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Endogenous adenosine plays a crucial role in maintaining energy homeostasis, and adenosine levels are tightly regulated
across neural circuits. In the dorsal medial striatum (DMS), adenosine inhibits neurotransmitter release, but the source and
mechanism underlying its accumulation are largely unknown. Opioids also inhibit neurotransmitter release in the DMS and
influence adenosine accumulation after prolonged exposure. However, how these two neurotransmitter systems interact
acutely is also largely unknown. This study demonstrates that activation of m opioid receptors, but not d opioid receptors or
j opioid receptors, inhibits tonic activation of adenosine A1Rs via a cAMP-dependent mechanism in both male and female
mice. Further, selectively knocking out m opioid receptors from thalamic presynaptic terminals and postsynaptic medium
spiny neurons (MSNs) revealed that activation of m opioid receptors on D1R-positive MSNs, but not D2R-positive MSNs, is
necessary to inhibit tonic adenosine signaling on presynaptic terminals. Given the role of D1R-positive MSNs in movement
and motivated behaviors, these findings reveal a novel mechanism by which these neurons regulate their own synaptic
inputs.
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Significance Statement

Understanding interactions between neuromodulatory systems within brain circuits is a fundamental question in neuro-
science. The present work uncovers a novel role of opioids in acutely inhibiting adenosine accumulation and subsequent aden-
osine receptor signaling in the striatum by inhibiting the production of cAMP. Adenosine receptor signaling regulates striatal
neurotransmitters, including glutamate, GABA, dopamine, and acetylcholine. Furthermore, interactions between adenosine2A
receptors and numerous other GPCRs, including D2 dopamine and CB1 cannabinoid receptors, suggest that endogenous aden-
osine broadly modulates striatal GPCR signaling. Additionally, this work discovered that the source of resting endogenous
extracellular adenosine is likely D1, but not D2 receptor-positive medium spiny neurons, suggesting that opioid signaling and
manipulation of D1R-expressing medium spiny neuron cAMP activity can broadly affect striatal function and behavior.

Introduction
Opioids such as morphine acutely mediate analgesia, and long-
term use leads to dependence and potentially addiction. The
thalamus and dorsal medial striatum (DMS) are important for
regulating opioid dependence and modulating goal-directed

behavior, respectively (Balleine et al., 2007; Bertran-Gonzalez et
al., 2013; Zhu et al., 2016). Opioids are known to inhibit both
excitatory input to the striatum and local GABA release within
the striatal microcircuitry (Atwood et al., 2014; Banghart et al.,
2015; Birdsong et al., 2019). Additionally, agonists selective to
the adenosine A1Rs also inhibit glutamate release in the striatum
(Brundege and Williams, 2002) and influence striatal dynamics.
Thus, understanding the role of opioid receptors and A1Rs in
modulating excitatory inputs to the striatum, and the potential
interaction between these receptors, is important for understand-
ing how multiple neurotransmitter systems influence striatal
activity.

Opioids binding to m opioid receptor (MOR) activate Gi/o

heterotrimeric G-proteins to inhibit adenyl cyclase (AC) and
consequently decrease cAMP levels (Heijna et al., 1992;
Izenwasser et al., 1993). Acutely, this inhibition of cAMP, along
with other effectors, ultimately inhibits neuronal activity and
neurotransmitter release. Activation of the A1Rs also inhibits AC
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and, under basal conditions, there is a resting extracellular
adenosine tone in the striatum. This resting adenosine tone can
tonically activate A1Rs, inhibiting neurotransmitter release
(Brundege and Williams, 2002). The fact that adenosine and
opioids both act through the same effector systems suggests that
these two neurotransmitters can influence each other’s signaling.
But neither the role of opioids in modulating resting adenosine
levels nor the source of this resting adenosine tone is known.

Agonists selective to MOR, but not d opioid receptor (DOR),
potently inhibit glutamate release frommedial thalamus onto the
striatum (Atwood et al., 2014; Birdsong et al., 2019; Muñoz et al.,
2020), but the role of k opioid receptors (KORs) in this circuit
has not been examined. However, there is evidence that MORs,
DORs, and KORs are widely expressed throughout the striatum
(Mansour et al., 1994; Nestler and Carlezon, 2006; Muschamp
and Carlezon, 2013; Al-Hasani et al., 2015; Banghart et al., 2015;
Massaly et al., 2019) and have been shown to inhibit neurotransmit-
ter release in the striatum to varying degrees in a synapse-specific
manner (Atwood et al., 2014; Tejeda et al., 2017; Birdsong et al.,
2019). Therefore, although all three subtypes of opioid receptors are
present in the striatum, they potentially modulate the activity of the
striatum and interact with A1R signaling uniquely.

The present study examines the functional interaction be-
tween opioid receptors and adenosine signaling, the mechanism
underlying extracellular adenosine accumulation, and the source
of adenosine release in the striatum using a combination of brain
slice electrophysiology, pharmacology, optogenetics, and genetic
manipulation of MOR expression in mice. Optically induced
EPSCs (oEPSCs) were recorded in striatal medium spiny neu-
rons (MSNs) following optical excitation of channelrhodopsin-
expressing medial thalamic axon terminals in the dorsomedial
striatum. The facilitation of oEPSC amplitude by the A1R antag-
onist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) was used to
measure tonic A1R activation and as a proxy for extracellular
adenosine accumulation. The results show that (1) morphine
inhibits tonic adenosine accumulation by inhibiting cAMP, (2)
this inhibition is specific to MOR agonists and not DOR or KOR
agonists, and (3) MOR regulation of dorsomedial striatal adeno-
sine levels requires MOR expression on D1R-positive MSNs.

Materials and Methods
Animals. Male and female C57BL/6J mice (8-10weeks old) were

bred in house and were housed under a 12 h-light/dark cycle. Food and
water were available ad libitum. Mice with exons 2 and 3 of the oprm1
gene flanked by the LoxP cassette (FloxedMor; Oprm1fl/fl; JAX stock
#030074), with a genetic background of 75%:25% of C57BL/6J were pro-
vided by Brigitte L. Kieffer. Vglut2-cremice (Slc17a6tm2(cre)Lowl; JAX stock
#016963) were purchased from The Jackson Laboratory. The 2 mice
were crossed to generate FloxedMor-Vglut2-cre mice that lack MORs in
presynaptic terminals. A2A-cre mice (Tg(Adora2a-cre)KG139Gsat;
MMRC stock #036158-UCD) were provided by Tianyi Mao and were
crossed with FloxedMor mice to generate FloxedMor-A2A-cre mice lack-
ing MORs in D2-positive MSNs. D1-cre mice (Tg(Drd1-cre)EY262Gsat;
MMRC stock #030989-UCD) were provided by Christopher Ford and
were crossed with FloxedMORmice to generate FloxedMOR-D1-cremice
lacking MORs in D1-positive MSNs.

All animal experiments were conducted in accordance with the
National Institutes of Health guidelines and with approval from the
Institutional Animal Care and Use Committee of the Oregon Health &
Science University.

Viral injection.Mice were anesthetized with isoflurane and placed in
a stereotaxic frame (Kopf Instruments, with custom modifications) for
microinjections of recombinant adeno-associated virus (AAV2-syn-
CsChR-GFP) to express channelrhodopsin (Klapoetke et al., 2014). A

glass pipette filled with 40 nl of virus was injected into the medial thala-
mus (Nanoject II, Drummond Scientific; Kopf Model 1900
Stereotaxic Frame, David Kopf Instruments). Injection coordinates
for medial thalamus are in millimeters for ML, AP from bregma,
and DV from the top of the skull directly over the target area: ML,
60.55; AP, �1.2; DV, �3.4. Electrophysiology experiments were
done 2-3 weeks after viral injections.

Drugs.Morphine sulfate was obtained from the National Institute on
Drug Abuse. Naloxone was from Abcam. Dizocilpine maleate (MK801)
was from Abcam or Tocris Bioscience. 8-Cyclopentyl-1,3-dipropylxan-
thine DPCPX was obtained from Tocris Bioscience or Sigma-Aldrich.
CGS21680, SKF81297, mecamylamine, CGP 55845, and MPEP were
from Tocris Bioscience. Scopolamine, adenosine, [Met5] enkephalin
(ME), bestatin, thiorphan, and Ro-20-1724 were from Sigma-Aldrich.
Picrotoxin was from Hello Bio. ME, morphine, adenosine, naloxone,
MPEP, scopolamine, and mecamylamine were dissolved in water,
diluted in ACSF, and applied by bath superperfusion. Bath perfusion of
ME was with bestatin (10 mM) and thiorphan (1 mM) to limit breakdown
of ME. Picrotoxin was directly dissolved in ACSF. DPCPX, CGS21680,
SCH58261, SKF81297, and Ro-230853 were dissolved in DMSO, diluted
in ACSF, and applied during incubation and by bath superperfusion.

Tissue preparation. Acute brain slice preparation was performed as
previously described (Birdsong et al., 2019). Briefly, mice were deeply
anesthetized and killed using isoflurane. Brains were removed, blocked,
and mounted in a vibratome chamber (VT 1200S; Leica Microsystems).
Coronal slices (242mM) were prepared in warm (34°C) ACSF containing
the following (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.6 CaCl2, 1.2
NaH2PO4, 21.4 NaHCO3, and 11 D-glucose with 1MK-801 (10 mM).
Slices were allowed to recover in warm ACSF containing 1MK-801 (10
mM) for at least 30min and then stored in glass vials at room temperature
with oxygenated (95% O2/5% CO2) ACSF until used.

Brain slice electrophysiology. Slices were hemisected and then trans-
ferred to the recording chamber, which was continuously superfused with
34°C carbogenated ACSF at 1.5-2 ml/min with the following (in mM): 0.2
GABAB-receptor antagonist CGP 55845, 10 GABAA-receptor antagonist pic-
rotoxin, 1 nAChR antagonist mecamylamine, 0.1 muscarinic AChR antago-
nist scopolamine, and 0.3 mGluR5 antagonist MPEP. Whole-cell recordings
from MSNs in the DMS were obtained by Sweta Adhikary with an
Axopatch 200A amplifier (Molecular Devices) in voltage-clamp mode, hold-
ing potential (Vhold =�75mV). Data were filtered at 10kHz and collected at
20kHz with AxographX. For data collected by Elizabeth Jaeckel, recordings
were obtained using aMulticlamp 700B amplifier (Molecular Devices), hold-
ing potential (Vhold =�70mV). Data were filtered at 10kHz and collected at
20kHz with MATLAB-based Wavesurfer software. Recording pipettes
(Sutter Instruments) with a resistance of 2.8-3.5 MV were filled with an inter-
nal solution of the following (in mM): 110 potassium gluconate, 10 KCl, 15
NaCl, 1.5 MgCl2, 10 HEPES, 1 EGTA, 2 Na2ATP, 0.3 Na2GTP, 7.8 phospho-
creatine, pH 7.35-7.40 (;280 mOsm). Only recordings in which the series
resistance remained,18 MV or changed by ,20% throughout the experi-
ment were included. A TTL-controlled LED driver and 470nm LED
(Thorlabs) was used to illuminate the slice through the microscope objective
directly over the recorded cell with;1mWof power for 0.5or 1ms.

