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NEUROSCIENCE
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Addictive drugs increase dopamine in the nucleus accumbens (NAc), where it persistently shapes excitatory
glutamate transmission and hijacks natural reward processing. Here, we provide evidence, from mice to humans,
that an underlying mechanism relies on drug-evoked heteromerization of glutamate N-methyl-p-aspartate recep-
tors (NMDAR) with dopamine receptor 1 (D1R) or 2 (D2R). Using temporally controlled inhibition of D1R-NMDAR
heteromerization, we unraveled their selective implication in early phases of cocaine-mediated synaptic, morpho-
logical, and behavioral responses. In contrast, preventing D2R-NMDAR heteromerization blocked the persistence
of these adaptations. Interfering with these heteromers spared natural reward processing. Notably, we established
that D2R-NMDAR complexes exist in human samples and showed that, despite a decreased D2R protein expression
in the NAc, individuals with psychostimulant use disorder display a higher proportion of D2R forming heteromers
with NMDAR. These findings contribute to a better understanding of molecular mechanisms underlying addiction
and uncover D2R-NMDAR heteromers as targets with potential therapeutic value.

INTRODUCTION
Drug addiction is characterized by compulsive patterns of drug-
seeking and drug-taking behavior despite detrimental consequences
and a high rate of relapse after abstinence. A hallmark of addictive
drugs is their ability to increase dopamine (DA) concentration in
discrete brain regions, which persistently shapes excitatory gluta-
mate transmission within the reward circuit, thereby hijacking nat-
ural reward processing (I, 2). This calls for a better understanding
of the precise molecular events underlying the detrimental interplay
between DA and glutamate signaling triggered by drugs of abuse.
The enduring behavioral alterations induced by protracted drug
exposure are largely believed to result from persistent drug-evoked
neuronal adaptations within the striatum, especially in its ventral
part, the nucleus accumbens (NAc) (1, 3). The striatum is indeed
a key target structure of drugs of abuse that integrates convergent
glutamate inputs from limbic, thalamic, and cortical regions, en-
coding components of drug-associated stimuli and environment,
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and DA signals that mediate reward prediction error and incentive
values (4). Integration of DA and glutamate signals is achieved by
the two segregated subpopulations of y-aminobutyric acid-releasing
(GABAergic) medium-sized spiny neurons (MSNs) expressing
either the dopamine receptor (DAR) type 1 (D1R) or type 2 (D2R),
although a fraction of MSN in the NAc expresses both receptors (5).
Cell type-specific manipulations of neuronal activity showed that
inhibiting and activating D1IR-MSN dampen and potentiate long-
term drug-evoked responses, respectively, in line with their
“proreward” action (2, 6-9). By contrast, most studies support an
inhibitory role of D2R-MSN activation on drug-mediated adapta-
tions (6, 7, 10-12). These studies, based on direct manipulations of
MOSN activity, were instrumental in highlighting the role of MSN’s as
putative players in drug-related behavioral adaptations. However,
they do not establish how drugs of abuse persistently affect the
functionality of each MSN subpopulation or the underlying cellular
and molecular mechanisms. In this context, increasing evidence
suggests that such a central role of MSN subpopulations in drug-
induced behavioral adaptations originates, at least in part, from
DA-dependent long-lasting changes at excitatory striatal synapses.
Long-term potentiation of specific glutamatergic afferents imping-
ing onto D1R-MSNs induced by DA is responsible for both the
induction and maintenance of long-lasting behavioral adaptations
to repeated cocaine exposure (13-15). Glutamate transmission onto
D2R-MSNs seems to be spared by cocaine exposure but selectively
altered during cocaine craving after long access to high doses of
cocaine (16).

It is therefore timely to identify molecular mechanisms by which
drug-evoked increases in DA can permanently hijack glutamate
transmission onto MSNs. Although a number of studies have
described the cross-talk between DIR and glutamate receptors of the
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N-methyl-p-aspartate (NMDAR) subtype as a key player in the be-
havioral effects of psychostimulants (2, 17-22), the underlying
molecular mechanisms remain elusive. Moreover, the processes by
which DA impairs D2R-MSN activity to promote long-lasting
drug-induced reinforcement are yet unknown.

Heteromeric complexes formed between DARs and glutamate
NMDAR have been proposed as integrators of DA and glutamate
signals in both MSN populations (23). Receptor heteromers are
of particular interest not only because of their ability to dynamically
modulate the component receptor’s functions in time and space but
also because they exhibit functional properties distinct from the
component receptors, making them attractive targets for the devel-
opment of more selective pharmacological strategies (24-27). Most
evidence generated to date regarding DAR-NMDAR heteromers’
functions comes from in vitro and ex vivo studies, and their po-
tential role in long-term drug-induced adaptations has been over-
looked. D1R heteromers formed with glutamate ionotropic receptor
NMDA type subunit 1 (GluN1) subunits of NMDAR have been de-
scribed in vitro (28, 29) and ex vivo in the striatum (30, 31). We estab-
lished that acutely perturbing DIR-NMDAR interaction blunts the
facilitation of NMDAR signaling by DA in DIR-MSN in striatal
slices, as well as cocaine-induced locomotor sensitization (31).
However, the impact of chronic disruption of DIR-NMDAR on the
sensitizing and rewarding effects of repeated cocaine exposure is un-
known. In contrast, the interaction of D2R with GluN2B subunits of
NMDAR has been shown to mediate the inhibition of NMDA currents
by DA in D2R-MSNs and control acute stereotypic locomotor re-
sponses to high cocaine doses (32). Nonetheless, the implication of
D2R-NMDAR heteromerization in long-lasting behavioral alterations
induced by cocaine has not been studied. However, D2R-dependent
transmission is largely believed to be a main actor in the develop-
ment of addiction based on clinical and preclinical findings (2, 33).

