhibition of colonic nociceptors. A. Experimental protocol to examine
MOPr and DOPr regulation of responses of colonic nociceptors to VFF probing. B. Representative
responses to agonists of DOPr (SNC80, ARM390, 100 nM) and MOPr (DAMGQO, 100 nM). C, D.
Time course of responses. In D, tissue was preincubated with PS2 or vehicle (Veh) before SNC80.

N=5 mice for each treatment (mean+SEM). *P<0.05, **P<0.01, ***P<0.001 2-way ANOVA,

Tukey’s test.
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Fig. 4. DOPr-mediated PKC and ERK signaling in subcellular compartments of HEK293

cells. FRET biosensors for plasma membrane and cytosolic PKC (pmCKAR, cytoCKAR) or

cytosolic or nuclear ERK (cytoEKAR, nucEKAR) were coexpressed with DOPr. Insets show

cellular localization of FRET biosensors. Agonists (all 100 nM) or vehicle (Veh) were

administered at arrow. A, B. Time course of plasma membrane (A) and cytosolic (B) PKC. C.

Integrated responses of plasma membrane and cytosolic PKC over 20 min (area under the curve,

AUC). D, E. Time course of activation of cytosolic (D) and nuclear (E) ERK. F. Integrated

responses of cytosolic and nuclear ERK over 20 min (area under the curve, AUC). Data points



show results of individual experiments. N=4 (C), N=3 (F) (mean+SEM). **P<(.01, ***P<0.001

ligand to vehicle, 1-way ANOVA, Tukey's test.

34



>

e o o
M O O

PKC activity (F/Fmax)
o
o

o
Y

PKC activity (F/Fmax)

@

— 121 6 SNC80 + Dyn K44E  Veh + DynK44E
é 1.0
L 08
S 06
S 04
8 0.2
% 00
w

0.2

Time (min)
J DOPr nucEKAR
@ SNC80 + Dyn WT 4 SNC80 + Dyn K44E

< 14{° Veh + Dyn WT ¢ Veh + Dyn K44E
g 1.2
o
= 0
s 06
S 04
¥ 02
w 0.0

0.2

Time (min)
M DOPr nucEKAR
@ SNC80 BARR scrRNA  © Veh + BARR sorRNA
© SNC80 + BARR1/2 siRNA ¢ Veh + BARR1/2 siRNA

= 0.6
@
£
c 0.4
z
5 0.2
X

0.2

DOPr pmCKAR

@ SNC80 + Dyn WT O Veh + Dyn WT
4 SNC80 + Dyn K44E ¢ Veh + Dyn K44E

-5 0 5 10 15 20
Time (min)

DOPr cytoCKAR
® SNC80 + Dyn WT O Veh + Dyn WT

g # SNC80 + Dyn K44E ¢ Veh + Dyn K44E

Time (min)

DOPr cytoEKAR
® SNC80 + Dyn WT O Veh + Dyn WT

5 0 5 10 15 20 25 30
Time (min)

DOPr pmCKAR
@ DADLE + Dyn WT O Veh + Dyn WT
6 4 DADLE + Dyn K44E ¢ Veh + Dyn44E

PKC activity (F/Fmax)
o o o
o N S

o
)

Time (min)
E DOPr cytoCKAR

© DADLE +Dyn WT O Veh + Dyn WT
1.41 & DADLE + Dyn K44E ¢ Veh + Dyn K44E

PKC activity (F/Fmax)
o
[=2]

t
-5 0 5 10 15 20
Time (min)

H DOPr cytoEKAR
@ DADLE + Dyn WT O Veh + Dyn WT

- 1.07e DADLE + Dyn K44E ¢ Veh + Dyn K44E
g 08
w
E 0.6
2 04
=
B 0.2
E 0.0

0.2

5 0 5 10 15 20
Time (min)
K DOPr nucEKAR
@ DADLE + Dyn WT & DADLE + Dyn K44E

= 12]0Veh+Dyn WT ¢ Veh + Dyn K44E
§ 1.0
C 0.8
[y
3 06
S 04
8 0.2
& 00
w

0.2

Time (min)