Electrophysiology data analysis. Data were analyzed in Axograph.
Peak current amplitude was calculated relative to mean current during
50ms baseline before the stimulus. Statistical analysis was performed
using GraphPad Prism 8 software (GraphPad Software). For the time
course and summary data, baseline oEPSCs were normalized to oEPSC
amplitudes 3-4 min before baseline (prebaseline condition, not shown).
All other conditions were normalized to oEPSC amplitudes 3-4 min
before drug application. Summary data were presented as the averages of
6-10 trials beginning 3-4 min after drug application after steady state
was achieved. For all conditions, mice were used to obtain at least five
technical replicates per group; if more than six could be analyzed, all
were included. No difference in adenosine tone was observed between
male and female mice across all genotypes; therefore, all data were
pooled (p=0.27, unpaired t test). Values are presented as mean6 SEM.
Statistical analysis was performed on normalized data. Statistical com-
parisons were made with paired ratio t test, one-way repeated-measures
ANOVA, or one-way ANOVA, followed by multiple comparison-
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adjusted Tukey’s post hoc tests. For all experi-
ments, p , 0.05 was used to describe statistical
significance.

Results
Thalamo-striatal glutamate release is
sensitive to both opioid and adenosine
agonists
AAV2 encoding channelrhodopsin was
microinjected into the medial thalamus, and
whole-cell voltage-clamp recordings were
made from MSNs in the DMS (Fig. 1A).
Striatal MSNs were identified by their
hyperpolarized resting membrane potential,
low input resistance, and a long delay to the
initial spike (Kreitzer, 2009). Glutamate
release was evoked by optical stimulation
with 470 nM light, and AMPAR-mediated
EPSCs (oEPSCs) were pharmacologically
isolated and recorded as previously de-
scribed (Birdsong et al., 2019). After a stable
baseline of oEPSCs was established, clini-
cally relevant partial agonist morphine
(1 mM) was superperfused, followed by an-
tagonist naloxone (1 mM) (Fig. 1C,E). The
inhibition by morphine was determined by
averaging the oEPSC 3-5 min after drug
perfusion and normalizing the response to
the average of oEPCS 3-5 min before drug
perfusion. Morphine decreased the ampli-
tude of the oEPSCs, and this inhibition was
reversed by naloxone (Fig. 1C,E,F; mor-
phine: 0.806 0.05 fraction of baseline,
p= 0.0002; naloxone: 0.986 0.01 fraction
of baseline, p= 0.002, n= 8 cells from 4
male and 1 female mice, F(2,14) = 17.29,
one-way repeated-measures ANOVA, Tukey’s
multiple comparisons test). In separate
cells, an A1R agonist cyclopentyladenosine
(CPA, 1 mM) was superperfused, followed
by antagonist DPCPX, 200 nM) (Fig. 1D,E).
CPA decreased the amplitude of the
oEPSCs, and this inhibition was reversed
by DPCPX (Fig. 1D,E,G; CPA 0.376 0.04
fraction of baseline, p, 0.0001; DPCPX:
1.36 0.08 fraction of baseline, p, 0.0001,
n= 7 cells from 3 male and 3 female mice,
F(2,12) = 87.95, one-way repeated-measures
ANOVA, Tukey’s multiple comparisons
test). Furthermore, CPA significantly in-
creased the paired-pulse ratio (PPR) (see
Fig. 6A,B), consistent with presynaptic in-
hibition of neurotransmitter release on
A1R activation (1.686 0.30 times larger
than baseline PPR, ratio paired t test, p=
0.023, n= 6 cells from 3 male and 3 female mice). Additionally,
DPCPX caused a significant over-reversal of the amplitude of
the oEPSCs (Fig. 1D,E,G), suggesting tonic inhibition of gluta-
mate release by activation of A1Rs, that was blocked by DPCPX.
Thus, glutamate release in the thalamo-striatal synapses is regulated
by both MORs and A1 receptors, and there is an additional tonic
activation of A1Rs by endogenous adenosine.

MOR regulation of tonic adenosine A1 receptor activation
Since both MORs and A1Rs are coupled to Gi/o G-proteins and
both are present in thalamic terminals, functional interaction
between the two receptors in regulating glutamate release was
examined. oEPSCs were evoked as described above and DPCPX
(200 nM) was superperfused to measure the effect of tonic A1R
activation. DPCPX increased oEPSC amplitude (Fig. 2A,C,D;
DPCPX: 1.36 0.06 fraction of baseline, p=0.0003, n= 10 cells
from 5 male and 2 female mice, t(9) = 5.752, ratio paired t test).

Figure 1. Activation of both m opioid receptor and adenosine A1 receptor leads to inhibition of thalamo-striatal oEPSCs. A,
An acute mouse brain slice example of overlaid brightfield and epifluorescent images showing the viral injection site (Mthal; left)
and the axonal projections (Striatum; right). B, Schematic showing the locations of both A1Rs and MORs in the thalamo-striatal
synapse. C, Representative oEPSCs evoked by 470 nm light (black label), inhibition of oEPSC amplitude by morphine (1 mM; pink
label), and reversal by naloxone (1 mM; gray label). D, Representative oEPSCs evoked by 470 nm light (black label), inhibition of
oEPSC amplitude by CPA (1mM; orange label), and over-reversal by DPCPX (200 nM; blue label). E, Plot of the time course of nor-
malized oEPSC amplitude for cells treated with morphine, followed by naloxone (dark circles; n=8 cells, 4 mice), and for cells
treated with CPA, followed by DPCPX (clear circles; n=7 cells, 6 mice). F, Mean summary data of normalized oEPSC amplitude in
baseline condition, after morphine perfusion, followed by naloxone (morphine: 0.806 0.05 fraction of baseline, p=0.0002; nal-
oxone: 0.986 0.01 fraction of baseline, p=0.002, n=8 cells, 4 mice, F(2,14) = 17.29, one-way repeated-measures ANOVA,
Tukey’s multiple comparisons test). G, Mean summary data of normalized oEPSC amplitude in baseline condition, after CPA perfu-
sion, followed by DPCPX (CPA 0.376 0.04 fraction of baseline, p, 0.0001; DPCPX: 1.36 0.08 fraction of baseline, p, 0.0001,
n=7 cells, 6 mice, F(2,12) = 87.95, one-way repeated-measures ANOVA, Tukey’s multiple comparisons test). Line and error bars
represent mean6 SEM. *Statistical significance.
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Additionally, DPCPX decreased the PPR (see Fig. 6C,D), consist-
ent with a presynaptic facilitation of neurotransmitter release on
A1R antagonism (0.816 0.06 times smaller than baseline PPR,
ratio paired t test, p=0.03, n=10 cells from 5 male and 3 female
mice), although this does not rule out additional sites of action of
A1R signaling. In separate cells, morphine (1 mM) was superper-
fused, followed by DPCPX. Morphine reduced the amplitude of
oEPSCs (Fig. 2B,C,E) as expected. However, in the presence of
morphine, DPCPX did not increase oEPSC amplitude (Fig. 2B,C,
E; morphine 0.786 0.03 fraction of baseline, p=0.0011; DPCPX:
0.776 0.05 fraction of baseline p=0.04, and 0.996 0.06 fraction
of morphine, p=0.84, n=6 cells from 2 male and 2 female mice,
F(2,10) = 14.00, one-way repeated-measures ANOVA, Tukey’s
multiple comparisons test), suggesting that morphine inhibited
the tonic activation of A1Rs. To determine whether morphine
inhibited the tonic A1R activation through MOR activation or a
nonspecific morphine effect, global MOR KO mice were used.
Similar to WT mice, DPCPX increased the oEPSC amplitude in
slices from these mice (Fig. 2F,H,I; DPCPX: 1.376 0.05 fraction
of baseline, p=0.0001, n=8 cells from 3 male and 2 female mice,
t(7) = 8.273, ratio paired t test). In contrast toWTmice, morphine

did not reduce the amplitude of oEPSCs (Fig. 2G,H,J: morphine:
1.06 0.05 fraction of baseline, p= 0.9863, n= 6 cells from 1 male
and 2 female mice) in slices from MOR KO mice. Further, in the
presence of morphine, DPCPX increased oEPSC amplitude (Fig.
2G,H,J; DPCPX: 1.46 0.07 fraction of baseline, p=0.0006,
1.36 0.09 fraction morphine, p= 0.0008, n= 6 cells from 1 male
and 2 female mice, F(2,12) = 17.46, one-way repeated-measures
ANOVA, Tukey’s multiple comparisons test). There was no dif-
ference in the increase in oEPSC amplitude between control sli-
ces and slices in morphine, suggesting that MORs are required
for morphine to modulate tonic adenosine levels. Therefore,
morphine inhibits the tonic activation of A1Rs in the thalamo-
striatal circuit by activating MORs.