We therefore investigated whether heteromers formed by DAR
and NMDAR constitute molecular substrates by which drugs of abuse
enduringly alter glutamate transmission and mediate long-lasting
sensitizing and rewarding effects of cocaine. We found that repeated
cocaine exposure triggers a transient increase in DIR-NMDAR
heteromerization throughout the entire striatum, which returns to
baseline after an abstinence period. By contrast, cocaine induces a
stable increase in heteromerization of D2R-NMDAR that is mostly
restricted to the NAc and persists over 7 days of abstinence. Using a
temporally controlled disruption of these receptor heteromers,
combined with electrophysiological recordings, imaging, and be-
havioral assessments, we showed that DIR-NMDAR heteromeriza-
tion controls the development of cocaine-evoked long-term synaptic
plasticity and morphological changes in DIR-MSNs, as well as be-
havioral adaptations. D2R-NMDAR heteromerization not only con-
tributes to the development of the sensitizing and rewarding effects
of cocaine but, more importantly, also mediates the persistence of
these adaptations after a period of abstinence, followed by a reexpo-
sure to the drug. The targeting of either type of heteromers preserves
natural reward processing. Notably, we found that these receptor
complexes also exist in human postmortem brain samples and
showed that, despite a substantial decrease in D2R protein expres-
sion, individuals with a history of psychostimulant use disorder dis-
play a significantly higher proportion of D2R that form heteromers
with GluN2B-containing NMDAR in the NAc. Our results support
a model by which the heteromerization of DA and glutamate recep-
tors induced by drugs of abuse in D1R- and D2R-MSNs is a key
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molecular event underlying the detrimental interplay between these
two neurotransmitter systems in drug addiction. The role of D2R-
NMDAR heteromers in the persistence of the sensitizing and re-
warding effects of drugs makes them potential targets not only for
treating addiction in humans but also, more broadly, in multiple
neuropsychiatric disorders.

RESULTS

Detection and temporally controlled disruption of striatal
D1R-NMDAR and D2R-NMDAR heteromerization in vivo

A prerequisite for the study of DAR-NMDAR heteromer modula-
tion and function in cocaine-evoked adaptations was to develop
approaches to both visualizing and interfering with receptor inter-
actions in vivo. Detection of endogenous DIR-NMDAR proximity
was first assessed in the NAc of naive mice through proximity liga-
tion assay (PLA) (34). The bright-field PLA assay yielded a brown
punctate signal for DIR-NMDAR complexes that was absent when
one of the two primary antibodies was omitted (Fig. 1A), similar to
what was previously found when PLA was performed in D1R receptor
knockout mice (31). To study the function of DIR-NMDAR
heteromers, we designed an adeno-associated virus (AAV)-based
strategy to disrupt heteromers in a spatially and temporally con-
trolled manner (Fig. 1B). The AAV-Tet-On-GluN1C1 allows a
doxycycline (dox)-inducible bicistronic expression of the red fluo-
rescent protein (RFP) reporter protein together with a peptide cor-
responding to the C1 cassette (Dges-Tog9) of GluN1 that binds to
DIR (28). This peptide blocks DIR-NMDAR interaction in vitro
while preserving the functions of individual DIR and NMDAR in-
dependently of their heteromerization (31). The control virus, Tet-
On-GluNI1CI1A, encodes a C1 cassette deleted of nine amino acids
that are required for electrostatic interactions between DIR and
GluN1 (35). This mutated cassette does not interfere with D1R-
GluN1 interaction in vitro (31). After stereotaxic injections in the
NAGg, the treatment with dox triggered a rapid and sustained expres-
sion of the RFP reporter (Fig. 1B). Analysis of DIR-NMDAR
proximity in RFP-positive neurons showed that Tet-On-GluN1Cl1
significantly reduced DIR-NMDAR PLA puncta when compared
to the control AAV (Fig. 1, C and D). Notably, we also verified that
blocking DIR-NMDA heteromerization altered downstream cocaine-
mediated signaling events (20, 31), including GluN2B phosphoryl-
ation and extracellular signal-regulated kinase pathway activation
(fig. S1), without compromising neuronal survival (Fig. 1E). As for
D1R-NMDAR heteromers, bright-field PLA detection of D2R-
NMDAR proximity appeared as a brown punctate signal, which
disappeared upon omission of one primary antibody (Fig. 1F). To
interfere with D2R-NMDAR interaction, we generated AAV-Tet-
On-D2R-IL3, which drives a dox-inducible expression of a peptide
corresponding to a small fragment (T,25-Az34) located within the
third intracellular loop (IL3). This IL3 domain is known to play a
key role for D2R-NMDAR interaction (32). Since critical amino
acids responsible for D2R-NMDAR interaction have not been yet
identified within this D2R-IL3 fragment, we used a control virus
(Tet-On-D2R-IL3-scr) driving the expression of a scrambled pep-
tide (Fig. 1G). We found that Tet-On-D2R-IL3 efficiently reduced
D2R-NMDAR PLA puncta (Fig. 1, H and I) while preserving neu-
ronal survival (Fig. 1]). Together, these results validate both an effi-
cient disruption of receptor heteromerization and the accuracy of
using PLA to detect DAR-NMDAR heteromers in vivo.
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Fig. 1. Detection and temporally controlled disruption of striatal D1IR-NMDAR and D2R-NMDAR heteromerization in vivo. (A) Example images of D1R-NMDAR
heteromer PLA detection and related negative (Neg. cont) showing the absence of signal when one primary antibody is omitted. (B) Top: Viral-based strategy for expres-
sion of interfering peptide to disrupt D1R-NMDAR interaction [Tet-On-GIuN1C1 (C1)] and control [Tet-On-GIuN1C1A (C1A)] in the NAc. Bottom: Example image of dox
(+dox)-mediated RFP expression [anterior commissure (ac)]. TRE, tetracycline response element; P2A, 2A peptide; PGK, phosphoglycerate kinase 1 promoter; rtTA, reverse
tetracycline-controlled transactivator. (C) Example image of D1R-NMDAR heteromer detection by PLA in C1A- and C1-transduced neurons. (D) Quantifications of the
fluorescent PLA signal in C1A- and C1-transduced neurons. Two-sided Student’s t test, t = 4.078, df = 13, **P=0.0013, n = 7 to 8 cells from four mice per group. (E) Neuronal
survival of C1A- and C1-transduced neurons. Two-sided Student’s t test, t = 0.354 df =6, P=0.735, n =4 mice per group. (F) Same as in (A), for D2R-NMDAR heteromer PLA
detection. (G) Viral strategy for expression of interfering peptide to prevent D2R-NMDAR heteromerization [Tet-On-D2R-IL3 (IL3)] and control [Tet-On-D2R-IL3-scr (IL3-scr)].
(H) Representative image D2R-NMDAR heteromer detection by PLA in IL3-scr- and IL3-transduced neurons. (I) Quantifications of the fluorescent PLA signal in IL3-scr-and
IL-3 infected neurons. Two-sided Student's t test, t = 2.393, df =25, *P=0.0246, n =11 to 16 cells from 4 mice per group. (J) Neuronal survival of IL3-scr- and IL3-transduced

neurons. Two-sided Student’s t test, t =0.2767 df =6, P=0.7913, n =4 mice per group. Scale bars, 10 um. Error bars denote SEMs.

