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Opioid tolerance (OT) leads to dose escalation and serious side effects, including opioid-induced hyperalgesia (OIH). We sought to bet-
ter understand the mechanisms underlying this event in the gastrointestinal tract. Chronic in vivo administration of morphine by intra-
peritoneal injection in male C57BL/6 mice evoked tolerance and evidence of OIH in an assay of colonic afferent nerve
mechanosensitivity; this was inhibited by the d-opioid receptor (DOPr) antagonist naltrindole when intraperitoneally injected in previ-
ous morphine administration. Patch-clamp studies of DRG neurons following overnight incubation with high concentrations of mor-
phine, the m-opioid receptors (MOPr) agonist [D-Ala2, N-Me-Phe4, Gly5-ol]-Enkephalin (DAMGO) or the DOPr agonist [D-Ala2,
D-Leu5]-Enkephalin evoked hyperexcitability. The pronociceptive actions of these opioids were blocked by the DOPr antagonist
SDM25N but not the MOPr antagonist D-Pen-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2. The hyperexcitability induced by DAMGO was
reversed after a 1 h washout, but reapplication of low concentrations of DAMGO or [D-Ala2, D-Leu5]-Enkephalin restored the hyperex-
citability, an effect mediated by protein kinase C. DOPr-dependent DRG neuron hyperexcitability was blocked by the endocytosis inhibi-
tor Pitstop 2, and the weakly internalizing DOPr agonist ARM390 did not cause hyperexcitability. Bioluminescence resonance energy
transfer studies in HEK cells showed no evidence of switching of G-protein signaling from Gi to a Gs pathway in response to either
high concentrations or overnight incubation of opioids. Thus, chronic high-dose opioid exposure leads to opioid tolerance and features
of OIH in the colon. This action is mediated by DOPr signaling and is dependent on receptor endocytosis and downstream protein ki-
nase C signaling.
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Significance Statement

Opioids are effective in the treatment of abdominal pain, but escalating doses can lead to opioid tolerance and potentially
opioid-induced hyperalgesia. We found that d -opioid receptor (DOPr) plays a central role in the development of opioid toler-
ance and opioid-induced hyperalgesia in colonic afferent nociceptors following prolonged exposure to high concentrations of
MOPr or DOPr agonists. Furthermore, the role of DOPr was dependent on OPr internalization and activation of a protein ki-
nase C signaling pathway. Thus, targeting DOPr or key components of the downstream signaling pathway could mitigate
adverse side effects by opioids.

Introduction
Chronic abdominal pain is a debilitating symptom in gastroin-
testinal disorders, such as irritable bowel syndrome and inflam-
matory bowel disease. While opioid drugs are effective, they
cause serious side effects (Bielefeldt et al., 2009; Targownik et al.,
2014). Opioid tolerance (OT), where increasing opioid doses are
required to maintain the same level of analgesia, underlies esca-
lating opioid dosing and the resulting risk of serious side effects
(Allouche et al., 2014; Cahill et al., 2016; Stein, 2016, 2018).
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Moreover, there is evidence that increasing doses can lead
to a paradoxical switch in signaling leading to enhanced
pain (Mattioli et al., 2014), a condition called opioid-
induced hyperalgesia (OIH), although this phenomenon is
poorly understood.

Nociceptive signaling in the intestine is mediated by the small
C-fiber and larger Ad -fiber DRG neurons (Robinson and
Gebhart, 2008; Kyloh et al., 2011) whose distal axons innervate
the intestine and central axons project to second-order neurons
in the dorsal horn of the spinal cord. Opioid drugs and endoge-
nous opioids bind to G-protein-coupled m-, d -, or k-opioid
receptors (MOPr, DOPr, KOPr) on the plasma membrane of
these neurons (Stein, 2016; Spahn et al., 2018). In addition to
conventional G-protein-mediated signaling, recent evidence also

revealed that b -arrestins (b arrs) couple recep-
tors to clathrin and adaptor protein-2 and guide
receptors and ligands to endosomes where fur-
ther signaling occurs (Jensen et al., 2017;
Jimenez-Vargas et al., 2018, 2020; Stoeber et al.,
2018).

A large body of work has shown that the mo-
lecular mechanisms underlying OT are remark-
ably complex, and several mechanisms have
been proposed, including opioid receptor inter-
actions, receptor phosphorylation, G-protein
uncoupling, and altered receptor internalization/
recycling (Varga et al., 2004; Williams et al.,
2013; Allouche et al., 2014; Galligan and
Akbarali, 2014). Several studies have highlighted
the importance of b arr2 in the development of
morphine antinociceptive tolerance (Bohn et al.,
1999; Raehal and Bohn, 2011; Kliewer et al.,
2019; Grim et al., 2020; He et al., 2021).
Interestingly, the mechanisms of tolerance may
be tissue-dependent, further highlighting the
need for studies in the intestine.

The analgesic actions of conventional opioid
drugs in the intestine, such as morphine, are
thought to be mediated primarily by MOPr acti-
vation, although DOPr signaling may also have
important analgesic actions despite being less
well studied (Pergolizzi et al., 2020). Recent clini-
cal studies have shown that drugs targeting mul-
tiple opioid receptors, such as a novel agent with
mixed effects (MOPr agonist/DOPr antagonist),
in the GI tract may have sustained efficacy (Lacy,
2018), but their mechanism of action is poorly
understood. To better understand the mecha-
nisms of OT in nociceptive signaling in the intes-
tine and the roles of MOPr and DOPr, we used a
model of chronic morphine administration to
induce OT and features of OIH. We found evi-
dence of a significant functional MOPr–DOPr
interaction underlying these phenomena and
sought to understand the mechanisms involved.

Materials and Methods
Materials. SDM25N hydrochloride (SDM25N), D-

Pen-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP),
naloxone hydrochloride (NLX), AR-M1000390 hydro-
chloride (ARM390), H 89 hydrochloride (H89), and
GF 109203� (GFX) were from Tocris Bioscience.
Pitstop 2 (PS2) was from Abcam, and other reagents,
including [D-Ala2, D-Leu5]-Enkephalin (DADLE),

and [D-Ala2, N-Me-Phe4, Gly5-ol]-Enkephalin (DAMGO), and naltrin-
dole hydrochloride (NTI), were from Sigma Aldrich, unless stated
otherwise.

Animals. All studies were approved by the Queen’s University ani-
mal care committees in accordance with guidelines from their National
Council of Animal Care. C57BL/6 mice (males and in a small series,
females; 8-12weeks, Charles River Laboratories) were maintained under
controlled temperature (226 1°C) and light (12 h light/dark cycle) with
free access to food and water.