Tonic endogenous activation of A1Rs is regulated by cAMP
levels
MOR is a Gi/o-coupled GPCR that can inhibit adenylyl cyclase,
so it is possible that morphine decreased tonic adenosine levels
by preventing cAMP production and its subsequent metabolism
to adenosine. Therefore, the role of cAMP metabolism on A1R-
mediated inhibition of glutamate release was examined. Slices

Figure 2. Morphine inhibits adenosine tone in the thalamo-striatal synapse by activating MORs. A, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of
oEPSC amplitude by DPCPX (200 nM; blue label). B, Representative traces of oEPSCs evoked by 470 nm light (black label), inhibition of oEPSC amplitude by morphine (1 mM; pink label), and
lack of facilitation by DPCPX (200 nM; blue label). C, Plot of the time course of normalized oEPSC amplitude for cells superperfused with DPCPX (dark circles; n= 10 cells, 7 mice), and for cells
superperfused with morphine and then DPCPX (clear circle; n= 6 cells, 4 mice). D, Mean summary data of normalized oEPSC amplitude in control and after DPCPX (1.36 0.06 fraction of base-
line, p= 0.0003, n= 10 cells, 7 mice, t(9) = 5.752, ratio paired t test). E, Mean summary data of normalized oEPSC amplitude in control, after morphine superperfusion, and after DPCPX super-
perfusion. Morphine significantly inhibited oEPSC amplitude (morphine 0.786 0.03 fraction of baseline, p= 0.0011; DPCPX: 0.776 0.05 fraction of baseline, p= 0.04, and 0.996 0.06
fraction of morphine, p= 0.84, n= 6 cells, 4 mice, F(2,10) = 14.00, one-way repeated-measures ANOVA, Tukey’s multiple comparisons test). F, Representative traces of oEPSCs evoked by
470 nm light (black label) and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices from global MOR KO mice. G, Representative traces of oEPSCs evoked by 470 nm light
(black label), lack of inhibition by morphine (1mM; pink label), and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices from global MOR KO mice. H, Plot of the time course
of normalized oEPSC amplitude for cells superperfused with DPCPX (dark circles; n= 8 cells, 5 mice), and for cells superperfused with morphine and then DPCPX (clear circle; n= 6 cells, 3
mice). I, Mean summary data of normalized oEPSC amplitude in control and after DPCPX (1.376 0.05 fraction of baseline, p= 0.0001, n= 8 cells, 5 mice, t(7) = 8.273, ratio paired t test). J,
Mean summary data of normalized oEPSC amplitude in control, after morphine superperfusion, and after DPCPX superperfusion. Morphine did not inhibit oEPSC amplitude (morphine:
1.06 0.05 fraction of baseline, p= 0.9863), and there was facilitation by DPCPX in the presence of morphine (1.46 0.07 fraction of baseline, p= 0.0006, 1.36 0.09 fraction morphine,
p= 0.0008, n= 6 cells, 3 mice, F(2,12) = 17.46, one-way repeated-measures ANOVA, Tukey’s multiple comparisons test). Line and error bars represent mean6 SEM. *Statistical significance.
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were pretreated with phosphodiesterase (PDE) inhibitor, Ro-20-
1724 (400mM) for at least an hour to block metabolism of cAMP.
Ro-20-1724 (400 mM) was also in the perfusate throughout the
course of the experiment. In the presence of Ro-20-1724, unlike
in control slices, DPCPX (200 nM) did not cause an increase in
oEPSC amplitude (Fig. 3A–E; DPCPX 1.476 0.13, p=0.03, n=6
cells from 2 male and 2 female mice, in control; Fig. 3B,C,E;
DPCPX 0.966 0.1 fraction of baseline, p=0.789, n= 6 cells from
3 male and 1 female mice, in Ro-201724, F(3,17) = 13.51, one-way
repeated-measures ANOVA, Tukey’s multiple comparisons test),
suggesting that inhibiting the metabolism of cAMP, and thus the
conversion of cAMP to adenosine, blocked the tonic activation
of A1Rs. Exogenous application of adenosine (100 mM) in either
the presence or absence of Ro-20-1724 decreased the oEPSC am-
plitude, which was reversed by a washout (Fig. 3A–E; adenosine
0.526 0.08 fraction of baseline, p= 0.0001; washout: 0.876 0.06
of baseline, p=0.0001, n=6 cells from 2 male and 2 female mice

in Ro-201724; adenosine 0.44 fraction6 0.07 of baseline,
p= 0.0094; washout: 1.06 0.05 of baseline, p=0.999, n=6 cells
from 3 male and 1 female mice, in control, F(3,16) = 36.72, one-
way repeated-measures ANOVA, Tukey’s multiple comparisons
test), demonstrating that Ro-20-1724 was not directly antagoniz-
ing the ability of adenosine to inhibit glutamate release via A1Rs.

In order to examine whether tonic A1R signaling could
be increased by increasing cAMP concentration, Gs-coupled
GPCRs in both D1R- and D2R-positive MSNs were pharmaco-
logically activated. Slices were preincubated in D1R-specific ago-
nist SKF89217 (1 mM) for at least an hour, with the drug in the
perfusate throughout the course of the experiment. DPCPX (200
nM) caused an increase in oEPSC amplitude (Fig. 3F,H–J;
DPCPX 1.66 0.11 fraction of baseline, n=7 cells from 3 males
and 2 female mice). The increase in amplitude induced by
DPCPX was significantly higher in slices treated with SKF89217
(p=0.003, F(5,32) = 32.24, one-way ANOVA, Tukey’s multiple

Figure 3. Morphine inhibits adenosine signaling via a cAMP-dependent mechanism. A, Representative traces of oEPSCs evoked by 470 nm light (black label), inhibition of oEPSC amplitude
by adenosine (100mM; yellow label), washout of adenosine (gray label), and facilitation of oEPSC by DPCPX (200 nM; blue label) in naive conditions. B, Representative traces of oEPSCs evoked
by 470 nm light (black label), inhibition of oEPSC amplitude by adenosine (100 mM; yellow label), washout of adenosine (gray label), and lack of facilitation of oEPSC by DPCPX (200 nM; blue
label) in slices preincubated in Ro-20-1724. C, Plot of the time course of normalized oEPSC amplitude for cells superperfused with adenosine followed by washout and then DPCPX in naive sli-
ces (dark circles, n= 6 cells, 4 mice) and in slices preincubated in Ro-20-1724 (n= 6 cells, 4 mice). D, Mean summary data of normalized oEPSC amplitude for naive slices in baseline condition,
after adenosine superperfusion, followed by a washout and then DPCPX. Adenosine significantly reduced oEPSC amplitude in naive slices, and DPCPX significantly facilitated oEPSC in these slices
(adenosine 0.446 0.07 fraction of baseline, p= 0.0094; washout: 1.06 0.05 of baseline, p= 0.999, n= 6 cells, 4 mice, F(3,17) = 13.51, repeated-measures ANOVA, Tukey’s multiple compari-
sons test). E, Mean summary data of normalized oEPSC amplitude for slices incubated in Ro-20-1724 in baseline condition, after adenosine superperfusion, followed by a washout and then
DPCPX. Adenosine significantly reduced oEPSC amplitude in these slices (adenosine 0.526 0.08 fraction of baseline, p= 0.0001; washout: 0.876 0.06 of baseline, p= 0.0001, n= 6 cells, 4
mice, F(3,17) = 13.51, repeated-measures ANOVA, Tukey’s multiple comparisons test), but DPCPX did not significantly facilitate oEPSCs in these slices (DPCPX: 0.966 0.10 fraction of baseline,
p= 0.8755, repeated-measures ANOVA, Tukey’s multiple comparisons test). F, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of oEPSC amplitude by
DPCPX (200 nM; blue label), in control slices. G, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices
preincubated in CGS21680. H, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices preincubated in
SKF81290. I, Plot of the time course of normalized oEPSC amplitude for cells superperfused with DPCPX in control condition (dark circles; n= 7 cells, 5 mice), for cells preincubated in SKF81290
(clear circles; n= 7 cells, 6 mice), and for cells preincubated in CGS21680 (gray circles; n= 6 cells, 4 mice). J, Mean summary data of normalized oEPSC amplitude in control, in slices preincu-
bated in SKF81297, and CGS21680. The increase in amplitude induced by DPCPX was significantly higher in slices treated with SKF89217 (DPCPX 1.66 0.11 fraction of baseline, p= 0.003) and
in slices treated with CGS21680 (p, 0.001, F(5,32) = 32.24, one-way ANOVA, Tukey’s multiple comparisons test) compared with control slices. Line and error bars represent mean 6 SEM.
*Statistical significance.
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comparisons test) compared with control slices. Next, slices were
incubated in A2AR agonist CGS21680 (1mM) for at least an hour,
with the drug in the perfusate throughout the course of the
experiment. A2ARs colocalize with D2R-positive MSNs only
(Fink et al., 1992; Bogenpohl et al., 2012; Severino et al., 2020).
DPCPX (200 nM) increased oEPSC amplitude (Fig. 3F,G,I,J;
DPCPX 1.766 0.10 fraction of baseline, n= 6 cells from 3 male
and 1 female mice). The increase in amplitude induced by
DPCPX was also significantly higher in slices treated with
CGS21680 (p, 0.0001, F(5,32) = 32.24, one-way ANOVA,
Tukey’s multiple comparisons test) compared with control slices.
There was no difference in oEPSC amplitude after DPCPX
superperfusion between slices incubated in SKF89217 and
CGS21680 (one-way ANOVA, Tukey’s multiple comparisons
test). From these experiments, it appears that basal A1R-medi-
ated inhibition of glutamate signaling was affected by manipulat-
ing cAMP concentration, consistent with cAMP production and
degradation regulating extracellular adenosine accumulation and
signaling. Activation of MORs by morphine is known to inhibit
cAMP accumulation, which could consequently decrease extrac-
ellular adenosine levels preventing A1R activation by adenosine.

Inhibition of cAMP by activation of MORs is reversible
The time dependence of cAMP inhibition by MOR activation
was examined next. ME (1 mM) was used instead of morphine, as
ME washes from brain slices. oEPSCs were induced as previously
described, and ME (1 mM) was superperfused. Like morphine,
ME inhibited oEPSCs and DPCPX failed to facilitate oEPSCs in
the presence of ME (Fig. 4A–C; ME 0.676 0.03 fraction of base-
line, p=0.0002; DPCPX 0.566 0.03 fraction of baseline, p ,
0.0001; DPCPX 0.846 0.05 fraction of ME, p=0.2867, n=6 cells
from 2 male and 2 female mice, F(3,15) = 78.77, repeated-meas-
ures one-way ANOVA, Tukey’s multiple comparisons test). ME
washed out of the slices in;5 min. FollowingME washout, there
was an over-reversal of oEPSC in the presence of DPCPX
(DPCPX 1.376 0.07 fraction of baseline, p , 0.0001, repeated-
measures one-way ANOVA, Tukey’s multiple comparisons test),
which reached steady state in;7 min, suggesting that inhibition
of cAMP, and therefore inhibition of tonic adenosine levels, may
reverse within this 7 min time window.

DORs and KORs do not regulate tonic
activation of adenosine A1 receptors
To determine whether the loss of A1R tone by
opioids was specific to MOR signaling, the effect
of DOR and KOR activation on tonic activation of
A1Rs was examined. oEPSCs were evoked as
described above, and the DOR-selective agonist
deltorphin (300 nM) was superperfused, followed
by DPCPX (200 nM). Unlike morphine, deltorphin
did not reduce the amplitude of oEPSCs; and in
the presence of deltorphin, DPCPX increased
oEPSC amplitude (Fig. 5A,C,D; deltorphin 1.06
0.04 fraction of baseline, p= 0.90; DPCPX: 1.426
0.07 fraction of baseline, p = 0.0002, and
1.406 fraction of deltorphin, p = 0.0004, n = 6
cells from 2 male and 1 female mice, F(2,10) =
24.60, repeated-measures one-way ANOVA,
Tukey’s multiple comparisons test), suggesting
that DOR activation did not affect the tonic acti-
vation of A1Rs. Next, in separate cells, the KOR-
selective agonist U69593 (1 mM) was superper-
fused, followed by DPCPX (200 nM). Similar to
deltorphin, U69593 did not inhibit oEPSC; and

in the presence of U69593, DPCPX increased oEPSC amplitude
(Fig. 5B,C,E; U69593 1.026 0.06 fraction of baseline p= 0.9670;
DPCPX: 1.66 0.09 fraction of baseline, p= 0.0051, and 1.66
0.13 fraction of U69593, p= 0.0035, n= 6 cells from 2 male and
2 female mice, F(2,10) = 12.24, repeated-measures one-way
ANOVA, Tukey’s multiple comparisons test), suggesting that
KOR activation, like DOR activation, did not inhibit glutamate
release from thalamic terminals or affect the tonic activation of
A1Rs. Hence, both the direct inhibition of glutamate release
from thalamic afferents and the inhibition of tonic activation of
A1Rs seems to be agonist specific, both inhibited only by MOR
agonists and not DOR or KOR agonists.