Behavioral sensitization to cocaine is associated

with transient D1R-NMDAR heteromerization and prolonged
D2R-NMDAR heteromerization in the NAc

We investigated whether a cocaine regimen that triggers persistent
behavioral adaptations can modulate the formation of these recep-
tor complexes in vivo in the striatum. Mice were subjected to five
daily injections of cocaine (15 mg/kg), which elicits a progressive
locomotor sensitization (Fig. 2A) that is known to persist despite
several weeks of abstinence. This behavioral paradigm is a straight-
forward model to study the mechanisms involved in drug-induced
behavioral adaptations (2, 36). Mice were euthanized 1 day after
the last injection to detect endogenous DAR-NMDAR proximity
in distinct striatal subregions through PLA (34). We found that
cocaine-treated mice displayed increased DIR-NMDAR hetero-
merization in the dorsolateral striatum (DL Str) and dorsomedial
striatum (DM Str), as well as in the NAc core and NAc shell subdi-
visions (Fig. 2B). Cocaine also increased D2R-NMDAR heteromer-
ization, but primarily in the NAc, with a smaller effect in the DL Str
(Fig. 2C). This increased heteromerization occurred in the absence
of changes in global expression levels of the component receptors
(fig. S2A,B). Notably and as previously observed (37), repeated co-
caine exposure decreases expression levels of the synaptic scaffold
protein postsynaptic density 95 (PSD-95) (fig. S2C), which could

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

partly explain our results as the interaction of NMDAR and D1R
with PSD-95, through partly overlapping domains, has been de-
scribed to prevent DIR-NMDAR interaction (38).

To study the kinetics of receptor heteromerization, mice were
subjected to a cocaine-induced locomotor sensitization paradigm,
followed by 1-week abstinence period and a challenge injection of
saline or cocaine. We found that cocaine-mediated DIR-NMDAR
heteromerization was transient, as it returned to baseline levels after
7 days of abstinence in the NAc core, DM Str, and DL Str and was
significantly decreased below saline-treated mice in the NAc shell.
After a challenge injection of cocaine, DIR-NMDAR heteromerization
increased again in all striatal subregions except in the DL Str, after
the challenge injection of cocaine (Fig. 2D). Notably, D2R-NMDAR
heteromerization appeared to be sustained (15 + 3.5% compared to
the saline-treated group) over the abstinence period, specifically in
the NAc core. The challenge injection of cocaine further increased
D2R-NMDAR heteromers in the NAc, but not in dorsal parts of
the striatum (Fig. 2D). To assess the role of D1R or D2R stimu-
lation for receptor heteromerization, mice underwent a cocaine-
locomotor sensitization followed by an abstinence period. Before
a cocaine challenge, mice received an intraperitoneal injec-
tion of DIR or D2R antagonist that blunted the expression of be-
havioral sensitization. This allowed us to show that the stimulation
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Fig. 2. Behavioral sensitization to cocaine is associated with transient D1R-NMDAR heteromerization and prolonged D2R-NMDAR heteromerization in the NAc.
(A) Experimental time frame [NAc core and NAc shell and measurements of locomotor activity before and during 5 days of saline or cocaine (15 mg/kg) injections]. Two-way analy-
sis of variance (ANOVA): treatment effect, F 24 =67.79, ***P <0.0001 saline versus cocaine on day 5, n=13 mice per group. DM, dorso-medial striatum; DL, dorso-lateral
striatum. (B) Detection and quantifications of D1R-NMDAR heteromerization in saline- and cocaine-treated groups. PLA signal is represented as fold increase normalized
to the saline group. Two-sided Student’s t test: *P < 0.05, **P < 0.01, and ***P < 0.001 (saline versus cocaine); n = 28 to 84 fields of view per structure (NAc core, 4; NAc shell,
12; DM, 6; DL, 6; fields of view per mice) from seven mice per group. (C) Same as for (B) for D2R-NMDAR heteromerization. (D) Experimental time frame, measurements of
locomotor activity, and quantifications of D1R-NMDAR and D2R-NMDAR heteromerization. PLA signal is represented as fold increase normalized to the saline group. One-way
ANOVA: *P < 0.05, **P < 0.01, and ***P < 0.001 (saline-saline versus cocaine-saline/cocaine-cocaine); #P < 0.05 and ##P < 0.01 (cocaine-saline versus cocaine-cocaine);
n =28 to 84 fields of view per structure from seven mice per group. (E) Same as for (D) except that mice received either a vehicle solution (Veh) or the D1R antagonist
SCH23390 (SCH) or the D2R antagonist eticlopride (Etic) before a cocaine challenge. One-way ANOVA: **P < 0.01 and ***P < 0.001 (vehicle-saline versus vehicle-cocaine);
#P <0.05 and ##P < 0.01 (vehicle-cocaine versus SCH-cocaine or cocaine versus Etic-cocaine); n.s., not significant; n = 28 to 84 fields of view per structure from seven mice
per group. Scale bars, 10 um (B and C). Error bars denote SEMs.