Chronic morphine treatment. Morphine (Sandoz) was administered
by intraperitoneal (i.p.) injection twice daily (9:00 A.M. and 6:00 P.M.)
for 7 d, at increasing dose (10mg/kg first day, 20mg/kg second day,
30mg/kg third day, 40mg/kg fourth to seventh day; see Fig. 1A)
(Mattioli et al., 2014). Control mice were injected with saline solution

Figure 1. Chronic morphine treatment induces tolerance in mouse DRG neurons. A, Schematic protocol of chronic
morphine treatment. Dashed arrows indicate morning i.p. injections. Solid arrows indicate afternoon i.p. injections.
Tail-flick assay (short ticks) was performed before and after morning injections. B, In vivo tail-flick test showed that
morphine had an antinociceptive effect compared with saline (F(1,10) = 117.5, p, 0.0001, two-way repeated-meas-
ures ANOVA with Bonferroni’s post hoc test); this effect declined after day 4 despite high doses suggesting OT.
Results are expressed as the mean of % MPE 6 SEM, saline mice = 6; morphine mice = 6. C, Effect of overnight
1 mM morphine on rheobase of DRG neurons measured by patch clamp from saline and morphine-treated mice
shows tolerance to morphine in neurons from morphine-treated mice (F(1,49) = 5.57, p= 0.022, two-way ANOVA
with Bonferroni’s post hoc test). Number of cells appears in each bar. *p� 0.05. **p� 0.01. D, Representative
recordings of the rheobase (minimal current to elicit an action potential) of DRG neurons from saline and morphine-
treated mice exposed to vehicle (control) or morphine overnight.
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(NaCl 0.9% i.p.) twice daily for 7 d. On day 8, under general anesthetic
(ketamine/xylazine), mice were killed, and the DRGs and colons were
excised. Where indicated, mice were preinjected with 2.5mg/kg i.p. NTI
20min before morphine injections (Matthes et al., 1998). Mice weight
was monitored each day during the protocol.

Tail-flick assay. The in vivo antinociceptive effect of chronic mor-
phine treatment was tested using the tail-flick assay. Mice were gently
placed head first into a restrainer with air holes with both legs inside the
restrainer and tail exposed, and the distal one-third of the tail was
immersed in a water bath at 52°C. The latency to tail-flick was video
recorded before (to determine the baseline) and 30min after the morn-
ing injection with a cutoff time of 10 s to prevent tissue damage. Each
assay was performed in triplicate. The latency was measured later in vid-
eos starting from the immersion of the tail in the water until the first
tail-flick. The investigator analyzing videos was blinded to treatments.
Data are presented as percent of maximum possible effect (% MPE) =
[(post-drug latency � baseline latency) � (10� baseline latency)]� 100
(Mattioli et al., 2014; Kang et al., 2017). Attenuation of the maximal anti-
nociceptive effect of morphine overtime was considered as OT.

Retrograde labeling of colon-projecting DRG neurons. To identify co-
lon-projecting DRG neurons, surgeries were performed to inject the ret-
rograde tracer Fast Blue (17740-1, Polysciences) into the colon wall.
Female mice were anesthetized via isoflurane inhalation (1.5%-2.5% iso-
flurane; oxygen flow: 1 L/min), placed on a heating pad, and subjected to
midline laparotomy. The colon was carefully exposed, and Fast Blue
(1.7% w/v in sterile water) was injected in small volumes (1-2ml) into
multiple sites on the colon wall. The gut was wiped down after each
injection to remove excess dye. Bupivacaine (2mg/kg intradermally) and
tramadol (20mg/kg subcutaneously) were given before surgery, and tra-
madol (20mg/kg subcutaneously) was given daily for 3 d as a postopera-
tive analgesic. Mice were killed 7-14d after surgery, and DRGs (T9-T13)
were acutely dissociated for patch-clamp recordings.

Isolation of DRG neurons. DRG neurons were acutely dissociated, as
previously described (Ibeakanma et al., 2011). Briefly, mice were killed
after ketamine/xylazine i.p. injection, and DRGs from T9-T13 were dis-
sected and collected on Hanks’ balanced salt solution. Neurons were
enzymatically and mechanically dissociated in F-12 supplemented media
(10% FBS, penicillin, streptomycin), plated on Poly-D lysine/laminin-
coated coverslips, and placed at 37°C (95% O2 and 5% CO2) for 2 h
before being incubated overnight with F-12 supplemented media.
Electrophysiological recordings were performed the following day. Each
treatment was tested on DRG neurons from 6-8 male mice, with excep-
tion of the recordings on retrogradely labeled DRG neurons that were
obtained from 2 female mice.

Patch-clamp recordings. All experiments were performed at room
temperature as previously described (Valdez-Morales et al., 2013). Patch
pipettes were pulled (PC-100 Puller, Narishige) and fire-polished (3-5
MV) from borosilicate glass capillaries (Warner Instruments). Voltage-
clamp recordings were performed by using Multiclamp 700B amplifier,
digitized by Digidata 1440A AD converter, and recorded using pClamp
10.5 software (all by Molecular Devices). Dissociated DRG neurons were
incubated acutely (30min) or overnight at 37°C with morphine, the
selective MOPr agonist DAMGO (Yekkirala et al., 2010) or the selective
DOPr agonists DADLE (Raynor et al., 1994) or ARM390 (Marie et al.,
2003). The OPr antagonists NLX (Wang et al., 2008), CTOP (Raynor et
al., 1994), and SDM25N (McLamore et al., 2001), PKA inhibitor H89
(Davies et al., 2000), PKC inhibitor GFX (Toullec et al., 1991), or the
selective inhibitor of clathrin-mediated endocytosis PS2 (Robertson et
al., 2014) were incubated 30min before the application of agonists. All
cells with a membrane capacitance �30pF and a resting membrane
potential more negative than�40mV were analyzed (Moore et al., 2002;
Stewart et al., 2003). Where indicated, colon-projecting DRG neurons
were identified by the Fast Blue fluorescence emitted from labeled cell
bodies under short exposure to UV light with a 365 nm filter.

Perforated patch-clamp recordings were obtained with amphotericin
B (0.24mg/ml) (Ibeakanma et al., 2011), and neuronal excitability was
assessed by measuring the rheobase and the action potential discharge at
twice rheobase. The extracellular solution composition was as follows (in
mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 D-glucose, pH

7.4. The pipette solution composition was as follows (mM): 110 K-gluco-
nate, 30 KCl, 10 HEPES, 1 MgCl2, 2 CaCl2, pH 7.25.

Ex vivo colonic afferent nerve recordings. Distal colon along with
attached mesentery (containing the interior mesenteric ganglion) was
removed intact and placed in an organ bath continuously superfused
with carbogenated (5% CO2 and 95% O2) Krebs buffer (composition, in
mM as follows: NaCl, 118.4; NaHCO3, 24.9; MgSO4, 1.2; KH2PO4, 1.2;
glucose, 11.7; CaCl2, 1.9) at 34°C. Krebs contained the L-type calcium
channel blocker nifedipine (3 mM) and the muscarinic acetylcholine re-
ceptor antagonist atropine (5 mM) to suppress smooth muscle activity
(Zar et al., 1990), as well as the cyclooxygenase inhibitor indomethacin
(3 mM) to suppress potential inhibitory actions of endogenous prosta-
glandins (Peiris et al., 2017). The preparations were opened longitudi-
nally along the mesenteric border and pinned flat with the mucosal side
up. Lumbar splanchnic nerve was identified in the neurovascular bundle,
teased apart into 5-6 fibers, and individually drawn into a glass suction
electrode attached to a Neurolog headstage (NL100, Digitimer). Afferent
nerve signals were amplified �10,000 (NL104), filtered (150-800Hz,
NL125 band pass filter), and recorded on a computer via a Micro 1401
interface and Spike 2 software (version 7, Cambridge Electronic Design).