Presynaptic effects of MOR agonists in the thalamo-striatal
circuit
Because the inhibition of tonic adenosine release by opioids was
selectively mediated by MORs and MORs are expressed in the
thalamic terminals and both D1R-positive and D2R-positive
MSNs, the location of acute action of MOR agonist on A1R sig-
naling was investigated. PPR changes induced by CPA and
DPCPX suggested that A1Rs are expressed on thalamic presyn-
aptic terminals in striatum (Fig. 6A–D). Potential mechanisms
by which morphine could disrupt A1R signaling include activa-
tion of presynaptic MORs locally decreasing adenosine around
thalamic terminals or attenuating A1R signaling within these ter-
minals. To test whether these hypotheses might be true, MOR
was knocked out of thalamic neurons. FloxedMOR (Oprm1fl/fl)
mice and Vglut2:cre mice were crossed to generate mice lacking
MORs from Vglut2-expressing thalamic presynaptic terminals
(Oprm1fl/fl, Vglut2-cre 1/�) (Vong et al., 2011). FloxedMOR
homozygous littermates that did not express Cre were used as
controls (Oprm1fl/fl, Vglut2-cre �/�). oEPSCs were evoked as
previously described. In control mice, superperfusion of the
MOR agonist DAMGO (1 mM) decreased the amplitude of the
oEPSCs, and this inhibition was reversed by the antagonist nal-
oxone (1 mM) (Fig. 6E,G,H; DAMGO 0.396 0.05 fraction of
baseline, p, 0.0001; naloxone: 0.806 0.06 of baseline, n= 8 cells
from 2 male and 2 female mice, F(2,14) = 29.9, repeated-measures
one-way ANOVA, Tukey’s multiple comparisons test). In
FloxedMOR-Vglut2-cre mice lacking MORs in the presynaptic

Figure 4. Inhibition of adenosine signaling by opioids is reversible. A, Representative traces of oEPSCs evoked
by 470 nm light (black label), inhibition of oEPSC amplitude by ME (1 mM; pink label), lack of facilitation by
DPCPX (200 nM; blue label), and an over-reversal of oEPSC after ME washout (gray label). B, Plot of the time
course of normalized oEPSC amplitude for cells superperfused with ME, followed by DPCPX in the presence of ME,
and then a washout of ME, but not DPCPX (n= 6 cells, 4 mice). C, Mean summary data of normalized oEPSC am-
plitude in baseline condition, after ME superperfusion, followed by DPCPX, and a washout of ME, but not DPCPX
(ME 0.676 0.03 fraction of baseline, p= 0.0002; DPCPX 0.566 0.03 fraction of baseline, p , 0.0001; DPCPX
0.846 0.05 fraction of ME, p= 0.2867, n= 6 cells, 4 mice, F(3,15) = 78.77, repeated-measures one-way ANOVA,
Tukey’s multiple comparisons test). Line and error bars represent mean6 SEM. *Statistical significance.
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terminals, DAMGO did not inhibit the amplitude of the oEPSCs
(Fig. 6F,G,I; DAMGO: 0.996 0.02 fraction of baseline, p=
0.6023; naloxone: 0.926 0.05 fraction of baseline, p= 0.14, n= 7
cells from 4 male and 2 female mice, F(2,12) = 2.08, repeated-
measures one-way ANOVA, Tukey’s multiple comparisons test),
suggesting that opioid action on the thalamo-striatal glutamate
release is presynaptic and demonstrating the effectiveness of cre-
dependent KO in these animals.

Like what was observed in WT mice, DPCPX (200 nM)
increased the amplitude of the oEPSCs in the presynaptic MOR
KO mice (Fig. 7A,C,D; DPCPX: 1.36 0.07 fraction of baseline,
p=0.0012, n=8 cells from 2 male and 2 female mice, t(7) = 5.225,
ratio paired t test). In separate cells, morphine (1 mM) was super-
perfused, followed by DPCPX. As expected, morphine did not
reduce the amplitude of oEPSCs; however, in the presence of
morphine, DPCPX did not increase the amplitude of oEPSCs
(Fig. 7B,C,E; morphine 1.06 0.07 fraction of baseline, p=0.9935;
DPCPX: 1.06 0.07 fraction of baseline, p=0.9119, and
1.06 0.09 fraction of morphine, p= 0.9513, n= 6 cells from 2
male and 2 female mice, F(2,10) = 0.09,141, repeated-measures
one-way ANOVA, Tukey’s multiple comparisons test), suggest-
ing that morphine still inhibited the tonic activation of A1Rs,
even in mice lacking presynaptic MORs. Therefore, although
opioids inhibited glutamate release from the thalamic terminals
through a presynaptic mechanism and A1Rs are expressed presy-
naptically, presynaptic MORs did not regulate tonic activation of
the A1Rs in this circuit.

If morphine eliminated tonic A1R signaling without causing
an acute MOR-mediated presynaptic inhibition of glutamate
release, it would be predicted that morphine exposure would
result in increased oEPSC amplitudes in the presynaptic MOR
KO mice. This increase in the amplitude was not observed. One
possible explanation for this lack of facilitation by morphine is
that adenosine is acting at multiple sites and a decrease in extrac-
ellular adenosine is not functionally similar to perfusing DPCPX
and selectively blocking A1Rs. It has been reported that gluta-
mate release from striatal synaptosomes is inhibited by A1R acti-
vation and facilitated by A2AR activation (Ciruela et al., 2006),
suggesting that adenosine can bidirectionally modulate gluta-
mate release. We investigated this possibility by superfusing

slices with the A1R antagonist DPCPX and observed a significant
increase in oEPSC amplitude as expected. We then superfused
the A2AR antagonist SCH58261 (100 nM) in the continued pres-
ence of DPCPX. The addition of SCH58261 reduced the ampli-
tude of the oEPSC such that the oEPSC was not significantly
different from baseline (Fig. 7F–H; DPCPX: 1.436 0.13 of
baseline, p= 0.027, SCH58621: 1.166 0.09 of baseline,
p = 0.133, repeated-measures one-way ANOVA, Tukey’s
post hoc F(1.768,12.37) = 7.702, n = 8 cells from 2 male and 3
female mice). These results are consistent with extracellular
adenosine having multiple effects on glutamate release from
thalamic terminals in dorsomedial striatum, although they do
not rule out other explanations for a lack of oEPSC facilitation
by morphine in Floxed MOR;vGlut2-cre presynaptic MOR KO
mice.

MOR-sensitive A1R signaling is regulated by D1 receptor-
expressing MSNs, not D2 receptor-expressing MSNs
MORs are expressed in both D1 and D2 receptor-expressing
MSNs (Cui et al., 2014; Oude Ophuis et al., 2014), and activation
of D1 and A2A receptors, presumably in D1 and D2 receptor
expressing MSNs, increased tonic adenosine inhibition of A1Rs
(Fig. 3B), suggesting that MSNs are a potential source of extracel-
lular adenosine. Therefore, MORs were selectively knocked out
in these cells. FloxedMORmice and A2A:cremice were crossed to
generate mice lacking MORs from D2R-expressing MSNs
(Oprm1fl/fl, A2A-cre 1/�) (Gong et al., 2007). oEPSCs were
evoked as previously described, and DPCPX increased the ampli-
tude of the oEPSCs (Fig. 8A,C,D; DPCPX: 1.36 0.05 fraction of
baseline, p= 0.0049, n= 6 cells from 3 male and 1 female mice,
t(5) = 4.787, ratio paired t test). In separate cells, morphine (1mM)
was superperfused, followed by DPCPX. Morphine reduced the
amplitude of oEPSCs; and in the presence of morphine, DPCPX
did not increase the amplitude of oEPSCs (Fig. 8B,C,E; morphine
0.766 0.03 fraction of baseline, p= 0.0001; DPCPX: 0.756 0.02
fraction of baseline, and 0.996 0.04 fraction of morphine,
p= 0.9969, n=6 cells from 2 male and 2 female mice, F(2,10) =
30.38, repeated-measures one-way ANOVA, Tukey’s multiple
comparisons test), suggesting that morphine inhibited the tonic

Figure 5. DORs and KORs do not mediate inhibition of adenosine signaling. A, Representative traces of oEPSCs evoked by 470 nm light (black label), lack of inhibition of oEPSC amplitude by
deltorphin (300 nM; pink label), and facilitation by DPCPX (200 nM; blue label). B, Representative traces of oEPSCs evoked by 470 nm light (black label), lack of inhibition of oEPSC amplitude by
U69593 (1 mM; pink label), and facilitation by DPCPX (200 nM; blue label). C, Plot of the time course of normalized oEPSC amplitude for cells superperfused with deltorphin (black circles), fol-
lowed by DPCPX (n= 6 cells, 3 mice), and for cells superperfused with U69 (clear circles), followed by DPCPX (n= 6 cells, 4 mice). D, Mean summary data of normalized oEPSC amplitude in
baseline condition, after deltorphin superperfusion, followed by DPCPX (deltorphin: 1.06 0.04 fraction of baseline, p= 0.90; DPCPX: 1.426 0.07 fraction of baseline, p= 0.0002, and
1.406 fraction of deltorphin, p= 0.0004, n= 6 cells, 3 mice, F(2,10) = 24.60, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). E, Mean summary data of normalized
oEPSC amplitude in baseline condition, after U69593 superperfusion, followed by DPCPX (U69593: 1.026 0.06 fraction of baseline, p= 0.9670; DPCPX: 1.66 0.09 fraction of baseline,
p= 0.0051, and 1.66 0.13 fraction of U69593, p= 0.0035, n= 6 cells, 4 mice, F(2,10) = 12.24, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). Line and error bars rep-
resent mean6 SEM. *Statistical significance.
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activation of A1Rs in mice lacking MORs in D2R-expressing
MSNs.