of DIR or D2R was essential for cocaine-induced DIR-NMDAR  of DIR-NMDAR throughout the whole striatum, whereas D2R-
and D2R-NMDAR heteromerization, respectively (Fig. 2E). NMDAR heteromerization occurs primarily in the NAc and is
Together, these data show that behavioral sensitization to co- maintained in the core subdivision during a 7-day abstinence
caine is associated with a DAR-dependent transient heteromerization ~ from cocaine.
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Cocaine-evoked potentiation of glutamate transmission

onto D1R-MSNs requires D1R-NMDAR heteromerization

Long-lasting changes of glutamate transmission at cortical projec-
tions onto DIR-MSN of the NAc have been causally implicated in
the development of cocaine-induced locomotor sensitization (13).
To study the contribution of DIR-NMDAR heteromerization to
drug-induced plasticity at these synapses, we injected mice with
Tet-On-GluN1Cl1 together with a mixture of AAV-PPTA-Cre,
driving the expression of the Cre recombinase under the control of
the DIR-MSN-specific preprotachykinin (PPTA) promoter, and
AAV-Double-floxed inverse Open reading frame (DIO)-eGFP
(enhanced green fluorescent protein) to tag DIR-MSN (fig. S3A)
(7, 39, 40). These mice were supplemented with dox before and during
daily injections of saline or cocaine for 5 days, followed by a 10-day
abstinence period. As previously shown (16), cocaine triggered an in-
crease in AMPA/NMDA (A/N) ratio, an index of synaptic plasticity,

in D1R-MSN of mice injected with the control virus in the NAc. By con-
trast, while preserving basal synaptic transmission in the saline-treated
group, the inhibition of D1R-GIuN1 heteromerization blunted the
cocaine-evoked increase in A/N ratio (Fig. 3, A and B), without modi-
fying the amplitude or the kinetics of NMDAR excitatory post-
synaptic currents (EPSCs; Fig. 3, C and D). These data show that
D1R-NMDAR heteromerization controls cocaine-evoked changes
in glutamate transmission in D1R-MSNGs.

D1R-NMDAR heteromerization controls the development

of cocaine-induced locomotor sensitization

We next evaluated the role of DIR-NMDAR heteromerization in the
behavioral sensitizing properties of cocaine by supplementing Tet-
On-AAV-injected mice with dox before and during saline or cocaine
administration (Fig. 3E). Uncoupling D1R from GluN1 subunits of
NMDAR did not affect basal locomotion nor the acute hyperlocomotor
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Fig. 3. D1IR-NMDAR heteromerization controls cocaine-evoked potentiation of glutamate transmission onto D1R-MSN and the development of behavioral
sensitization. (A) Experimental design and example trace of AMPA+NMDA (black) and NMDA (gray) currents in neurons (asterisk) expressing GFP [i.e., DTR-MSN (see fig.
S3A)], and C1 or C1A (RFP™). (B) A/N ratios. Two-way ANOVA: virus effect, F130=2.511,*P=0.033 and ##P=0.0061, n = 3 to 4 mice per group and n=6to 13 cells per group.
(C) Comparison of representative recordings of pharmacologically isolated NMDAR EPSCs, normalized to the peak amplitude (in percentage). (D) Deactivation kinetics of
NMDAR EPSCs. Two-way ANOVA: virus effect, F 30=0.205, P> 0.999, n =3 to 4 mice per group and n =8 to 9 cells per group. (E) Top: Experimental time frame and basal
locomotor activity. Bottom left: Two-sided Student’s t test, t =0.332 df =30, P=0.742, n =16 mice per group. Bottom middle: Inhibition of D1R-NMDAR heteromerization
during the development of locomotor sensitization. Three-way ANOVA: virus effect, F1 256 = 13.72, ***P =0.0003; n.s., P> 0.9999; n =7 to 11 mice per group. Bottom right:
Sensitization scores of cocaine-treated mice injected with Tet-On-GIuN1C1A (black) or Tet-On-GIuN1C1 (blue). One-sample Student’s t test: t = 5.289, df = 10, ###P = 0.0004
(cocaine C1A versus 0); t=2.197; df=10; n.s., P> 0.05 (cocaine C1 versus 0). (F) Top: Experimental time frame. Bottom left: Inhibition of D1R-NMDAR heteromerization
during 7 days of abstinence, followed by a challenge cocaine injection. Three-way ANOVA: virus effect, F; 243=0.6160, P>0.9999, n =7 to 8 mice per group. Bottom right:
Sensitization scores of cocaine-treated mice injected with Tet-On-GIuN1C1A (black) or Tet-On-GIuN1C1 (blue). One-sample Student’s t test, t =5.289, df =7, #P=0.0325
(cocaine C1A versus 0); t=2.599, df =6, AP =0.0407 (cocaine C1 versus 0). Error bars denote SEMs.
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response triggered by the first cocaine injection but fully blocked the
development of the behavioral sensitization induced by subsequent in-
jections (Fig. 3E). Notably, dox supplementation did not alter body
weight, basal locomotion, or behavioral sensitization to cocaine in
mice that were not injected with Tet-On viruses (fig. S4, A to C).

By temporally controlling expression of the interfering peptides,
we assessed the contribution of DIR-NMDAR heteromerization to
the maintenance phase of locomotor sensitization. Mice injected
with Tet-On viruses were treated with saline or cocaine for 5 days in
the absence of dox. As expected, these mice displayed a similar
cocaine-induced locomotor sensitization regardless of the virus
injected. To switch off DIR-NMDAR heteromerization after be-
havioral sensitization, dox was given after the last saline or cocaine
injection and during a 7-day abstinence period, followed by a chal-
lenge injection of saline or cocaine (Fig. 3F, top). We found that mice
displayed the same level of sensitization in response to the cocaine
challenge regardless of the AAV used, demonstrating that D1R-
NMDAR heteromerization is not required for the maintenance of
locomotor sensitization (Fig. 3F, bottom). Since cocaine also enhanced
D1R-NMDAR heteromerization in the dorsal striatum (Fig. 2B), we
also targeted heteromers in this striatal subregion and obtained the
same results (fig. S4, D and E). Overall, these data show that D1R-
NMDAR heteromerization in the striatum controls the development,
but not the maintenance, of cocaine’s sensitizing effects.