DOPr nucEKAR
[Jven ESNC80

"

=
o

AN

ERK activity (AUC)
(4]

o .Li

-
Scrambled BARR1/2

35

c DOPr pmCKAR
W Vveh WISNC80 [DADLE

e
5 'i P
O ey :

15

)
2
<
§10
3
©
(@)
X
o

+ K44E
+ GFP-dynamin

-

DOPr cytoCKAR
[l veh W SNCso [DADLE

Hkk

ek

AAA AAA

+ K44E
+ GFP-dynamin

PKC activity (AUC)
o

o

DOPr cytoEKAR
lVveh WSNC80 [IDADLE

ek
biid ok

. ok
.

20

ERK activity (AUC)
>

o

==

g

K44E
+ GFP-dynamin

-

DOPr nucEKAR
[l veh WSNC80 [ DADLE

.

N
o

10

ERK activity (AUC)

WT + K44E
+ GFP-dynamin

DOPr cytoEKAR
[Jveh WSNC80
6‘ 1 0 Hkk kk
o .
<
=
B 5
@©
X
o
w

R E——— —

Scrambled BARR1/2



Fig. 5. Endosomal DOPr-mediated PKC and ERK signaling in subcellular compartments of
HEK?293 cells. FRET biosensors for plasma membrane and cytosolic PKC (pmCKAR,
cytoCKAR) or cytosolic and nuclear ERK (cytoEKAR, nucEKAR) were coexpressed with DOPr
and either dynamin wild-type (Dyn WT) or dominant negative dynamin K44E (Dyn K44E) (A-L)
or with BARRI1+2 siRNA or scrambled (scr) siRNA (control) (M-QO). Agonists (all 100 nM) or
vehicle (Veh) were administered at arrow. A-C. Plasma membrane PKC activity. D-F. Cytosolic
PKC activity. G-I, O. Cytosolic ERK activity. J-N. Nuclear ERK activity. A, B, D, E, G, H, J, K,
M. Time course of responses. C, F, I, L, N, O. Integrated responses over 20 or 30 min (area under
the curve, AUC). Data points show results of individual experiments. N=3 (mean+SEM).
**P<0.01, ***P<0.001 ligand to vehicle; P<0.01, “*P<0.001 inhibitors to control; 2-way

ANOVA, Tukey's test.
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Fig. 6. Endosomal DOPr-mediated PKC and ERK signaling in subcellular compartments of
DRG neurons. FRET biosensors for plasma membrane and cytosolic PKC (pmCKAR,
cytoCKAR) or cytosolic or nuclear ERK (cytoEKAR, nucEKAR) were expressed in DRG neurons
from DOPr-eGFP mice. Insets show localization of FRET biosensors. Agonists (all 100 nM) or
vehicle (Veh) were administered at arrow. A, B. Time course of plasma membrane (A) and
cytosolic (B) PKC. C. Effects of agonist treatments on PKC over 20 min (area under the curve,
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activity over 20 min (area under the curve, AUC). G, H. Time course of effects of dynamin
inhibitor (Dy4) on cytosolic (G) and nuclear (H) ERK activity. I, J. Effects of dynamin inhibitor
(Dy4) treatments on ERK over 20 min (area under the curve, AUC). Data points show results of
individual experiments. N=3 (mean+=SEM). *P<0.05, **P<0.01, ***P<0.001 ligand to vehicle;

AMAP<0.001 inhibitor to control; 1-way ANOVA, Tukey's test.
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A B Nanoparticle Diam. (nm) C (mV) PDI
LipoMSN 159.0+9.4 36.9+2.5  0.27+0.019
DADLE-LipoMSN-DADLE DADLE-LipoMSN  143.6+3.0 28.2+1.5  0.24+0.004
DADLE-LipoMSN-  206.5+3.3 29.9+3.07 0.26+0.021
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Fig. 7. Characterization of nanoparticles. A. Structure of DADLE-LipoMSN-DADLE. B.