Next, FloxedMOR mice and D1:cre mice were crossed to
generate mice lacking MORs from D1R-expressing MSNs
(Oprm1fl/fl, D1-cre1/�) (Gong et al., 2007). DPCPX (200 nM)
increased the amplitude of the oEPSCs (Fig. 8F,H,I; DPCPX;

1.46 0.09 fraction of baseline, p= 0.006, n= 5 cells from 2 male 1
female mice, t(4) = 5.253, ratio paired t test). In separate cells,
morphine (1 mM) reduced the amplitude of oEPSCs and, in the
presence of morphine, unlike in WT mice, DPCPX increased the
amplitude of oEPSCs (Fig. 8G,H,J; morphine 0.726 0.04 fraction
of baseline, p=0.013; DPCPX: 1.146 0.06 fraction of baseline,

Figure 6. Presynaptic A1Rs and MORs inhibit thalamo-striatal oEPSCs. A, Representative traces of paired oEPSCs evoked by two optical stimuli (1 ms duration, 50ms interval, 470 nm LED,
cyan lines) from medial thalamic axons under baseline conditions (black) and in the presence of CPA (1mM, orange) demonstrating a decrease in current amplitude. Right, oEPSCs from left nor-
malized to the peak amplitude of the first oEPSC of the pair to demonstrate PPR between baseline and CPA conditions. B, Summary PPR data under baseline conditions and in the presence of
CPA (1 mM) as in A, calculated as the peak amplitude of the second oEPSC/peak amplitude of first oEPSC (p= 0.027, n= 6 cells, 6 mice, t(7) = 3.085, ratio paired t test). C, Representative
oEPSCs as in A, evoked under baseline conditions (black) and in the presence of DPCPX (200 nM, blue) plotted as absolute amplitude (left) or normalized to the peak of the first oEPSC (right).
D, Summary PPR under baseline conditions and in the presence of DPCPX (200 nM) as in B (p= 0.020, n= 10 cells, 8 mice, t(9) = 2.836, ratio paired t test, n= 10 cells, 8 mice). E,
Representative traces of oEPSCs evoked by 470 nm light (black label), inhibition of oEPSC amplitude by DAMGO (1mM; pink label), and reversal by naloxone (1mM; gray label) in control mice
expressing MORs in presynaptic terminals. F, Representative traces of oEPSCs evoked by 470 nm light (black label), lack of inhibition of oEPSC amplitude by DAMGO (1 mM; pink label), and no
effect of naloxone (1mM; gray label) in mice lacking MORs in presynaptic terminals. G, Plot of the time course of normalized oEPSC amplitude for cells superperfused with DAMGO followed by
naloxone in control mice (dark circles, n= 8 cells, 4 mice) and in mice lacking MORs in presynaptic terminals (clear circles, n= 7 cells, 6 mice). H, Mean summary data of normalized oEPSC am-
plitude in for control mice in baseline condition, after DAMGO superperfusion, followed by naloxone (DAMGO: 0.396 0.05 fraction of baseline, p, 0.0001; naloxone: 0.806 0.06 of baseline,
n= 8 cells, 4 mice, F(2,14) = 29.9, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). I, Mean summary data of normalized oEPSC amplitude for presynaptic MOR KO mice
in baseline condition, after DAMGO perfusion, followed by naloxone (DAMGO: 0.996 0.02 fraction of baseline, p= 0.6023; naloxone: 0.926 0.05 fraction of baseline, p= 0.14, n= 7 cells, 6
mice, F(2,12) = 2.08, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). Line and error bars represent mean6 SEM. *Statistical significance.
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p=0.06 and 1.516 0.08 fraction of morphine, p=0.0001, 5 cells
from 2 male and 1 female mice, F(3,12) = 25.36, repeated-meas-
ures one-way ANOVA, Tukey’s multiple comparisons test).
Next, MOR antagonist naloxone caused an over-reversal of
oEPSC compared with baseline (Fig. 8G,H,J; naloxone 1.306
0.03 fraction of baseline, p=0.004), suggesting that, in mice lack-
ing MOR in D1R-positive MSNs, morphine could no longer in-
hibit tonic A1R activation. The over-reversal by naloxone
suggests that the oEPSC was inhibited by activation of the MORs
by morphine, and antagonizing the MORs after antagonizing the
A1Rs reveals the presence of adenosine tone in these mice.
Surprisingly, mice lacking MORs in only one copy of the D1R
gene (FloxedMOR1/�, D1-cre1/�) also showed similar results.
In these mice, DPCPX (200 nM) increased the amplitude of the
oEPSCs as well (Fig. 8K,M,N; DPCPX; 1.38 6 0.22 fraction of
baseline, p, 0.001, n= 6 cells from 1 male and 3 female mice,
t(5) = 4.466, ratio paired t test). In separate cells, morphine (1mM)
reduced the amplitude of oEPSCs; and in the presence of mor-
phine, unlike in WT mice, DPCPX increased the amplitude of
oEPSCs (Fig. 8L,M,O; morphine 0.706 0.05 fraction of baseline,
p=0.0003; DPCPX: 0.91 6 0.06 fraction of baseline, p= 0.39,
and 1.34 6 0.06 fraction of morphine, p=0.0086, 6 cells from 1
male and 3 female mice, F(3,15) = 27.12, repeated-measures one-
way ANOVA, Tukey’s multiple comparisons test). Next, MOR

antagonist naloxone caused an over-reversal of oEPSC compared
with baseline (Fig. 8K,M,N; naloxone 1.26 0.05 fraction of base-
line, p=0.0224), suggesting that a partial deletion of MORs from
D1R-expressing MSNs was sufficient to eliminate the inhibition
of tonic A1R signaling induced by morphine. Combined, these
results are consistent with morphine-mediated inhibition of
extracellular adenosine accumulation in the thalamo-striatal cir-
cuit, implying that the inhibition of adenosine signaling happens
at the D1R-positive MSNs.

A summary of the effects of selective deletion of MOR from
various neuronal populations demonstrates that, while the effect
of DPCPX was similar in the absence of morphine across all ge-
notypes, only selective KO of MOR in D1R-positive cells resulted
in a significant effect of DPCPX in the presence of morphine
compared with WT mice in the presence of morphine (Fig. 9;
Oprm1fl/fl, D1-cre1/� p= 0.0004). Additionally, there was no sta-
tistical difference between Oprm1fl/fl, D1-cre1/�mice and global
MOR KO mice in morphine condition (p=0.3653, unpaired t
test, t(10) = 0.9485) . Combined, these results demonstrate that
morphine’s regulation of adenosine signaling in this thalamo-
striatal circuit critically requires MORs in D1R-positive MSNs
and that, under these experimental conditions, these D1R-posi-
tive neurons are likely the major source of extracellular adeno-
sine in dorsomedial striatum.

Figure 7. Presynaptic MORs do not mediate morphine inhibition of tonic A1R activation. A, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of oEPSC am-
plitude by DPCPX (200 nM; blue label) in mice lacking MORs in presynaptic terminals. B, Representative traces of oEPSCs evoked by 470 nm light (black label), lack of inhibition of oEPSC ampli-
tude by morphine (1mM; pink label), and lack of facilitation by DPCPX (200 nM; blue label). C, Plot of the time course of normalized oEPSC amplitude for cells superperfused with DPCPX (dark
circles; n= 8 cells, 4 mice), and for cells superperfused with morphine and then DPCPX (clear circle; n= 6 cells, 4 mice). D, Mean summary data of normalized oEPSC amplitude in control and
after DPCPX (1.36 0.07 fraction of baseline, p= 0.0012, n= 8 cells, 4 mice, t(7) = 5.225, ratio paired t test). E, Mean summary data of normalized oEPSC amplitude in control, after morphine
superperfusion, followed by DPCPX. Morphine did not inhibit oEPSC amplitude (morphine: 1.06 0.07 fraction of baseline, p= 0.9935), and there was no facilitation by DPCPX in the presence
of morphine (1.06 0.07 fraction of baseline, p= 0.9119, and 1.06 0.09 fraction of morphine, p= 0.9513, n= 6 cells, 4 mice, F(2,10) = 0.09141, repeated-measures one-way ANOVA, Tukey’s
multiple comparisons test). Line and error bars represent mean 6 SEM. *Statistical significance. F, Representative oEPSCs evoked under baseline conditions (black), in the presence of DPCPX
(200 nM, blue), and in the presence of the A2AR antagonist SCH58261 (100 nM)1 DPCPX (gray). G, Experiment time course of averaged oESPCs across all cells under baseline conditions (black),
in the presence of DPCPX (200 nM, blue bar), and in the presence of the A2AR antagonist SCH58261 (100 nM)1 DPCPX (gray bar). H, Summary data plotting average peak amplitude for each
cell under baseline, DPCPX, and DPCPX 1 SCH as in E and F (p= 0.008, F(1.77,12.37) = 7.702 repeated-measures one way ANOVA; p= 0.027 DPCPX vs baseline; p= 0.133 DPCPX 1 SCH vs
baseline Tukey’s multiple comparison, n= 8 cells, 5 mice).

2412 • J. Neurosci., March 23, 2022 • 42(12):2404–2417 Adhikary et al. · Opioids Regulate Adenosine Signaling in Striatum