D2R-NMDAR heteromerization is involved in the
development and maintenance of cocaine’s sensitizing effects
In light of the significant and persistent impact of cocaine on D2R-
NMDAR heteromerization in the NAc (Fig. 2, C to E), we studied
the consequences of disrupting D2R-NMDAR interaction on gluta-
mate transmission onto D2R-MSN and on the sensitizing effects of
cocaine using AAV-Tet-On-D2R-IL3 (see Fig. 1, G to I). Because
repeated cocaine exposure does not modify A/N ratio in D2R-MSN
(16), the influence of uncoupling D2R from NMDAR was studied
in saline-treated animals with virally tagged D2R-MSN owing to
the coinjection of AAV-PPE-Cre, driving the expression of the
Cre recombinase under the control of the D2R-MSN-specific
preproenkephalin (PPE) promoter (7) and AAV-DIO-eGFP (fig. S3B).
We found that inhibiting D2R-NMDAR heteromerization did not
alter, by itself, A/N ratio in D2R-MSN (Fig. 4, A and B). The AAV-
Tet-On-D2R-IL3 also left unchanged the amplitude and kinetics of
NMDA currents (Fig. 4, C and D), indicating a lack of nonspecific
effects of our strategy on NMDAR functionality. Notably, disrupting
D2R-NMDAR interaction with AAV-Tet-On-D2R-IL3 also spared the
ability of a D2R agonist to inhibit cyclic adenosine-3’,5'-monophosphate
(cAMP) production in a heterologous system (Fig. 4E), demon-
strating that our interfering strategy selectively perturbs D2R-NMDAR
heteromerization while preserving the functions of individual com-
ponent receptors.

At the behavioral level, interfering with D2R-NMDAR hetero-
merization preserved basal locomotion but blunted the development of
cocaine-induced locomotor sensitization (Fig. 4F). Notably, as opposed to
D1R-NMDAR complexes, we found that the inhibition of D2R-NMDAR
heteromerization during the abstinence period also reduced the mainte-
nance of the behavioral sensitization compared to cocaine-treated mice
injected with the control virus (Fig. 4G). These mice were euthanized 24
hours after the last cocaine exposure to analyze expression levels of AFosB,
which has been shown to be persistently expressed in response to cocaine
(41). Although modulating AFosB expression levels in D2R-MSN has

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

been shown to not affect behavioral responses to cocaine (42-44),
AFosB expression was used here as a readout for potential signaling
and transcriptional alterations induced in D2R-MSN as a consequence
of D2R-NMDAR heteromer disruption during abstinence and re-
exposure to cocaine. Notably, we observed a significant increase in the
number of AFosB-positive D2R-MSN after the cocaine challenge upon
inhibition of D2R-NMDAR interaction (fig. S5A). This suggests that
D2R-NMDAR heteromer disruption is associated with signaling
pathway activation in D2R-MSN. Regardless, these data demonstrate
that D2R-NMDAR heteromerization controls both the development
and the maintenance of cocaine’s sensitizing effects.

Differential roles of DIR-NMDAR and D2R-NMDAR
heteromers in controlling the rewarding effects of cocaine
We next investigated the role of these heteromers in the rewarding
effects of cocaine using a conditioned place preference (CPP) para-
digm. Mice injected in the NAc with a control virus and supplemented
with dox developed a significant cocaine-induced CPP, which was
blunted when DIR and NMDAR were uncoupled (Fig. 5A). Al-
though single or repeated cocaine administration has been shown
to trigger dendritic spine formation in DIR-MSN (39, 45), there is
no study showing these morphological changes in the NAc in the
context of CPP. Mice were thus euthanized the day after the behav-
ioral test to perform a three-dimensional morphological analysis of
GFP-tagged D1R-MSN. Control mice, which developed CPP to co-
caine, displayed a significant increase in dendritic spine density in
DI1R-MSN, which was inhibited when D1R and NMDAR were un-
coupled (Fig. 5B). To study the implication of DIR-NMDAR
heteromerization on cocaine-induced reinstatement of CPP, AAV-
injected mice were initially trained for CPP in the absence of dox.
Once mice developed CPP, dox was added to alter DIR-NMDAR
interaction during an extinction period, followed by a cocaine-
induced reinstatement of CPP. We observed that the inhibition of
DIR-NMDAR interaction did not alter the kinetics of extinction
nor the reinstatement of CPP (Fig. 5C), thus supporting a critical
role for DIR-NMDAR heteromers in the development of the re-
warding effects of cocaine, as observed for locomotor sensitization,
but not in the extinction or reinstatement of CPP.

The uncoupling of D2R from NMDAR also blocked the devel-
opment of cocaine CPP (Fig. 5D), but this was not correlated to
morphological changes in D2R-MSNss since the CPP paradigm did
not trigger any modification of dendritic spine density in D2R-MSN
regardless of the AAV used (Fig. 5E). Inhibiting D2R-NMDAR hetero-
merization once the mice had developed CPP did not affect the ex-
tinction of CPP but significantly reduced cocaine-induced reinstatement
of CPP (Fig. 5F). Notably, this inhibitory effect of D2R-NMDAR
heteromer disruption on cocaine-induced reinstatement of CPP
was associated with an increased expression of AFosB in D2R-MSN
(fig. S5B), similar to what we observed after a challenge injection of
cocaine in the locomotor sensitization paradigm.

Together, these results indicate that D2R-NMDAR heteromeri-
zation is required for both the development and reinstatement of
cocaine-induced CPP, independently of morphological changes in
GFP-tagged D2R-MSNGs.