Receptive fields were identified by systematically stroking the muco-
sal surface or the mesenteric attachment with a brush. Once identified,
receptive fields were tested with three distinct mechanical stimuli to
allow classification: probing (with 1 g von Frey filament), mucosal strok-
ing (0.4 g von Frey filament), and circumferential stretch. The circumfer-
ential stretch was applied manually by holding the gut wall with forceps
and stretching gently. Vascular afferents that only respond to probing on
the gut wall or the mesenteric attachment were included in this study
since they are thought to be nociceptors (Brookes et al., 2013). Following
a 30 min equilibration period, control probing responses (1 g) of each
unit were examined by probing 3 times, each for 3 s with 10 s intervals
between probings. Morphine (1 mM) was superfused into the organ bath
for 15min before reassessment of the probing response. Single-unit anal-
ysis was performed offline using the spike sorting function of Spike2 to
discriminate the afferent nerve activity of individual units. The afferent
nerve response to probing was assessed as average firing frequency dur-
ing a 3 s period using a custom-made script in Spike2. Baseline activity
was assessed as average firing frequency during a 120 s period after
equilibration and reassessed in the presence of morphine. The investiga-
tor recording from afferent nerves was blinded to the treatments.

cDNAs. DOPr and MOPr were from GenoCopoeia. GRK2 was from
D. Jensen (Columbia University). RGFP-CAAX, Rluc2-Gai/s/q, GFP10-
Gg2, Gb 1, and Rluc2-b arrestin-2 were fromM. Bouvier (Université de
Montréal) (Gales et al., 2006; Namkung et al., 2016).

Cell culture and transfection. For bioluminescence resonance energy
transfer (BRET) assays of G protein activation, HEK293T cells were cul-
tured and transfected, as described previously (Jimenez-Vargas et al.,
2020), using JetPEI (Polyplus Transfection) with DOPr and MOPr
(0.2mg), GRK2 (0.2mg) and Rluc2-Gai/s/q (0.2mg), and GFP10-Gg2
(0.4mg) with Gb 1 (0.1mg). For ebBRET of b arr2 recruitment to the
membrane, HEK293T cells were transfected with DOPr and MOPr
(0.2mg), GRK2 (0.2mg), Rluc2-b arr2 (0.1mg), and RGFP-CAAX
(0.4mg) for plasma membrane recruitment (Namkung et al., 2016).

BRET assays G protein activations and b arr recruitment to the
plasma membrane. Transfected HEK293T cells were incubated over-
night with vehicle, DADLE 10mM, or DAMGO 10mM. On the day of the
assay, HEK293T cells were washed with Dulbecco’s PBS, and then
Tyrode’s buffer was added, and cells were incubated for 30min at 37°C.
After the addition of Prolume Purple Coelenterazine (2.5mM; NanoLight
Technology), the cells were incubated for 5min at 37°C. BRET was
recorded for 22.5min in a Synergy Neo2 Microplate reader (BioTek)
(acceptor filter: 5156 30nm; donor filter: 4106 80nm). Cells were chal-
lenged with vehicle, DADLE 10 nM, DADLE 10 mM, DAMGO 10 nM, or
DAMGO 10 mM after 2.5min. D-BRET represents the BRET signal in
the presence of agonist subtracted by the BRET signal in the presence of
vehicle.

Statistical analyses. Data were analyzed using Prism 9 Software
(GraphPad Software), and results are expressed as mean 6 SEM.
Normal distribution was assessed by parametric testing D’Agostino-

3318 • J. Neurosci., April 20, 2022 • 42(16):3316–3328 Jaramillo-Polanco, Lopez-Lopez et al. · DOPr and OIH in the Gastrointestinal Tract



Pearson. Differences between two groups were examined using
unpaired t test, whereas multiple groups were examined using one-
way ANOVA with Dunnett’s or Tukey’s post hoc test as indicated,
or two-way ANOVA with Bonferroni’s post hoc test for multiple
comparisons. A p value� 0.05 was considered significant. After
classification of unit responses, data were loaded into a

contingency table and then analyzed
with the x 2 test for trend. A p value
� 0.05 was considered significant.

Results
OT and colonic OIH
Mice were treated with morphine for
7 d, using an established model of OIH
(Fig. 1A) (Ferrini et al., 2013; Mattioli
et al., 2014). Tolerance of somatic
nerves was assessed using a tail-flick
test in conscious mice. Morphine’s anti-
nociceptive effect was maximum on
day 4 and declined over the following
days despite high opioid doses (Fig. 1B;
p=0.002, two-way repeated-measures
ANOVA, N=6 saline-, 6 morphine-
treated mice), suggesting development
of OT (Mattioli et al., 2014; Kang et al.,
2017). Patch-clamp recordings from
DRG neurons isolated from morphine-
and saline-treated mice demonstrated
that overnight application of morphine
(1 mM) inhibited neurons from saline-
treated mice (rheobase increased by
49%; p= 0.006, two-way ANOVA, n=9
control cells, 10 morphine-incubated
cells/6 mice) but had no effect on neu-
rons from mice treated with chronic
morphine (Fig. 1C,D; p. 0.99, two-
way ANOVA, n= 15 control cells, 19
morphine-incubated cells/6 mice).

To determine the effect of chronic
morphine administration on excitability
of afferent nerves innervating the colon,
recordings were obtained from colons
dissected from saline- and morphine-
treatedmice (Fig. 2A). Chronic morphine
treatment decreased basal firing of affer-
ent nerves (Fig. 2B; p= 0.028, two-way
repeated-measures ANOVA, n= 12
units/6 saline-treated mice, 18 units/
6 morphine-treated mice). However,
while the acute application of mor-
phine (1 mM) reduced the basal firing
activity of afferent nerves from sa-
line-treated mice (p = 0.16, two-way
repeated-measures ANOVA, n = 12
units/6 saline-treated mice), it evoked a
paradoxical increase in basal firing in
afferent nerves from morphine-treated
mice (Fig. 2B; p=0.018, two-way repea-
ted-measures ANOVA, n=18 units/6
morphine-treated mice). Similarly,
morphine also inhibited the mechano-
sensitive response (von Frey filament,
1 g) in saline-treated mice but did not
alter mechanosensitive responses in

the morphine-treated mice (Fig. 2D; p= 0.004, two-way
repeated-measures ANOVA, n= 14 units/6 saline-treated
mice). Based on responses to the superfusion of morphine,
units were classified in three groups: excited (.20% increase
over baseline or control probing response), inhibited (.20%