Figure 8. MORs in D1R-expressing MSNs, but not D2R-expressing MSNs, regulate tonic A1R activation. A, Representative traces of oEPSCs evoked by 470 nm light (black label), facilitation of oEPSC am-
plitude by DPCPX (100 nM; blue label, mice lacking MORs in D2R-expressing MSNs). B, Representative traces of oEPSCs evoked by 470 nm light (black label), inhibition of oEPSC amplitude by morphine
(1mM; pink label), and lack of facilitation by DPCPX (200 nM; blue label) in mice lacking MORs in D2R-expressing MSNs. C, Plot of the time course of normalized oEPSC amplitude for cells superperfused
with DPCPX (dark circles; n=6 cells, 4 mice), and for cells superperfused with morphine and then DPCPX (clear circle; n=6 cells, 4 mice). D, Mean summary data of normalized oEPSC amplitude in con-
trol and after DPCPX (DPCPX: 1.36 0.05 fraction of baseline, p=0.0049, n=6 cells, 4 mice, t(5) = 4.787, ratio paired t test). E, Mean summary data of normalized oEPSC amplitude in control, after mor-
phine superperfusion, and after DPCPX superperfusion. Morphine significantly inhibited oEPSC amplitude (morphine: 0.766 0.03 fraction of baseline, p=0.0001), but there was no facilitation by DPCPX
in the presence of morphine (DPCPX: 0.756 0.02 fraction of baseline, and 0.996 0.04 fraction of morphine, p=0.9969, n=6 cells, 4 mice, F(2,10) = 30.38, repeated-measures one-way ANOVA, Tukey’s
multiple comparisons test). F, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices from mice lacking MORs
from D1R-expressing MSNs. G, Representative traces of oEPSCs evoked by 470 nm light (black label), inhibition by morphine (1 mM; pink label), and facilitation of oEPSC amplitude by DPCPX (200 nM;
blue label), in slices from mice lacking MORs from D1R-expressing MSNs. H, Plot of the time course of normalized oEPSC amplitude for cells superperfused with DPCPX (dark circles; n=5 cells, 3 mice),
and for cells superperfused with morphine and then DPCPX (clear circle; n=5 cells, 3 mice). I, Mean summary data of normalized oEPSC amplitude in control and after DPCPX (DPCPX: 1.46 0.09 fraction
of baseline, p=0.006, n=5 cells, 3 mice, t(4) = 5.253, ratio paired t test). J, Mean summary data of normalized oEPSC amplitude in control, after morphine superperfusion, and after DPCPX superperfu-
sion. Morphine inhibited oEPSC amplitude (morphine 0.726 0.04 fraction of baseline, p=0.013), and there was facilitation by DPCPX in the presence of morphine (1.146 0.06 fraction of baseline,
p=0.06 and 1.516 0.08 fraction of morphine, p=0.0001, 5 cells, 3 mice, F(3,12) = 25.36, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). Naloxone caused an over-reversal of
oEPSC amplitude (1.306 0.03 fraction of baseline, p=0.004). Line and error bars represent mean6 SEM. *Statistical significance. K, Representative traces of oEPSCs evoked by 470 nm light (black label)
and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices from mice with a partial MOR KO from D1R-expressing MSNs. L, Representative traces of oEPSCs evoked by 470 nm light (black
label), inhibition by morphine (1mM; pink label), and facilitation of oEPSC amplitude by DPCPX (200 nM; blue label), in slices from mice with a partial MOR knockdown from D1R-expressing MSNs. M, Plot
of the time course of normalized oEPSC amplitude for cells superperfused with DPCPX (dark circles; n=3 cells, 2 mice), and for cells superperfused with morphine and then DPCPX, followed by naloxone
(clear circle; n=3 cells, 2 mice). N, Mean summary data of normalized oEPSC amplitude in control and after DPCPX (1.386 0.22 fraction of baseline, p, 0.001, n=6 cells, 5 mice, t(5) = 4.466, ratio
paired t test). O, Mean summary data of normalized oEPSC amplitude in control, after morphine superperfusion, after DPCPX superperfusion, and after naloxone superperfusion. Morphine inhibited oEPSC
amplitude (morphine: 0.706 0.05 fraction of baseline, p= 0.0003), and there was facilitation by DPCPX in the presence of morphine (DPCPX: 0.916 0.06 fraction of baseline, p= 0.39, and 1.346
0.06 fraction of morphine, p= 0.0086, 6 cells, 4 mice, F(3,15) = 27.12, repeated-measures one-way ANOVA, Tukey’s multiple comparisons test). Naloxone caused an over-reversal of oEPSC amplitude
(1.26 0.05 fraction of baseline, p=0.0224). Line and error bars represent mean6 SEM. *Statistical significance.
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Morphine regulates A1R signaling in opioid insensitive
cortico-striatal circuit
Because the regulation of A1R signaling in thalamo-striatal syn-
apses was from postsynaptic D1R-positive MSNs, it raises the
possibility that MOR agonists may affect adenosine signaling in a
paracrine manner, affecting A1R activation broadly within the
dorsomedial striatum. Cortical inputs also release glutamate
onto MSNs in the dorsomedial striatum and inputs from the
ACC appear to lack functional MOR (Birdsong et al., 2019).
Therefore, MOR regulation of adenosine signaling was investi-
gated in MOR-lacking inputs from the ACC. AAV2 containing
channelrhodopsin was microinjected into the ACC, and whole-
cell voltage-clamp recordings were made from the MSNs in the
DMS (Fig. 10A). oEPSCs were evoked as previously described.
DPCPX increased the amplitude of the oEPSCs (Fig. 10C,E,F;
DPCPX: 1.42 6 0.13 fraction of baseline, p=0.0084, n= 7 cells
from 3 male 1 female mice). In separate cells, morphine (1 mM)
was superperfused, followed by DPCPX. Morphine did not
reduce the amplitude of oEPSCs; and in the presence of mor-
phine, DPCPX did not increase the amplitude of oEPSCs (Fig.
10D,E,G; morphine 1.08 6 0.14 fraction of baseline, p=0.9595;
DPCPX: 0.99 6 0.03 of baseline, p= 0.9593, and 0.99 6 0.03
fraction of morphine, p= 0.9835, n=6 cells from 3 male and 2
female mice), suggesting that morphine inhibited the tonic acti-
vation of A1Rs even in terminals lacking the MORs. This finding
suggests that, although opioids do not acutely inhibit glutamate
release from cortical terminals, they can indirectly modulate the
activity of A1Rs expressed on these terminals and suggest that
MOR effects on striatal adenosine signaling are not restricted to

thalamo-striatal terminals but broadly disrupt striatal adenosine
regulation.

Discussion
This study explored how the opioid and adenosine signaling
systems interact to inhibit glutamate release in thalamo-

Figure 9. Summary data comparing DPCPX response in the absence and presence of mor-
phine in mice across all genotypes. Ratio of DPCPX facilitation compared with baseline and
in morphine condition in WT mice, mice lacking MORs in presynaptic thalamic terminals,
postsynaptic D1R-expressing MSNs, and D2R-expressing genotypes. There was no difference
in DPCPX responses across genotypes in baseline condition, but mice lacking MORs in D1R-
positive MSNs had a higher facilitation by DPCPX in morphine condition compared with WT
mice, mice lacking MORs in presynaptic thalamic terminals, and postsynaptic D2R-expressing
MSNs (p= 0.03 compared with WT, p= 0.04 compared with presynaptic MOR KOs, and
p= 0.03 compared with MOR KO in D2R-positive MSNs, one-way ANOVA, Tukey’s multiple
comparisons test). Line and error bars represent mean6 SEM. *Statistical significance.

Figure 10. Morphine regulates adenosine release in opioid-insensitive cortico-striatal cir-
cuit. A, An acute mouse brain slice example of overlaid brightfield and epifluorescent images
showing the viral injection site (ACC; left) and the axonal projections recording site
(Striatum; right). B, Schematic showing the locations of MORs and A1Rs in the cortico-striatal
synapse. C, Representative traces of oEPSCs evoked by 470 nm light (black label) and facilita-
tion of oEPSC amplitude by DPCPX (200 nM; blue label). D, Representative traces of oEPSCs
evoked by 470 nm light (black label), lack of inhibition of oEPSC amplitude by morphine (1
mM; pink label), and lack of facilitation by DPCPX (200 nM; blue label). E, Plot of the time
course of normalized oEPSC amplitude for cells superperfused with DPCPX (dark circles; n= 7
cells, 4 mice), and for cells superperfused with morphine and then DPCPX (clear circle; n= 6
cells, 5 mice). F, Mean summary data of normalized oEPSC amplitude in control and after
DPCPX (DPCPX: 1.42 6 0.13 fraction of baseline, p= 0.0084, ratio paired t test). G, Mean
summary data of normalized oEPSC amplitude in control, after morphine superperfusion, and
after DPCPX superperfusion. Morphine did not inhibit oEPSC amplitude, and there was no
facilitation by DPCPX in the presence of morphine (morphine: 1.086 0.14 fraction of base-
line, p= 0.9595; DPCPX: 0.996 0.03 of baseline, p= 0.9593, and 0.996 0.03 fraction of
morphine, p= 0.9835, repeated-measures ANOVA, Tukey’s multiple comparisons test). Line
and error bars represent mean6 SEM. *Statistical significance.
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striatal and thalamo-cortical circuits. Consistent with previ-
ous findings, activation of MORs by morphine inhibited
glutamate release from medial thalamic terminals in dorso-
medial striatum (Birdsong et al., 2019). Activation of A1Rs
also inhibited glutamate release from these terminals, and
antagonism of this receptor revealed endogenous adenosine
tone that activated the A1Rs. Morphine inhibited this tonic
A1R activation through a MOR- and cAMP-mediated mecha-
nism. In mice lacking MORs in D1R-positive MSNs (but not pre-
synaptic or D2R-positive MSN MOR KOs), morphine no longer
inhibited the tonic activation of A1Rs. This is consistent with a
model in which MOR activation on D1R-positive MSNs inhibits
AC, thereby decreasing intracellular cAMP and, ultimately, extrac-
ellular adenosine to affect tonic A1R signaling (Fig. 11). Consistent
with a postsynaptic effect of morphine on adenosine signaling and
a paracrine-like effect of striatal adenosine accumulation, mor-
phine also inhibited A1R signaling in a morphine-insensitive cor-
tico-striatal circuit.

Interaction between opioids, cAMP, and adenosine
Basal endogenous adenosine concentration increases after with-
drawal from chronic morphine treatment (Bonci and Williams
1996; Chieng and Williams, 1998; Matsui et al., 2014). The
results of this study suggest that acute morphine exposure had
the effect of decreasing adenosine concentration. This is consist-
ent with withdrawal causing a homeostatic increase in adenosine
as a result of chronic adenosine deficit. MOR activation is known
to decrease AC activity and, consequently, cAMP accumulation.
The role of cAMP as a precursor for extracellular adenosine has
been previously established in the hippocampus (Brundege et al.,
1997; Dunwiddie et al., 1997; Brundege and Dunwiddie, 1998).
Therefore, it is not surprising that fluctuations in cAMP concen-
tration might modulate tonic adenosine levels in DMS as well.
Previous studies have also shown that cAMP metabolism and
transport alter adenosine concentration, and that the regulation
of extracellular adenosine depends, in part, on the balance
between mechanisms that increase and decrease cAMP concen-
tration (Krupinski et al., 1989; Rosenberg and Dichter, 1989).
The transport of adenosine from neurons to the extracellular space
has received considerable attention. cAMP can be transported

into the extracellular space by probenecid-sensi-
tive transporter (Henderson and Strauss, 1991;
Rosenberg and Li, 1995), and can be converted
to adenosine through extracellular phosphodies-
terase (Rosenberg and Dichter, 1989; Rosenberg
et al., 1994). The concentration of cAMP
released through this mechanism is sufficient
to increase extracellular adenosine concen-
tration (Gereau and Conn 1994; Brundege
et al., 1997). Therefore, we hypothesize that
the transport of cAMP from D1R-positive
MSNs regulates extracellular striatal adeno-
sine accumulation; however, the exact mech-
anism of cAMP or adenosine release into the
extracellular space remains unknown.

In the hippocampus, endogenous adenosine
inhibits glutamate release (Dunwiddie and Diao,
1994). Similarly, basal endogenous adenosine
affects some striatal synapses. Potentiation of glu-
tamate release by DPCPX in NAc core and of
GABA release in rat NAc core and shell have
been reported (Brundege and Williams, 2002).
This study demonstrated that DPCPX also poten-

tiated glutamate release from both thalamic and cortical terminals
in the DMS in mice, and a similar cAMP-dependent mechanism
mediates adenosine accumulation.