Physical properties of nanoparticles. N=4 experiments. C. Transmission electron micrograph of

DADLE-LipoMSN and DADLE-LipoMSN-DADLE. Representative images, N=3 experiments.
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D, E. Time course of in vitro release of DADLE-Alexa647 from MSN-DADLE-Alexa647 at
graded pH (D) and glutathione concentrations (E). N=3 experiments. *P<0.05, **P<0.01, T-test
with Holm-Sidak correction. F, G. Uptake of DADLE-LipoMSN-DADLE-Alexa647 into
HEK293 control and HEK-DOPr cells determined by flow cytometry. F. Uptake into HEK293
control and HEK-DOPr cells 2 h. ***P<0.001, T-test with Holm-Sidak correction G. Effects of
inhibitors of clathrin and dynamin and inactive analogs on uptake into HEK-DOPr cells after 2 h.
N=3 experiments. *P<0.05, **P<0.01, ***P<0.001 compared to untreated cells, 1-way ANOVA,
Tukey’s test. H. Uptake of DADLE-LipoMSN-DADLE-Alexa647 into HEK-HA-DOPr cells after
30 min. Arrows show colocalization of DADLE-LipoMSN-DADLE-Alexa647 with DOPr in
Rab5a-positive early endosomes. Representative images, N=4 experiments. I-K. Effects of
DADLE (100 nM), DADLE-LipoMSN (20 uM) and DADLE-LipoMSN-DADLE (20 uM) on
forskolin (FSK, 10 puM)-stimulated cAMP formation (I), BARR1 recruitment (J), and activation

of nuclear ERK (K). N=5 experiments. All results are mean+SEM.
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Fig. 8. Effects of nanoparticle-encapsulated DOPr ligands on nociceptors. A. Uptake of
LipoMSN-Alexa647 (control) or DADLE-LipoMSN-Alexa647 into primary cultures of DRG
neurons from DOPr-eGFP mice. Neurons were incubated with nanoparticles for 60 min.
Representative images from N=2 experiments, from 4 mice. B, C. Rheobase of mouse DRG

neurons at T=0, T=90, T=120 or T=180 min after exposure to DADLE, DADLE-LipoMSN-
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DADLE, DADLE-LipoMSN (all 100 nM), LipoMSN (control) or vehicle (control) and washing.
Some neurons were exposed to PS2 and DADLE-LipoMSN-DADLE. Data points indicate the
number of studied neurons from N=6-12 mice in B and C for each treatment. Compared to DADLE
* DADLE-LipoMSN-DADLE %, DADLE-LipoMSN #; *#P<0.05, **"P<0.01, ***P<0.001, 1-
way (B) or 2-way (C) ANOVA, Tukey’s test. D. Colonic afferent activity at 0, 60 or 120 min after
exposure of tissues to DADLE-LipoMSN-DADLE (100 nM). Some preparations were exposed to
PS2 and DADLE-LipoMSN-DADLE. N=5 mice per group. *P<0.05, **P<0.01, 2-way (*)
ANOVA, Sidak’s test. E. Ipsilateral paw withdrawal responses in mice. DADLE, DADLE-
LipoMSN-DADLE (both 100 nM DADLE), LipoMSN or vehicle (Veh) was injected intrathecally
at 48 h after intraplantar CFA. N=5 mice per group. **P<0.01, ****P<(0.0001 DADLE compared
to DADLE-LipoMSN-DADLE. 2-way ANOV A with Tuckey’s multiple comparison post hoc test.
All results are mean+SEM. F. Uptake of LipoMSN-Alexa647 into endosomes of HEK293 cells
expressing Rab5a-GFP after 120 min. G. Time course of LipoMSN-Alexa647 into HEK293 cells.
N=3 independent experiments. H. Rheobase of mouse DRG neurons. Neurons were incubated with
LipoMSN-SDM25N (100 nM) or LipoMSN (control) for 120 min and were washed (W). They
were incubated with DADLE (10 nM, 15 min) and were washed. Rheobase was measured at T=0
or T=30 min after washing. Data points indicate the number of studied neurons from N=4 mice for

each treatment. *P<0.05, **P<0.01, 2-way ANOVA, Tukey’s test.
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