Figure 2. Chronic morphine treatment induces tolerance and OIH in mouse colon. Effect of acute application of 1mM morphine
on the basal activity and probing response of colonic afferent axons from saline and morphine-treated mice. A, Representative re-
cording of colonic nerve response to 1 g von Frey filament probing before and after administration of 1 mM morphine. B, Acute
morphine application did not affect the basal firing in afferent axons from saline-treated mice, while it increased firing in afferent
axons from morphine-treated mice (F(1,28) = 10.06, p= 0.0037, two-way repeated-measures ANOVA with Bonferroni’s post hoc
test). C, Analysis of basal nerve activity showed an increased number of excited units on morphine-treated mice, whereas most
of the units were inhibited in saline-treated mice (x 2, df = 5.269, 1; p= 0.022). D, Acute application of 1mM morphine inhibited
the colonic afferent nerve response to probing in saline-treated mice but not in morphine-treated mice (F(1,30) = 6.35,
p= 0.0173, two-way repeated-measures ANOVA with Bonferroni’s post hoc test). E, Chronic exposure to morphine increased the
number of units that were excited on probing response after acute morphine application (x 2, df = 8.283, 1; p= 0.004). B, D,
Error bars indicate mean6 SEM. *p� 0.05. **p� 0.01.
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decrease from baseline or control probing
response), and unchanged (,20% change) (Yu
et al., 2019). Compared with saline-treated mice
in which acute morphine application inhibited
both basal firing (Fig. 2C; x 2, df = 5.269, 1;
p= 0.022) and mechanosensitivity (Fig. 2E; x 2,
df = 8.283, 1; p= 0.004) in most afferent units,
morphine-treated mice had significantly fewer
units with decreased firing and a greater num-
ber with increased or unchanged excitability.

Together, these studies demonstrate the de-
velopment of OT in response to chronic mor-
phine and provide evidence of a paradoxical
increase in basal and mechanosensitive afferent
nerve firing in response to the acute application
of morphine, suggesting OIH.

Pronociceptive signaling evoked by morphine
is mediated by DOPr
To examine mechanisms underlying the devel-
opment of OT and morphine-induced hyperex-
citability in colonic afferents neurons, DRG
neurons from naive mice were treated with mor-
phine at a low (10 nM) or a high (30 mM) concen-
tration either acutely (30min) or overnight, and
patch-clamp recordings were then obtained.
Concentrations in the nanomolar range activate
the classical Gi-mediated inhibitory pathway
(Roeckel et al., 2017), whereas concentrations
in the micromolar to millimolar range have been
used to induce a pronociceptive effect (Akaishi et
al., 2000; Forster et al., 2009; Rowan et al., 2014).
Acute application of low and high concentrations
of morphine decreased neuron excitability com-
pared with control; rheobase increased by 24%
(p=0.038, one-way ANOVA, n=15-21) and 30%
(p=0.004, one-way ANOVA, n=21 on each
group), respectively (Fig. 3A). Overnight incuba-
tion with high concentrations of morphine
induced an increase in neuron excitability com-
pared with control; rheobase decreased by 18%
(Fig. 3B; p= 0.039, one-way ANOVA, n= 22 on
each group). These data parallel the findings in
afferent nerve recordings (Fig. 2), demonstrat-
ing that prolonged exposure to high concentration of opioids
induces tolerance and a paradoxical increase in excitability of
nociceptive neurons. The pronociceptive effect evoked by
chronic morphine exposure was blocked by SDM25N (DOPr
antagonist, 100 nM) (McLamore et al., 2001) but not by CTOP
(MOPr antagonist, 100 nM) (Raynor et al., 1994), suggesting
that the increased excitability induced by prolonged in vitro ex-
posure to a high concentration of morphine is mediated by DOPr
(Fig. 3C; for SDM25N: p=0.019; for CTOP: p. 0.99, two-way
ANOVA, n=10-15).

To determine whether DOPr activation is also necessary for
morphine-induced hyperalgesia in vivo, we examined the effect
of the DOPr antagonist NTI (2.5mg/kg) (Matthes et al., 1998).
The DOPr antagonist was administered daily 20min before mor-
phine injections (Fig. 4A), and results from these mice were com-
pared with those treated with morphine alone. The tail-flick test
showed that NTI reduced the antinociceptive effect (MPE) of
morphine at day 3, suggesting the involvement of DOPr in mor-
phine-induced analgesia (Fig. 4B; p= 0.031, two-way repeated-

measures ANOVA, N=7 morphine-, 7 NTI1morphine-treated
mice). Importantly, the analgesic effect of morphine was reduced
on day 7 in morphine-treated mice (p=0.003, two-way repeated-
measures ANOVA, N= 7 mice), whereas NTI prevented this tol-
erance (p=0.15, two-way repeated-measures ANOVA, N=7
mice). In patch-clamp studies of DRG neurons, acute morphine
application increased the excitability of nociceptive neurons
from morphine-treated mice (rheobase decreased 26%, p= 0.049,
two-way ANOVA, n= 15 control cells, 16 morphine-incubated
cells/7 mice), but it did not affect the excitability of neurons from
NTI 1 morphine mice (p. 0.99, two-way ANOVA, n= 17 con-
trol cells, 15 morphine-incubated cells/7 mice), demonstrating
that blocking DOPr with NTI in vivo prevented the increase in
DRG neuron excitability induced by chronic morphine (Fig. 4C).
Ex vivo afferent nerve recordings in colons from mice receiving
morphine alone showed that basal firing and mechanosensitivity
were unaffected by the acute application of morphine (i.e., exhib-
ited tolerance) (Fig. 4D,F; p. 0.99 and 0.25, respectively, two-
way repeated-measures ANOVA, n=15 units/7 morphine-
treated mice), whereas in colons from NTI 1 morphine mice,
the acute morphine application inhibited mechanosensitivity

Figure 3. Overnight incubation with high concentrations of morphine has a pronociceptive effect on naive DRG
neurons mediated by DOPr. A, Effect of the acute incubation of morphine on the excitability of DRG neurons meas-
ured by perforated patch clamp. Both low and high concentrations of morphine increased neuron rheobase com-
pared with control (F(2,54) = 5.79, p= 0.0053, one-way ANOVA with Dunnett’s post hoc test). B, Overnight
incubation of low-concentration morphine had no effect on rheobase, while high concentration decreased neuron
rheobase compared with control (F(2,61) = 8.93, p= 0.0004, one-way ANOVA with Dunnett’s post hoc test). C, DOPr
antagonist SDM25N but not MOPr antagonist CTOP prevented the pronociceptive effect induced by high-concentra-
tion morphine (F(1,71) = 12.45, p= 0.0007, two-way ANOVA with Bonferroni’s post hoc test). Number of cells
appears in each bar. Error bars indicate mean6 SEM. *p� 0.05. **p� 0.01.
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(Fig. 4F; p, 0.0001, two-way repeated-measures ANOVA,
n= 16 units/7 NTI 1 morphine-treated mice). The number of
afferent units with different responses to acute morphine appli-
cation in terms of basal firing between morphine mice and NTI
1 morphine mice was similar (Fig. 4E; x 2, df = 2.280, 1;

p=0.13). However, acute morphine
decreased the number of excited mechano-
sensitive units and increased the number
of inhibited units in NTI 1 morphine
mice (Fig. 4G; x 2, df=14.06, 1; p=0.0002),
suggesting that blocking DOPr activation
significantly reduced OIH in morphine-
treated mice.