Opioid selectivity in mediating adenosine release in thalamo-
striatal circuit
Consistent with previous findings, activation of MOR, but not
DOR, led to inhibition of glutamate release in the thalamo-stria-
tal circuit (Birdsong et al., 2019). This inhibition of glutamate
release was lost in FloxedMor-Vglut2-cre mice, corroborating a
previous report (Reeves et al., 2021). However, morphine inhibi-
tion of A1R signaling remained, suggesting that MOR activation
in other striatal cells mediated the effect of morphine on A1R
signaling. Despite the fact that DOR and KOR are both Gi/o-
coupled GPCRs, neither the activation of DOR nor KOR inhib-
ited tonic adenosine release, suggesting that the MOR uniquely
interacts with the adenosine system, perhaps because of
enriched expression on D1R-expressing MSNs. However,
because cAMP appears to regulate extracellular adenosine, we
would predict that other inhibitory GPCRs expressed in D1R-
positive MSNs could mimic the effect of morphine, including
GABAB receptors or inhibitory DREADDs. Interestingly,
A2AR activation increased extracellular adenosine, but DOR
agonists did not decrease adenosine tone, despite broad coex-
pression. This could be because of several factors, including
higher cyclase activity in D1- versus A2A-expressing neurons
or the subcellular localization of DOR may limit inhibition of
A2AR-activated cyclase A2A MSNs. Last, regional heterogene-
ity may exist in opioid regulation of adenosine tone across
medial and lateral dorsal striatum or NAc.

Source of opioid-sensitive adenosine tone
Selectively knocking out the MORs from the presynaptic termi-
nals, D1R-positive MSNs, and D2R-positive MSNs revealed that
morphine-induced inhibition of adenosine release was because
of morphine’s action on MORs in the D1R-positive MSNs, but
not D2R-positive MSNs. This finding is consistent with previous
work showing that D1R- and D2R-positive MSNs differentially
modulate striatal activity (Lobo and Nestler, 2011), and that the
somatodendritic region of neurons can release adenosine and

Figure 11. Summary diagram of potential mechanism of morphine-mediated inhibition of tonic adenosine A1R sig-
naling. Tonic A1R activation is able to inhibit glutamate release from MOR-expressing medial thalamic terminals and
MOR-lacking ACC terminals in dorsomedial striatum. Morphine activation of MORs on D1-expressing MSNs decreases
extracellular adenosine by inhibition of AC, which decreases extracellular striatal adenosine concentration, thereby
decreasing A1R activation (and presumably A2AR activation) in a paracrine manner. Created using www.biorender.com.
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retrogradely bind presynaptic A1Rs (Lovatt et al., 2012).
Furthermore, MORs in D1R-positive MSNs and D2R-positive
MSNs also differentially modulate opioid responses. MOR
deletion from D1R-positive MSNs inhibits opioid-induced
hyperlocomotion, whereas deletion from D2R-positive MSNs
increases opioid-induced hyperlocomotion (Severino et al.,
2020). Additionally, MOR expression in D1R-positive MSNs also
appears necessary for opioid self-administration and reward (Cui
et al., 2014). The broad distribution of adenosine receptors
within the striatum makes it difficult to predict the specific be-
havioral implication of morphine regulation of adenosine effects
specifically in thalamo-striatal or cortico-striatal glutamate ter-
minals; however, these findings suggest that the adenosine sys-
tem as a whole has the potential to be a powerful mediator of
acute and chronic morphine effects in the dorsomedial striatum.
Thus, a novel role for MORs in regulating adenosine release in
the striatum in a cell type-specific manner can have profound
implication for opioid dependence and addiction. There is also
evidence for astrocytes mediating adenosine release in NAc,
although the mechanism behind adenosine release is through
increases in Ca21 activity, and not through an increase in cAMP
concentration (Corkrum et al., 2020). The similarities and differ-
ences in ways adenosine is regulated to maintain homeostasis in
striatal neuron signaling could be a potential new area of study.

Morphine’s indirect regulation of opioid-insensitive cortico-
striatal circuit
The ACC innervates striatal MSNs, and these glutamatergic
afferents are insensitive to acute MOR or DOR opioid actions
(Birdsong et al., 2019); however, some cortical inputs to dorso-
medial striatum appear modestly sensitive to opioids (Muñoz et
al., 2020). Application of morphine in this study failed to signifi-
cantly inhibit glutamate release from ACC terminals, but in the
presence of morphine, A1R signaling was absent. This supports
the interpretation that opioid regulation of extracellular adeno-
sine occurs at postsynaptic MSNs and not at presynaptic termi-
nals. This indirect effect on cortico-striatal adenosine signaling
emphasizes that opioids modulate neurotransmitter/neurohor-
mone release in the striatum at multiple sites. Recordings were
obtained from nonidentified MSNs likely encompassing both D1R-
and D2R/A2AR-expressing MSNs. Both tonic adenosine signaling
and morphine’s inhibition of tonic adenosine signaling were rela-
tively uniform across all cells, suggesting that morphine/adenosine
interactions likely do not depend on the identity of the MSN being
recorded from. Adenosine from D1R-positive MSNs, therefore,
most likely affects adenosine signaling broadly, rather than in a cell-
autonomous manner.

While we used A1R effects on thalamo-striatal and cortico-
striatal signaling as a readout for morphine regulation of striatal
adenosine, morphine may broadly impact striatal adenosine,
potentially affecting many striatal neurotransmitter systems and
cell types. Adenosine receptor signaling has been suggested to
regulate GABA release in striatum and has been linked to
changes in dopamine and acetylcholine transmission as well.
Gs-coupled adenosine A2ARs are also broadly expressed across
D2R-expressing MSNs and would presumably be affected by
morphine-induced changes in tonic adenosine concentrations.
A2AR activation has been proposed to facilitate glutamate release
from striatal synaptosomes, opposing A1R-mediated inhibition
of glutamate release (Ciruela et al., 2006). In presynaptic MOR
KO recordings and in ACC-striatum recordings, morphine may
be expected to increase glutamate release, but this was not
observed. It is possible that morphine, by decreasing extracellular

adenosine, is preventing tonic activation of both inhibitory A1Rs
and facilitating A2ARs that regulate glutamate release in opposing
ways, resulting in a loss of adenosine signaling without a net
facilitation of cortico-striatal or thalamo-striatal glutamate
release.

The present results indicate that morphine inhibits tonic
adenosine signaling by activating MORs, and subsequently in-
hibiting cAMP. This effect of opioid-induced inhibition of aden-
osine release was specific to MOR and not mediated by DOR or
KOR. Selective KO of MORs from presynaptic terminals showed
that, although opioids presynaptically inhibit glutamate release,
presynaptic MORs do not modulate extracellular adenosine
accumulation and adenosine signaling in the thalamo-striatal cir-
cuit. Rather, tonic adenosine release was no longer inhibited by
morphine when MORs were knocked out from D1R-positive
MSNs, but not D2R-positive MSNs or from glutamate terminals.
Thus, the endogenous adenosine that tonically activates the A1R
comes only from D1R-positive MSNs in the medial thalamus-
dorsomedial striatum circuit, and this postsynaptic regulation
can affect cortical afferents that are insensitive to acute opioid
modulation.

References
Al-Hasani R, McCall JG, Shin G, Gomez AM, Schmitz GP, Bernardi JM, Pyo

CO, Park S, Marcinkiewcz CM, Crowley NA, Krashes MJ, Lowell BB,
Kash TL, Rogers JA, Bruchas MR (2015) Distinct subpopulation of nu-
cleus accumbens dynorphin neurons drive aversion and reward. Neuron
87:1063–1077.

Atwood BK, Kupferschmidt DA, Lovinger DM (2014) Opioids induce disso-
ciable forms of long-term depression of excitatory inputs to the dorsal
striatum. Nat Neurosci 17:540–548.

Balleine BW, Delgado MR, Hikosaka O (2007) The role of the dorsal striatum
in reward and decision-making. J Neurosci 27:8161–8165.

Banghart MR, Neufeld RS, Wong NC, Sabatini BL (2015) Enkephalin disin-
hibits mu opioid receptor-rich striatal patches via delta opioid receptors.
Neuron 88:1227–1239.

Bertran-Gonzalez J, Laurent V, Chieng BC, Christie MJ, Balleine BW (2013)
Learning-related translocation of delta-opioid receptors on ventral stria-
tal cholinergic interneurons mediates choice between goal-directed
actions. J Neurosci 33:16060–16071.

Birdsong WT, Jongbloets BC, Engeln KA, Wang D, Scherrer G, Mao T
(2019) Synapse-specific opioid modulation of thalamo-cortico-striatal
circuits. Elife 8:e45146.

Bogenpohl JW, Ritter SL, Hall RA, Smith Y (2012) Adenosine A2A receptor
in the monkey basal ganglia: ultrastructural localization and colocaliza-
tion with the metabotropic glutamate receptor 5 in the striatum. J Comp
Neurol 520:570–589.

Bonci A, Williams JT (1996) A common mechanism mediates long-term
changes in synaptic transmission after chronic cocaine and morphine.
Neuron 16:631–639.

Brundege JM, Dunwiddie TV (1998) Metabolic regulation of endogenous
adenosine release from single neurons. Neuroreport 9:3007–3011.

Brundege JM, Williams JT (2002) Differential modulation of nucleus accum-
bens synapses. J Neurophysiol 88:142–151.

Brundege JM, Diao L, Proctor WT, Dunwiddie TV (1997) The role of cyclic
AMP as a precursor of extracellular adenosine in the rat hippocampus.
Neuropharmacology 36:1201–1210.

Chieng B, Williams JT (1998) Increased opioid inhibition of GABA release in
nucleus accumbens during morphine withdrawal. J Neurosci 18:7033–
7039.