Inhibiting D1R-NMDAR or D2R-NMDAR heteromerization
does not alter CPP for food

Manipulating DIR-NMDAR or D2R-NMDAR heteromerization
in vivo allowed us to reveal their selective implication in controlling
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Fig. 4. D2R-NMDAR heteromerization is involved in the development and maintenance of cocaine’s sensitizing effects. (A) Experimental time frame and representative
traces of AMPA + NMDA (black) and NMDA (gray) currents in neurons expressing GFP [i.e., D2R-MSN (see fig. S3B)] and IL3 or IL3-scr (RFP*) (B) A/N ratios. Two-sided Student’s
ttest: t=0.3397, df =21, P=0.7375, n=4 to 6 mice per group and n=11 to 12 cells per group. (C) Comparison of representative recordings of pharmacologically isolated
NMDAR EPSCs, normalized to the peak amplitude (in percentage). (D) Deactivation kinetics of NMDA EPSCs. Two-sided Student’s t test: t=0.5129, df=21, P=0.6134,
n=11to 12 cells to group. (E) Tet-On-D2R-IL3 spares quinpirole-induced inhibition of forskolin-induced accumulation of cAMP. LogICsg is —9.78 for D2R-IL3 and —9.65 for
D2R-IL3-Scr. n=3 independent experiments per condition. (F) Top: Experimental time frame. Bottom left: Basal locomotor activity. Two-sided Student’s t test, t=0.994,
df=30, P=0.3282, n=16 mice per group. Bottom middle: Inhibition of D2R-NMDAR heteromerization blunts the development of locomotor sensitization. Three-way
ANOVA: virus effect, Fy192=1.984; n.s., P> 0.9999; n = 6 to 8 mice per group. Bottom right: Sensitization scores of cocaine-treated mice injected with Tet-On-D2R-IL3-scr
(black) or Tet-On-D2R-IL3 (green). One-sample Student’s t test, t = 3.258, df = 7, #P = 0.0139 (cocaine IL3-Scr versus 0); t = 1.782, df = 7, P> 0.05 (cocaine IL3 versus 0).
(G) Top: Experimental time frame. Bottom left: Impact of D2R-NMDAR heteromer inhibition on the maintenance of cocaine-evoked locomotor sensitization. Three-way
ANOVA: virus effect, Fy 195 =7.278, *P=0.0330, n = 6 mice per group. Bottom right: Sensitization scores of cocaine-treated mice injected with Tet-On-D2R-IL3-scr (black) or
Tet-On-D2R-IL3 (green). One-sample Student’s t test: t =4.170, df =5, ##P = 0.0087 (cocaine IL3-Scr versus 0); t=0.00, df =5, P> 0.05 (cocaine IL3 versus 0). Error bars

denote SEMs.

distinct phases of long-term cocaine-evoked adaptations. We next
examined whether receptor heteromerization also controls non-
drug reward processing. We found that disrupting either heteromer
subtype, using comparable conditions as for our studies with co-
caine, failed to alter the reinforcing properties of food (Fig. 6), sup-
porting a role of these heteromers in controlling the rewarding
effects of cocaine but not a nondrug reward.

D2R-NMDAR heteromerization is increased in postmortem
brain samples from individuals with psychostimulant use
disorder despite decreased D2R expression

As evidenced above in mice, D2R-NMDAR heteromerization plays
a cardinal role in the maintenance of cocaine’s effects without af-
fecting natural reward processing, which positions this heteromer
subtype as a potential therapeutic target for drug addiction. We
therefore investigated whether D2R-NMDAR heteromerization could
be detected in human brain tissues and if it was modulated in sub-
jects with a history of psychostimulant dependence.

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

PLA has recently been shown to be a suitable approach to detect-
ing single proteins or receptor heteromers, including D2R-A2AR
(adenosine A2 receptor), in human brain samples (46, 47). We
therefore performed single detection of D2R, the GIuN2B subunit
of NMDAR, and D2R-NMDAR heteromers in postmortem human
samples from control subjects and matched individuals with a history
of psychostimulant dependence. Although often suffering from a
polydrug use disorder, these individuals were selected for their main
dependence on psychostimulants and the presence of traces of psycho-
stimulants in their blood at the time of death (table S1). From
whole-slide images of caudate putamen samples, automated detec-
tion of PLA signal was performed from 25 high-magnification images
per subjects randomly selected within the ventral part of the sam-
ples, which corresponds to the mouse NAc (fig. S6).

D2R single detection produced a dense punctate pattern in con-
trol subjects (Fig. 7A), as already reported (46). As expected, this
signal was absent when PLA was performed in the absence of the
primary antibody. We detected a significant decrease in relative
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Fig. 5. Differential roles of D1R-NMDAR and D2R-NMDAR heteromerization in controlling the rewarding effects of cocaine. (A) Experimental time frame and CPP
score upon inhibition of D1R-NMDAR heteromerization. Two-way ANOVA: virus effect, F; 50=>5.281, ***P <0.0001 and ##P =0.0040, n=15 to 16 mice per group. (B) Top:
Low magnification images of D1R-MSN (GFP*; see fig. S3A) infected (RFP) shown by the asterisks. Scale bar, 10 um. Bottom: High magnification of dendritic segments.
Scale bar, 5 um. Spine density analysis. Two-way ANOVA: virus effect, F1162=11.14, *P = 0.0446 and ##P = 0.0043, n = 27 to 69 dendrites from six mice per group. (C) Exper-
imental time frame to study the impact of D1R-NMDAR uncoupling on the extinction and cocaine-induced reinstatement (Reinstat.) of CPP. Two-way ANOVA: virus effect,
F1,24=0.004, P>0.999 (cocaine C1 versus cocaine C1A, CPP score on relapse day), n =10 to 16 mice per group. (D) Same as for (A) upon inhibition of D2R-NMDAR heteromerization.
Two-way ANOVA: virus effect, Fy 57 =2.424, ***P < 0.0001 and #P =0.0396, n = 14 to 16 mice per group. (E) Top: Low-magnification images of D2R-MSN (GFP; see fig. S3B)
infected (RFP) shown by the asterisk. Scale bar, 10 um. Bottom: High-magnification of dendritic segments. Scale bar, 5 um. Spine density analysis. Two-way ANOVA: virus
effect, F1,166 = 0.1268; n.s., P> 0.999 (saline IL3-scr versus cocaine IL3-scr); n=30 to 53 dendrites from six mice per group. (F) CPP score upon inhibition of D2R-NMDAR
during CPP during extinction and cocaine-induced reinstatement. Two-way ANOVA: virus effect, F; 37 =0.899, **P =0.0018 (cocaine IL3 versus cocaine IL3-scr CPP score
on reinstatement day), n =16 to 17 mice per group. Error bars denote SEMs.