The role of MOPr and DOPr signaling
in the paradoxical increased DRG
neuron excitability induced by opioids
We have previously shown that MOPr
and DOPr are functionally expressed on
colonic DRG neurons and coexpressed
on a significant proportion of these
neurons (Guerrero-Alba et al., 2018).
To examine their specific roles in the de-
velopment of opioid-induced neuronal
hyperexcitability, the effects of the MOPr
agonist DAMGO and the DOPr agonist
DADLE were examined using acute
application (30min) and overnight incu-
bation (Figs. 5 and 6, respectively) with
low (10 nM) and high (10 mM) agonist
concentrations. DAMGO and DADLE
have similar binding affinities for their
receptors (IC50 ; 2 nM), evoking inhibi-
tion at nanomolar concentrations (Raynor
et al., 1994; Guerrero-Alba et al., 2018),
and we sought to determine whether
higher concentrations can evoke an excita-
tory effect. Following acute application
of 10 nM or 10 mM DAMGO, neuronal
excitability was decreased compared with
control (Fig. 5A; p=0.002 and 0.009,
respectively, two-way ANOVA, n=28-30).
This decreased excitability was selectively
blocked by 100 nM CTOP (Fig. 5A;
p=0.0012 and 0.02, respectively, two-way
ANOVA, n=18-30), but not by 100 nM
SDM25N (Fig. 5B; p. 0.99, two-way
ANOVA, n=20-30). Acute application of
10 nM DADLE also decreased neuron
excitability, whereas 10 mM DADLE in-
creased neuron excitability (Fig. 5C; p=
0.026 and 0.018, two-way ANOVA, n=23-
26). Both effects were blocked by SDM25N
(Fig. 5C; p=0.003 and 0.046, two-way
ANOVA, n=23-26), whereas CTOP failed
to block the excitatory effect by 10 mM

DADLE (Fig. 5D; p. 0.99, two-way
ANOVA, n=14 on each group).

After overnight exposure, 10 nM
DAMGO decreased neuron excitability
compared with control, whereas 10 mM

DAMGO increased excitability (Fig. 6A;
p, 0.0001 and 0.03, respectively, two-
way ANOVA, n= 23-25). Importantly,

this excitatory effect of DAMGO was blocked by the DOPr an-
tagonist SDM25N (Fig. 6B; p, 0.0001, two-way ANOVA,
n= 10-13) but not by the MOPr antagonist CTOP (Fig. 6A;
p. 0.99, two-way ANOVA, n=22-23); 10 nM DADLE had no

Figure 4. The DOPr inhibitor NTI prevents tolerance and the pronociceptive effect induced by chronic morphine. A,
Schematic protocol of chronic morphine treatment in the presence of DOPr antagonist NTI. B, In vivo tail-flick test on NTI 1
morphine-treated mice showed an inhibition on the maximum antinociceptive effect reached on day 3 by morphine-treated
mice (F(1,12) = 5.52, p= 0.037, two-way repeated-measures ANOVA with Bonferroni’s post hoc test). This maximum antinoci-
ceptive effect decreased on day 7 only in morphine-treated mice (F(1,12) = 17.67, p= 0.0012, two-way repeated-measures
ANOVA with Bonferroni’s post hoc test). Results are expressed as mean of % MPE 6 SEM, morphine mice = 7; NTI 1 mor-
phine mice = 7. C, Acute morphine incubation decreased rheobase of neurons from morphine-treated mice but did not have
any effect on neurons from NTI 1 morphine-treated mice (F(1,59) = 4.163, p= 0.046, two-way ANOVA with Bonferroni’s post
hoc test). Number of cells appears in each bar. D-G, Effect of acute application of 1 mM morphine on the basal activity and
probing response of colonic afferent axons from morphine (6 mice) and NTI1 morphine-treated mice (5 mice). D, No changes
were observed on basal firing in afferent nerves from morphine-or NTI 1 morphine-treated mice (F(1,29) = 1.53, p= 0.226,
two-way repeated-measures ANOVA with Bonferroni’s post hoc test). E, Quantification of units showed no difference between
groups in terms of basal activity (x 2, df = 2.28, 1; p= 0.131). F, Acute application of morphine inhibited the afferent response
to probing only in NTI 1 morphine mice (F(1,29) = 21.44, p, 0.0001, two-way repeated-measures ANOVA with Bonferroni’s
post hoc test). G, Most of the units were inhibited in response to probing after acute morphine exposure on NTI1 morphine
mice compared with those from morphine-treated mice, which showed a higher number of excited units (x 2, df = 14.06, 1;
p= 0.0002). Error bars indicate mean6 SEM. *p� 0.05. **p� 0.01. ****p� 0.0001.
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effect on the mean rheobase suggesting desen-
sitization, whereas 10 mM DADLE increased
neuron excitability (Fig. 6C; p= 0.296 and
0.004, respectively, two-way ANOVA, n=23-
28). This pronociceptive effect was also blocked
by SDM25N (Fig. 6C; p=0.006, two-way
ANOVA, n= 23-33) but also by CTOP (Fig.
6D; p=0.008, two-way ANOVA, n=19 on
each group), an unexpected finding given that
CTOP did not block the pronociceptive action
evoked by DADLE (Fig. 5D). Together, our
data suggest that DOPr is involved in the para-
doxical increased neuronal excitability induced
by MOPr and DOPr agonists.

To confirm our fundamental observation in
gut specific neurons, we performed patch-
clamp recordings on colon-projecting DRG
neurons (Fast Blue-labeled) from female mice.
The DOPr agonist DADLE 10 mM overnight
incubated increased DRG neuron excitability
compared with vehicle (Fig. 6E; p=0.0035,
unpaired t test, n=8 on each group).