Ciruela F, Casadó V, Rodrigues RJ, Luján R, Burgeño J, Canals M, Borycz J,
Rebola N, Goldberg S, Mallol J, Cortés A, Canela EI, López-Giménez JF,
Milligan G, Lluis C, Cunha RA, Ferré S, Franco R (2006) Presynaptic
control of striatal glutamatergic neurotransmission by adenosine A1–A2A

receptor heteromers. J Neurosci 26:2080–2087.
Corkrum M, Covelo A, Lines J, Bellocchio L, Pisansky M, Loke K, Quintana

R, Rothwell PE, Lujan R, Marsicano G, Martin ED, Thomas MJ, Kofuji P,

2416 • J. Neurosci., March 23, 2022 • 42(12):2404–2417 Adhikary et al. · Opioids Regulate Adenosine Signaling in Striatum

http://dx.doi.org/10.1016/j.neuron.2015.08.019
http://dx.doi.org/10.1038/nn.3652
http://dx.doi.org/10.1523/JNEUROSCI.1554-07.2007
http://dx.doi.org/10.1016/j.neuron.2015.11.010
http://dx.doi.org/10.1523/JNEUROSCI.1927-13.2013
http://dx.doi.org/10.7554/eLife.45146
http://dx.doi.org/10.1002/cne.22751
https://www.ncbi.nlm.nih.gov/pubmed/21858817
http://dx.doi.org/10.1016/S0896-6273(00)80082-3
http://dx.doi.org/10.1152/jn.00766.2001
http://dx.doi.org/10.1016/S0028-3908(97)00102-0
http://dx.doi.org/10.1523/JNEUROSCI.18-17-07033.1998
http://dx.doi.org/10.1523/JNEUROSCI.3574-05.2006


Araque A (2020) Dopamine-evoked synaptic regulation in the nucleus
accumbens requires astrocyte activity. Neuron 105:1036–1047.e5.

Cui Y, Ostlund SB, James AS, Park CS, Ge W, Roberts KW, Mittal N,
Murphy NP, Cepeda C, Kieffer BL, Levine MS, Jentsch JD, WalwynWM,
Sun YE, Evans CJ, Maidment N, Yang XW (2014) Targeted expression of
m-opioid receptors in a subset of striatal direct-pathway neurons restores
opiate reward. Nat Neurosci 17:254–261.

Dunwiddie TV, Diao L (1994) Extracellular adenosine concentrations in hip-
pocampal brain slices and the tonic inhibitory modulation of evoked
excitatory responses. J Pharmacol Exp Ther 268:537–545.

Dunwiddie TV, Diao L, Proctor WR (1997) Adenine nucleotides undergo
rapid, quantitative conversion to adenosine in the extracellular space in
rat hippocampus. J Neurosci 17:7673–7682.

Fink JS, Weaver DR, Rivkees SA, Peterfreund RA, Pollack AE, Adler EM,
Reppert SM (1992) Molecular cloning of the rat A2 adenosine receptor:
selective co-expression with D2 dopamine receptors in rat striatum.
Brain Res Mol Brain Res 14:186–195.

Gereau RW, Conn PJ (1994) Potentiation of cAMP responses by metabo-
tropic glutamate receptors depresses excitatory synaptic transmission by
a kinase-independent mechanism. Neuron 12:1121–1129.

Gong S, Doughty M, Harbaugh C, Cummins A, Hatten M, Heintz N, Gerfen
C (2007) Targeting Cre recombinase to specific neuron populations with
bacterial artificial chromosome constructs. J Neurosci 27:9817–9823.

Heijna MH, Bakker JM, Hogenboom F, Mulder AH, Schoffelmeer AN
(1992) Opioid receptors and inhibition of dopamine-sensitive adenylate
cyclase in slices of rat brain regions receiving a dense dopaminergic input.
Eur J Pharmacol 229:197–202.

Henderson GB, Strauss BP (1991) Evidence for cAMP and cholate extrusion
in C6 rat glioma cells by a common anion efflux pump. Journal of
Biological Chemistry 266:1641–1645.

Izenwasser S, Buzas B, Cox BM (1993) Differential regulation of adenylyl cy-
clase activity by mu and delta opioids in rat caudate putamen and nucleus
accumbens. J Pharmacol Exp Ther 267:145–152.

Klapoetke NC, Murata Y, Kim SS, Pulver SR, Birdsey-Benson A, Cho YK,
Morimoto TK, Chuong AS, Carpenter EJ, Tian Z, Wang J, Xie Y, Yan Z,
Zhang Y, Chow B, Surek B, Melkonian M, Jayaraman V, Constantine-
Paton M, Wong GK, et al. (2014) Independent optical excitation of dis-
tinct neural populations. Nat Methods 11:338–346.

Kreitzer AC (2009) Physiology and pharmacology of striatal neurons. Annu
Rev Neurosci 32:127–147.

Krupinski J, Coussen F, Bakalyar HA, Tang WJ, Feinstein PG, Orth K,
Slaughter C, Reed RR, Gilman AG (1989) Adenylyl cyclase amino acid
sequence: possible channel- or transporter-like structure. Science
244:1558–1564.

Lobo MK, Nestler EJ (2011) The striatal balancing act in drug addiction: dis-
tinct roles of direct and indirect pathway medium spiny neurons. Front
Neuroanat 5:41.

Lovatt D, Xu O, Liu W, Takano T, Smith NA, Schnermann J, Tieu K,
Nedergaard M (2012) Neuronal adenosine release, and not astrocytic
ATP release, mediates feedback inhibition of excitatory activity. Proc
Natl Acad Sci USA 109:6265–6270.

Mansour A, Fox CA, Burke S, Meng F, Thompson RC, Akil H, Watson SJ
(1994) Mu, delta, and kappa opioid receptor mRNA expression in the rat
CNS: an in-situ hybridization study. J Comp Neurol 350:412–438.

Massaly N, Copits BA, Wilson-Poe AR, Hipólito L, Markovic T, Yoon HJ,
Liu S, Walicki MC, Bhatti DL, Sirohi S, Klaas A, Walker BM, Neve R,
Cahill CM, Shoghi KI, Gereau RW, McCall JG, Al-Hasani R, Bruchas
MR, Morón JA (2019) Pain-induced negative affect is mediated via
recruitment of the nucleus accumbens kappa opioid system. Neuron
102:564–573.e6.

Matsui A, Jarvie BC, Robinson BG, Hentges ST, Williams JT (2014) Separate
GABA afferents to dopamine neurons mediate acute action of opioids,
development of tolerance, and expression of withdrawal. Neuron
82:1346–1356.

Muñoz B, Haggerty DL, Atwood BK (2020) Synapse-specific expression of
mu opioid receptor long-term depression in the dorsomedial striatum.
Sci Rep 10:7234.

Muschamp JW, Carlezon WA (2013) Roles of nucleus accumbens CREB and
dynorphin in dysregulation of motivation. Cold Spring Harb Perspect
Med 3:a012005.

Nestler EJ, Carlezon WA (2006) The mesolimbic dopamine reward circuit in
depression. Biol Psychiatry 59:1151–1159.

Oude Ophuis R, Boender AJ, van Rozen AJ, Adan RA (2014) Cannabinoid,
melanocortin and opioid receptor expression on DRD1 and DRD2 sub-
populations in rat striatum. Front Neuroanat 8:14.

Reeves KC, Kube MJ, Grecco GG, Fritz BM, Muñoz B, Yin F, Gao Y,
Haggerty DL, Hoffman H, Atwood BK (2021) Mu opioid receptors on
VGluT2-expressing glutamatergic neurons modulate opioid reward.
Addict Biol 26:e12942.

Rosenberg PA, Dichter MA (1989) Extracellular CAMP accumulation and
degradation in rat cerebral cortex in dissociated cell culture. J Neurosci
9:2654–2663.

Rosenberg PA, Knowles R, Knowles KP, Li Y (1994) Beta-adrenergic recep-
tor-mediated regulation of extracellular adenosine in cerebral cortex in
culture. Journal of Neuroscience 14:2953–2965.

Rosenberg PA, Li Y (1995) Adenyl cyclase activation underlies intracellular
cyclic AMP accumulation, cyclic AMP transport, and extracellular aden-
osine accumulation evoked by b -adrenergic receptor stimulation in
mixed cultures of neurons and astrocytes derived from rat cerebral cor-
tex. Brain Research 692:227–232.

Severino AL, Mittal N, Hakimian JK, Velarde N, Minasyan A, Albert R,
Torres C, Romaneschi N, Johnston C, Tiwari S, Lee AS, Taylor AM,
Gavériaux-Ruff C, Kieffer BL, Evans CJ, Cahill CM, Walwyn WM (2020)
m-Opioid receptors on distinct neuronal populations mediate different
aspects of opioid reward-related behaviors. eNeuro 7:ENEURO.0146-
20.2020.

Tejeda HA, Wu J, Kornspun AR, Pignatelli M, Kashtelyan V, Krashes MJ,
Lowell BB, Carlezon WA, Bonci A (2017) Pathway- and cell-specific
kappa-opioid receptor modulation of excitation-inhibition balance differ-
entially gates D1 and D2 accumbens neuron activity. Neuron 93:147–
163.

Vong L, Ye C, Yang C, Yang Z, Choi B, Chua S, Lowell BB (2011) Leptin
action on GABAergic neurons prevents obesity and reduces inhibitory
tone to POMC neurons. Neuron 71:142–154.

Zhu Y, Wienecke CF, Nachtrab G, Chen X (2016) A thalamic input to the
nucleus accumbens mediates opiate dependence. Nature 530:219–222.

Adhikary et al. · Opioids Regulate Adenosine Signaling in Striatum J. Neurosci., March 23, 2022 • 42(12):2404–2417 • 2417

http://dx.doi.org/10.1016/j.neuron.2019.12.026
http://dx.doi.org/10.1038/nn.3622
https://www.ncbi.nlm.nih.gov/pubmed/24413699
http://dx.doi.org/10.1523/JNEUROSCI.17-20-07673.1997
http://dx.doi.org/10.1016/0169-328X(92)90173-9
https://www.ncbi.nlm.nih.gov/pubmed/1279342
http://dx.doi.org/10.1523/JNEUROSCI.2707-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17855595
http://dx.doi.org/10.1016/0014-2999(92)90555-I
http://dx.doi.org/10.1038/nmeth.2836
http://dx.doi.org/10.1146/annurev.neuro.051508.135422
http://dx.doi.org/10.1126/science.2472670
http://dx.doi.org/10.3389/fnana.2011.00041
http://dx.doi.org/10.1073/pnas.1120997109
http://dx.doi.org/10.1016/j.neuron.2019.02.029
http://dx.doi.org/10.1016/j.neuron.2014.04.030
http://dx.doi.org/10.1038/s41598-020-64203-0
http://dx.doi.org/10.1101/cshperspect.a012005
https://www.ncbi.nlm.nih.gov/pubmed/23293139
http://dx.doi.org/10.1016/j.biopsych.2005.09.018
http://dx.doi.org/10.3389/fnana.2014.00014
https://www.ncbi.nlm.nih.gov/pubmed/24723856
http://dx.doi.org/10.1111/adb.12942
http://dx.doi.org/10.1523/ENEURO.0146-20.2020
http://dx.doi.org/10.1016/j.neuron.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/28056342
http://dx.doi.org/10.1016/j.neuron.2011.05.028
https://www.ncbi.nlm.nih.gov/pubmed/21745644
http://dx.doi.org/10.1038/nature16954

	Mu Opioid Receptors Acutely Regulate Adenosine Signaling in Striatal Glutamate Afferents
	Introduction
	Materials and Methods
	Results
	Discussion