D2R protein expression in samples from individuals with psycho-  heteromers (Fig. 7F) despite the marked decrease in D2R levels. We
stimulant use disorder compared to control subjects (Fig. 7, Aand B),  therefore analyzed whether a correlation between individual recep-
consistent with the well-established decrease in striatal D2R avail-  tor levels and D2R-NMDAR heteromerization could exist in indi-
ability reported in individuals suffering from psychostimulant mis- ~ viduals with a history of psychostimulant use disorder. We found a
use by positron emission tomography (PET) imaging (33, 48-51). significant inverse correlation between these two parameters for
By contrast, the single detection of GluN2B subunits of NMDAR  D2R (Fig. 7G), but not GluN2B (Fig. 7H), suggesting that despite
produced a dense PLA signal that was not different between both  the lower levels of D2R expression, the remaining pool of D2R was
groups of subjects (Fig. 7, C and D). The double recognition of preferentially involved in D2R-NMDAR heteromerization. In ac-
D2R-NMDAR proximity yielded a punctate signal in control subjects, ~ cordance, when normalizing the D2R-NMDAR PLA signal to D2R
which was undetectable when one of the two primary antibodies was  levels for each individual, we found a significant increase in relative
omitted (Fig. 7E). In samples from individuals with psychostimulant =~ D2R heteromerization with NMDAR in samples from people with
use disorder, there was a trend toward an increase in D2R-NMDAR  psychostimulant use disorder when compared to controls (Fig. 7I).
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Fig. 6. Inhibiting D1R-NMDAR or D2R-NMDAR heteromerization does not al-
ter CPP for food. (A) Experimental time frame to study the consequences of inhi-
bition of heteromerization on the development of food-induced CPP. (B) Impact of
inhibiting D1R-NMDAR heteromerization on the CPP score. Two-way ANOVA: virus
effect, F1,7=2.756, ***P=0.0002 (control C1A versus food C14); ###P=0.0002
(control C1 versus food C1); n.s., P> 0.999 (food C1 versus food C1A); n =7 to 8 mice
per group. (C) Effect of inhibiting D2R-NMDAR heteromerization on the CPP score.
Two-way ANOVA: virus effect Fq 26 =0.007, **P < 0.0098 (control IL3-scr versus food
IL3-scr); #P=0.0366 (control IL3 versus food IL3); n.s., P>0.999 (food IL3 versus
food IL3-scr); n=7 to 8 mice per group. Error bars denote SEMs.

Expression levels of DIR and GluN1 subunits of NMDAR, as
well as DIR-NMDAR heteromerization, were also analyzed by PLA
from the same human postmortem samples. Comparable levels of
these two proteins were found in caudate putamen from control
subjects and individuals with a history of psychostimulant misuse
(fig- S7, A to D). By contrast, we observed decreased DIR-NMDAR
heteromerization in individuals with psychostimulant use disorders
(fig. S7, E to H). This latter result is reminiscent of the lower D1R-
NMDAR interaction that we observed in mice after a 7-day period
of abstinence in the NAc shell (see Fig. 2D).

To the best of our knowledge, these results provide the first di-
rect evidence of a decreased D2R protein expression in the striatum
of individuals with psychostimulant use disorder, which is associated
with an increase in D2R-NMDAR heteromerization. Together with our
interventional approach in mice, our data support D2R-NMDAR
heteromers as therapeutic targets of potential interest in addiction.

DISCUSSION

Optogenetic studies have shown that distinct phases of drug-induced
behavioral adaptations rely on DA-evoked synaptic adaptations at
specific glutamate inputs onto MSN subpopulations (13-15, 52, 53).
Nonetheless, the underlying molecular mechanisms remain poorly
understood (2). This is an important issue because the identification
of events responsible for such a detrimental interplay between DA
and glutamate signaling may help in the development of innovative
strategies with therapeutic potential. Here, we provide multiple lines of
evidence, from mice to humans, that the heteromerization of glutamate
NMDAR with D1R or D2R is modulated by psychostimulants and
differentially controls the development and maintenance phases of
cocaine-evoked long-term adaptations.

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

The focus on DAR and NMDAR heteromers as potential inte-
grators of DA and glutamate inputs that may control drug-mediated
adaptations stems from in vitro and ex vivo studies showing that
such a direct physical interaction allows a reciprocal fine-tuning
of the component receptors’ functions (23, 27). In particular, patch
clamp recording from striatal slices showed that DIR-NMDAR
and D2R-NMDAR interactions facilitate and inhibit NMDAR-
mediated signaling upon DA increase, respectively (31, 32). An
appealing hypothesis would therefore be that, by linking DA to
glutamate signaling in opposite ways, these heteromers could con-
stitute molecular substrates for drugs of abuse to exert their dif-
ferential effects on the activity of MSN subtypes, which has been
proposed to underlie the switch from recreational drug consump-
tion to addiction (3, 54).

In agreement with this model, our PLA analysis showed that
locomotor sensitization induced by repeated cocaine injections was
associated with an increase in both heteromers in the NAc. We also
found that this increased heteromerization requires DAR stimula-
tion. While the PLA method cannot establish the direct physical
contact of the two proteins or the stoichiometry of the complex, it
does indicate that the proteins are in close molecular proximity (34).
Nonetheless, previous studies have provided evidence for direct inter-
actions between the DIR-NMDAR and D2R-NMDAR (28, 32), and
we find that our viral minigenes selectively decrease the PLA sig-
nals; we therefore interpret these PLA data as support for receptor
heteromerization. While in-depth characterization of the molecular
events responsible for this increased receptor interaction upon co-
caine exposure is beyond the scope of this study, a possible explana-
tion may lie in the observation that repeated cocaine exposure
decreases PSD-95 expression in the NAc (37). PSD-95 is a known
endogenous inhibitor of DIR-NMDAR interaction (38) that also
binds to D2R (55) and the C-terminal end of GluN2B subunits of
NMDAR (56). Although the PLA approach is able to provide a
snapshot of the impact of cocaine on receptor heteromerization in
situ in their native environment (31, 34, 57), future work is needed
to investigate whether heteromerization of DAR and NMDAR is an
input-specific process and whether it relies on the modulation of
receptor surface expression and/or dynamics.