The DOPr-mediated pronociceptive effect is
endocytosis-dependent
To examine the intracellular signaling underly-
ing hyperexcitability evoked by overnight incu-
bation with high concentrations of DAMGO
and DADLE, we used the opioid receptor an-
tagonist NLX and the inhibitor of endocytosis,
PS2. NLX is an alkaloid that can permeate the
plasma membrane and also affect the intracel-
lular signaling of opioid receptors (Wang et al.,
2008), whereas PS2 is an inhibitor of clathrin-
mediated endocytosis (Robertson et al., 2014).
The pronociceptive effects of DAMGO and
DADLE were blocked by 1 mM NLX (Fig. 7A;
p, 0.0001 and 0.002 respectively, two-way
ANOVA, n= 12-16) and also by 20 mM PS2
(Fig. 7B; p=0.027 and 0.016 respectively, two-
way ANOVA, n=14-19). To further characterize the involve-
ment of endocytic pathways in the increased neuronal excitabil-
ity evoked by high concentrations of opioid agonists and
mediated by DOPr, DRG neurons were incubated acutely
(30min) and overnight with high concentration of a weakly
internalizing DOPr agonist ARM390 (10 mM) (Marie et al., 2003;
Pradhan et al., 2009). We previously showed that DADLE and
SNC80 but not ARM390 (100 nM) induced b arr recruitment as
well as DOPr internalization (Jimenez-Vargas et al., 2020). Acute
incubation with ARM390 did not alter the mean rheobase of
DRG neurons, whereas overnight incubation decreased neuron
excitability despite the high concentration (Fig. 7C; p=0.039,
one-way ANOVA, n= 20 or 21). Together, these data suggest
that the neuronal hyperexcitability induced by opioids is depend-
ent on DOPr internalization.

Overnight exposure to a high concentration of opioids
switches MOPr and DOPr signaling in response to acute
opioid re-exposure to a pronociceptive pathway
To further examine the mechanisms underlying the switch of
opioid signaling to a pronociceptive pathway, we studied the
response to low-concentration (10 nM) MOPr and DOPr ago-
nists following overnight incubation of DRG neurons with high

concentrations (10 mM) of DAMGO or DADLE (Fig. 8A). As
shown in Figure 6, sustained exposure to 10 mM DADLE
increased neuron excitability. However, after 1 h washout of
DADLE, neuron excitability recovered to control levels (Fig. 8B).
Neurons were then re-exposed to acute application (30min) of
10 nM of either a DOPr or MOPr agonist. DADLE 10 nM but not
DAMGO increased neuron excitability rather than decreasing it
(p=0.002 and p . 0.99, respectively, one-way ANOVA, n= 16
or 17), as previously observed in naive neurons (Fig. 5), suggest-
ing a switch in receptor downstream signaling pathways as a
result of the prior overnight exposure to DADLE (Fig. 8B).
Interestingly, following overnight incubation with 10 mM

DAMGO, re-exposure to both 10 nM DAMGO or DADLE
increased neuron excitability (Fig. 8C; p=0.003 on both cases,
one-way ANOVA, n=10-12).

PKCmediates the pronociceptive effect by opioids after
overnight exposure to 10 lM DADLE
To further understand the intracellular mechanism underlying
neuronal hyperexcitability after opioid re-exposure, we explored
the role of PKA and PKC signaling. Opioid inhibition of neurons
occurs via Gi-protein linked to PKA pathway, whereas PKC« sig-
naling has been implicated in pronociceptive responses induced
by opioids (Joseph et al., 2010). Following washout of the

Figure 5. Acute application of MOPr and DOPr agonists shows that pronociceptive actions are mediated by DOPr. A,
B, Effect of low-concentration (10 nM) and high-concentration (10 mM) DAMGO applied acutely (30 min) on neuron
excitability. Patch-clamp recordings show that low and high concentrations of DAMGO increased neuron rheobase. This
antinociceptive effect was inhibited by MOPr antagonist CTOP (A: F(2,146) = 3.655, p= 0.028) but not by DOPr antago-
nist SDM25N (B: F(2,148) = 0.339, p= 0.713). C, D, A low concentration of DADLE increased neuron rheobase, whereas
a high concentration decreased neuron rheobase. DOPr antagonist SDM25N blocked both effects induced by DADLE (C:
F(1,134) = 8.35, p= 0.0004), whereas CTOP was unable to block the pronociceptive effect evoked by high-concentration
DADLE (D: F(1,54) = 0.1555, p= 0.695). Number of cells appears in each bar. Error bars indicate mean 6 SEM.
*p� 0.05; **p� 0.01; ***p� 0.001; two-way ANOVA with Bonferroni’s post hoc test.

3322 • J. Neurosci., April 20, 2022 • 42(16):3316–3328 Jaramillo-Polanco, Lopez-Lopez et al. · DOPr and OIH in the Gastrointestinal Tract



excitatory effect of overnight 10mM DADLE or DAMGO incuba-
tion, PKA or PKC inhibitors were applied to DRG neurons
30min before acute incubation with 10 nM opioids (Fig. 8D).
H89
1 mM failed to block the pronociceptive effect of 10 nM DADLE
re-exposure (Fig. 8E,G; rheobase decreased compared with H89
control; p=0.02 and p= 0.012 respectively, one-way ANOVA,
n=12-16), but blocked the pronociceptive effect of 10 nM DAMGO
re-exposure (Fig. 8G; rheobase not different compared with H89
control, p=0.15, one-way ANOVA, n=16 or 17). GFX 1 mM

blocked the pronociceptive effect of 10 nM DADLE re-exposure fol-
lowing either overnight 10 mM DADLE or DAMGO incubation
(Fig. 8F,H; rheobase not different from GFX control, p = 0.63 and
p = 0.09, respectively, one-way ANOVA, n = 12-18), suggest-
ing that PKC signaling plays a role in the pronociceptive
responses mediated by DOPr.

Gai signaling and barr2 recruitment are lost after sustained
exposure to opioids
BRET assays were performed in HEK293T cells to measure the
activation of Gai, Gas, and Gaq proteins following acute opioid

agonists re-exposure. Acute application of
DADLE and DAMGO to cells not previ-
ously exposed to opioids activated Gai

subunits but minimal Gaq and not Gas

proteins. DADLE evoked a larger response
than DAMGO (Fig. 9). Gai subunit activa-
tion by acute opioids decreased when cells
were previously exposed to a high concen-
tration of DADLE (10 mM) or DAMGO
(10 mM) (Fig. 9A–D; one-way ANOVA),
suggesting possible desensitization of Gai

signaling after prolonged opioid exposure.
We did not find evidence of Gas or Gaq

protein activation after opioid re-exposure
(Fig. 9E–L; one-way ANOVA).

b arr2 recruitment to the plasma mem-
brane was also measured in HEK293T
cells. Acute application of DADLE (Fig.
9M,N) or high concentration of DAMGO
(Fig. 9P) evoked significant recruitment
of b arr2 to the plasma membrane. This
recruitment was absent when cells were re-
exposed to opioids after overnight incuba-
tion with high concentration of DADLE or
DAMGO (Fig. 9M–P; one-way ANOVA).

Discussion
The opioid crisis in the developed world
has fueled ongoing interest in strategies to
mitigate the serious and potentially lethal
side effects of opioid drugs. These side
effects are driven by escalating dosing as a
result of OT and possibly the less well-
described phenomenon of OIH, where
opioids are thought to paradoxically
increase nociceptive signaling following
chronic exposure to high doses (Farmer et
al., 2017). An important site of analgesia
derived from systemic opioids is the pe-
ripheral nociceptive DRG neuron, such as
those innervating the intestine (Guerrero-
Alba et al., 2018). Here we focus on pe-
ripheral nociceptive signaling mechanisms

in the colon using in vivo models of OT and corresponding in
vitro models of OPr desensitization. We provide evidence of
decreased antinociceptive and enhanced pronociceptive signal-
ing from afferent nerves following chronic morphine exposure
and corresponding changes in in vitro studies of isolated DRG
neurons. Moreover, we found evidence of a functional MOPr–
DOPr interaction where these events were driven by activation
of DOPr in response to high doses of either MOPr or DOPr
agonists.

Morphine is a common analgesic used to manage pain over
days to weeks in multiple clinical settings. In our in vivo studies
with morphine exposure for only 7 d, we observed decreased an-
algesia and enhanced pronociceptive signaling in colonic afferent
nerves, when the nerves were challenged with an acute applica-
tion of morphine. These findings were evident after quantifica-
tion of the number of individual units differentially altered by
acute morphine in basal afferent nerve firing and mechanical
probing responses, suggesting that both basal firing and mecha-
nosensitive properties are affected. In parallel, patch-clamp

Figure 6. DOPr mediates the pronociceptive effect induced by high concentrations of MOPr and DOPr agonists applied
overnight. A, B, Effect of low-concentration (10 nM) and high-concentration (10 mM) DAMGO overnight incubated on DRG
neuron excitability. DRG neuron rheobase increased with low-concentration but decreased with high-concentration DAMGO.
A, CTOP prevented the antinociceptive effect by 10 nM DAMGO but had no effect on the pronociceptive effect by 10 mM

DAMGO (F(2,127) = 9.898, p, 0.0001). B, SDM25N inhibited only the pronociceptive effect by 10 mM DAMGO (F(2,71) =
8.144, p= 0.0007). C, D, Low-concentration DADLE had no effect on neuron rheobase, while high concentrations decreased
neuron rheobase; this pronociceptive effect by high-concentration DADLE was inhibited by both SDM25N (C: F(2,161) = 5.022,
p= 0.0077) and CTOP (D: F(1,72) = 5.605, p= 0.0206). E, Effect of 10 mM DADLE on DRG neurons innervating the colon of
female mice. High-concentration DADLE decreased the rheobase of Fast Blue-labeled neurons (t(14) = 3.506, p= 0.0035,
unpaired t test). Number of cells appears in each bar. Error bars indicate mean 6 SEM. A–D, *p� 0.05; **p� 0.01;
***p� 0.001; two-way ANOVA with Bonferroni’s post hoc test.
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Figure 7. Opioid-induced DRG neuronal hyperexcitability is dependent on receptor endocytosis. A, Patch-clamp recordings show that the OPr antagonist naloxone (NLX) prevented the
decrease in the rheobase evoked by high-concentration DAMGO and DADLE applied overnight (F(2,78) = 8.143, p= 0.0006, two-way ANOVA with Bonferroni’s post hoc test). B, The clathrin in-
hibitor PS2 also prevented the decrease on the rheobase evoked by high-concentration opioids (F(1,98) = 10.63, p= 0.0015, two-way ANOVA with Bonferroni’s post hoc test). C, Acute applica-
tion of a weakly internalizing DOPr agonist ARM390 at equally high concentration did not alter neuron rheobase, whereas overnight incubation increased neuron rheobase (F(2,58) = 3.064,
p= 0.054, one-way ANOVA with Dunnett’s post hoc test). Number of cells appears in each bar. Error bars indicate mean6 SEM. *p� 0.05. **p� 0.01. ***p� 0.001.

Figure 8. Overnight exposure to high-concentration opioids switches low-concentration DOPr and MOPr agonist responses to a PKC-dependent pronociceptive pathway. A, Schematic protocol showing
the paradigm used in B and C. Arrows indicate perforated patch-clamp recordings at different treatment points. B, The pronociceptive effect induced by high-concentration DADLE is lost after 1 h washout
with control media, re-exposure to a low-concentration DADLE paradoxically decreased neuron rheobase (F(4,78) = 8.474, p, 0.0001). C, After washout of high-concentration DAMGO overnight, acute re-
exposure to DAMGO or DADLE paradoxically decreased neuron rheobase (F(4,58) = 7.111, p, 0.0001). D, Schematic protocol showing the paradigm used in E–H. Arrows indicate perforated patch-clamp
recordings after incubation with PKA or PKC inhibitors with or without opioid re-exposure. E, F, Following the washout of overnight high-concentration DADLE, PKC inhibitor GFX (F: F(2,34) = 0.382,
p=0.686) but not PKA inhibitor H89 (E: F(2,35) = 3.681, p=0.035) prevented the paradoxical increased excitability induced by acute re-exposure to low-concentration DADLE. G, H, Following washout of
overnight high-concentration DAMGO, PKA inhibitor H89 (G: F(2,53) = 4.1, p=0.022) only prevented the pronociceptive effect induced by acute re-exposure to low-concentration DAMGO while PKC inhibi-
tor GFX (H: F(2,50) = 2.246, p=0.116) prevented the increased excitability induced by acute re-exposure to both low-concentration DAMGO or DADLE. Number of cells appears in each bar. Error bars indi-
cate mean6 SEM. *p� 0.05; **p� 0.01; ***p� 0.001; one-way ANOVA with Dunnett’s post hoc test.
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studies of individual DRG neurons from the same animals demon-
strated receptor desensitization in response to the acute application
of morphine. Furthermore, chronic incubation (overnight) with
high-dose morphine recapitulates the switch from antinociceptive
to pronociceptive signaling following an acute morphine challenge
(Fig. 3C), a phenomenon observed by others (Khomula et al.,
2019).

The analgesic actions of morphine and related compounds
are mediated largely by MOPrs. Our studies, however, identified

that the switch to pronociceptive pathways is mediated by DOPr
signaling, based on several findings. Our in vitro studies of iso-
lated DRG neurons demonstrated that the selective DOPr antag-
onists blocked the pronociceptive actions of overnight morphine
incubation, whereas the MOPr antagonist had no effect. We
observed a similar phenomenon in vivowhere the pronociceptive
actions of acute application of morphine following chronic expo-
sure were blocked by the selective DOPr antagonist NTI, sug-
gesting that DOPr plays a significant role in the development of

Figure 9. Overnight incubation with high-concentration opioids decreased acute Gai activation and b arr2 recruitment. Transfected HEK293T cells were treated overnight with vehicle, high-concentra-
tion (10 mM) DADLE or DAMGO, washed for 30min, and then stimulated with vehicle, or agonist with low-concentration (10 nM) DAMGO or DADLE or high-concentration (10 mM) DAMGO or DADLE.
BRET was recorded over time to measure activation of Gai (A: F(5,24) = 45.25, p, 0.0001; B: F(5,24) = 99.2, p, 0.0001; C: F(5,23) = 0.1771, p=0.9685; D: F(5,23) = 51.16, p, 0.0001), Gas (E:
F(5,24) = 0.8942, p=0.5007; F: F(5,24) = 0.1545, p=0.9766; G: F(5,23) = 0.9256, p=0.4824; H: F(5,23) = 0.477, p=0.7896), and Gaq (I: F(5,24) = 7.611, p, 0.0002; J: F(5,24) = 8.63, p, 0.0001; K:
F(5,23) = 1.63, p=0.1919; L: F(5,23) = 6.034, p=0.001) by dissociation of Rluc2-Ga with GFP10-Gg2 after agonist stimulation. Consequently, a decrease of BRET reflects an activation of Ga protein.
Following the same cell treatment, recruitment of Rluc2-b arr2 to the plasma membrane (rGFP-CAAX) was also measured using ebBRET (M: F(5,24) = 8.966, p, 0.0001; N: F(5,24) = 24.1, p, 0.0001; O:
F(5,23) = 0.7804, p=0.574; P: F(5,23) = 13.28, p, 0.0001), an increase of ebBRET reflecting the recruitment of b arr2 at the plasma membrane. Data were collected from 3-7 independent experiments.
Bars represent mean of the area under the curve6 SEM. *p� 0.05; **p� 0.01; ***p� 0.001; ****p� 0.001; one-way ANOVA with multiple comparisons and Tukey’s post hoc test.
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hyperalgesia. We then used selective MOPr and DOPr agonists
and their respective antagonists to recapitulate these findings.
The higher concentrations we used may have exceeded concen-
trations reported to be selective (Raynor et al., 1994). Previous
studies suggest that morphine and DAMGO at high concentra-
tions can activate DOPr (Jordan et al., 2000; Zhao et al., 2003).
Nonetheless, we found that the classical inhibition evoked by
acute application at these high concentrations was blocked by
their respective antagonists (Fig. 5).

Our studies may suggest a functional MOPr–DOPr interac-
tion following sustained application of high-dose agonists. We
previously showed that MOPr and DOPr are coexpressed on a
significant proportion of nociceptive DRG neurons (Guerrero-
Alba et al., 2018). The concept of MOPr–DOPr interaction
underlying OPr-mediated inhibition is well described in previous
studies (DiCello et al., 2020), although the mechanisms are
poorly understood and may be multifactorial. Additionally, se-
lectivity studies found that MOPr agonists morphine and
DAMGO showed higher affinity to cells coexpressing MOPr-
DOPr receptors compared with cells expressing only MOPr
(Yekkirala et al., 2010). In our studies, where neurons were
exposed to high concentrations of DADLE and DAMGO over-
night and then excitability allowed to recover during a washout,
we found diverging effects when we re-exposed these neurons to
low concentrations of the agonists. DAMGO overnight exposure
primed the neurons to a pronociceptive action in response to a
subsequent challenge with both the MOPr and DOPr agonists,
whereas overnight DADLE only resulted in a pronociceptive
response to subsequent DADLE, but not DAMGO. These find-
ings further support the concept that the pronociception evoked
high-dose opioids are selectively mediated by activation of DOPr
by either MOPr or DOPr agonists.

DOPr agonists are being developed for the treatment of
chronic pain, as well as psychiatric disorders (Gendron et al.,
2015). Like other GPCRs, DOPrs exhibit agonist-selective
recruitment of arrestins, resulting in functional selectivity
between agonists. Arrestins are multifaceted proteins that play
an important role in DOPr trafficking and signaling. Recent
studies suggest that weakly internalizing DOPr agonists have sus-
tained signaling from the plasma membrane and exhibit sus-
tained antinociception, whereas those that externalize and
recruit arrestins exhibit rapid tolerance. OPr internalization has
received considerable attention in studies of DOPr antinocicep-
tive signaling and have shown that tolerance is induced by high
internalizing DOPr agonist through b arr recruitment (Pradhan
et al., 2010, 2016; Vicente-Sanchez et al., 2018), but the cellular
mechanisms underlying DOPr hyperalgesia have not been stud-
ied. We found that the weakly internalizing DOPr agonist
ARM390 did not evoke neuronal hyperexcitability, unlike
DADLE, and that the actions of DADLE were blocked by the cla-
thrin inhibitor PS2. Thus, our studies suggest that the DOPr-
mediated pronociceptive signaling is also dependent on receptor
internalization.

Opioid inhibitory effects are classically linked to Gai and
Gb g protein signaling, and downstream inhibition of adenylate
cyclase and PKA activity, although other signaling pathways
have been implicated (Al-Hasani and Bruchas, 2011). We did
not find a switch in Gai to Gas or Gaq signaling; however, our
results suggest that DOPr-mediated pronociceptive signaling is
PKC-dependent, which is similar to findings in other studies
using MOPr selective agonists (Joseph et al., 2010). It has been
reported that PKC activation can be downstream of Gai pathway
via Gb g subunits or calcium entry (Camps et al., 1992;

Nishizuka, 1992). Further studies are needed to determine the
role of PKC in the mechanisms of phosphorylation and internal-
ization of OR that might lead to OT and OIH.

There are several potential limitations of the current study.
All opioid agonists are analgesic, yet selective activation of MOPr
and DOPr exhibits different behavioral effects. DOPr agonists
have anxiolytic and antidepressant activity (Valentino and
Volkow, 2018), and MOPr agonists induce euphoria and stress
coping. And while such actions could alter the outcome of be-
havioral studies, there is little evidence they have impacted the
current study. Our electrophysiological measurements of toler-
ance and OIH were obtained using ex vivo peripheral afferent
nerve preparations and in vitro patch-clamp studies of isolated
neurons following chronic treatment and thus would not be
directly influenced by the psychological impact of DOPr or
MOPr signaling. While the tail flick test measures of tolerance
could be influenced by psychological changes, our electrophysio-
logical studies showed parallel correlates of tolerance and OIH in
the same animals. Another potential limitation is the lack of in
vivo dose ranging studies and correlation with the concentrations
used in the in vitro studies. Further studies are needed in this
regard, but the current studies show evidence of the observed in
vitro correlates of tolerance and OIH in the in vivo studies, and
the doses used were well tolerated by the animals and thus are
likely comparable with those used in humans. A final issue
relates to the identity of the DRG neurons studied. While the
studies conducted using afferent recordings from the colon and
patch-clamp studies of neurons retrogradely labeled from the co-
lon of male and female mice demonstrate the pronociceptive
actions of DOPr in gut-specific neurons, most of the patch-
clamp studies were conducted on nonlabeled neurons; thus,
many of these would be somatosensory neurons. Thus, it is likely
that the findings described in this study relate not only to visceral
neurons but also to the peripheral somatosensory system.

In conclusion, DOPr plays a major role in the develop-
ment of OT and OIH in colonic afferent nociceptors. The
development of OIH requires prolonged exposure to high
opioid concentrations, leading to activation of mechanisms,
such as OPr internalization and activation of PKC signaling
pathway. Targeting key components on these identified
pathways could mitigate the development of OT and OIH
in the colon.
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