The development of the sensitizing effects of cocaine has been
previously causally linked to the potentiation of glutamate trans-
mission at cortical projections onto DIR-MSN of the NAc (13).
Since we observed that preventing DIR-NMDAR heteromerization
reversed both alterations in A/N ratio and the development of be-
havioral sensitization while sparing the function of individual com-
ponent receptors [see (31)], our results suggest that DIR-NMDAR
heteromers are key molecular platforms for the development of
cocaine-induced long-term adaptations. In contrast, disrupting D1R-
NMDAR interaction during abstinence from cocaine did not disrupt
maintenance of the sensitized state, supporting a preferential role of
this heteromer subtype in the initial phases of cocaine-mediated ad-
aptations. In agreement with this hypothesis, we observed that pre-
venting DIR-NMDAR heteromerization during CPP conditioning
also blocked the development of the rewarding effects of cocaine
but failed to alter the extinction and reinstatement phases. This critical
time window of DIR-NMDAR heteromer function restricted to the
early developmental phase of cocaine-evoked adaptations agrees with
our observation that cocaine-induced DIR-NMDAR heteromerization
is a transient mechanism that does not outlast a 7-day abstinence
period. Instead, the temporally controlled disruption of D2R-NMDAR
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Fig. 7. D2R-NMDAR heteromerization is increased in postmortem brain samples from individuals with psychostimulant use disorder despite decreased D2R
expression. (A) Representative images of D2R single recognition by PLA in human control subjects (Human: Control) or individuals having suffered from psychostimulant
use disorder (Human: Psychostimulants) and negative control, in which the primary antibody is omitted (left; Neg. cont; see fig. S6). (B) Quantifications of D2R single PLA
signal represented as fold decrease compared to control subjects. Two-sided Student’s t test: t=3.331 df = 24, **P=0.0028, n = 13 subjects per group. (C) Example images
of GIuN2B subunit of NMDAR single detection and Neg. cont. (D) Quantifications of GIu2NB PLA signal. Two-sided Student’s t test, t =0.224 df =24, P=0.8243,n=13
subjects per group. (E) lllustrative images of D2R-NMDAR heteromer detection by PLA and Neg. cont (GIuN2B antibody omitted). (F) Quantifications of D2R-NMDAR PLA
signal. Two-sided Student’s t test: t = 1.868 df = 24, P=0.074, n =13 subjects per group. (G) Pearson correlation between D2R expression levels and D2R-NMDAR hetero-
merization for each sample from all individuals having suffered from psychostimulant use disorder. R*=0.321 9, P=0.0432. (H) Same as in (G) for the Pearson correlation
between GIuN2B expression levels and D2R-NMDAR. R%= 0.0087, P=0.761. (I) Quantifications of D2R-NMDAR PLA signal normalized to D2R expression levels for each
subject. Two-sided Student'’s t test, t =2.882 df = 24, **P=0.0082, n = 13 subjects per group. Scale bars, 25 um (A, C, and E). Error bars denote SEMs.

heteromers revealed their important role in controlling both the
development and maintenance of the sensitizing and rewarding ef-
fects of cocaine. In agreement with these findings, we found that
D2R-NMDAR heteromerization persisted through abstinence from
cocaine. Moreover, this persistent heteromerization was specifically

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

observed in the NAc core, which has been identified as a common
output structure of neuronal circuits involved in both cue- and drug-
induced reinstatement (58). Since the optogenetic activation of
D2R-MSNs in the NAc has been shown to preserve cocaine-induced
locomotor sensitization but to blunt its expression after abstinence
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(59), our results support a model by which inhibiting endogenous
D2R-NMDAR interaction during abstinence hinders the persistence
of cocaine-evoked responses by potentiating D2R-MSN activity. Since
D2R-GluN2B heteromerization has been shown to mediate the D2R
agonist-induced inhibition of NMDAR functions ex vivo (32), we rea-
soned that disrupting D2R-NMDAR interaction, by preventing the in-
hibitory effect of DA on NMDAR signaling, could artificially activate
signaling pathways and transcription in D2R-MSN. To test this hypoth-
esis, we studied expression levels of AFosB in D2R-MSN upon blockade
of D2R-NMDAR interaction. AFosB expression has been used here as a
reporter gene for the activation of signaling pathways and gene expres-
sion. We found that disrupting D2R-NMDAR heteromerization during
an abstinence period was associated with an increase in AFosB in D2R-
MOSN upon reexposure to the drug. Because AFosB overexpression in
D2R-MSN has been shown not to affect behavioral responses to cocaine
(42-44), the increased AFosB expression in D2R-MSN that we observed
upon blockade of D2R-NMDAR heteromerization is unlikely responsi-
ble for the alteration of the persistence of the sensitization and reward-
ing effects of cocaine CPP but rather reflects the ability of D2R-NMDAR
to modulate cocaine-induced signaling in D2R-MSN. Nevertheless, our
results strongly support that D2R-NMDAR heteromerization is a key
molecular mechanism triggered by cocaine that alter signaling in D2R-
MOSN and contributes to the persistence of cocaine-evoked adaptations.

Notably, there exists another epitope within the IL3 of D2R
(1;7RRRRKRR»,) that is involved in the interaction of D2R with A2AR
(60). Furthermore, cocaine self-administration has been shown to
trigger an increase in D2R-A2AR heteromerization in the NAc (61),
which plays a functional role at the behavioral level (62). On the
basis of these findings and as opposed to previous work targeting
D2R-NMDAR heteromerization (32), we designed AAV-Tet-On-
D2R-IL3 to express a fragment of D2R-IL3 that does not include
the D2R-IL3 fragment responsible for D2R-A2AR interaction. This
suggests that the inhibition of the development and persistence of
cocaine-evoked adaptations that we observed are likely due to a direct
inhibitory effect of AAV-Tet-On-D2R-IL3 on D2R-NMDAR inter-
action. However, because D2R binds to both NMDAR and A2AR,
we cannot exclude the possibility that disrupting D2R-NMDAR in-
teraction may indirectly modulate D2R-A2AR heteromerization.
Regardless, our results strongly support D2R-NMDAR heteromers
as molecular targets with a potential therapeutic value.

Direct manipulations of MSN activity have clearly revealed that
D1R-MSN and D2R-MSN activation facilitates and blunts the
development and maintenance phases of psychostimulant-induced
behavioral adaptations, respectively (2). Notably, our findings that
D1R-NMDAR and D2R-NMDAR heteromerization controls distinct
phases of cocaine-induced locomotor sensitization highlight that
these receptor complexes mediate discrete properties of MSN sub-
populations and play complementary roles to mediate the full panel
of cocaine-induced adaptations. In further support of specific func-
tions of DA and glutamate receptor heteromers, we established
that their roles in shaping reward processing depend on the nature
of the reward since the disruption of either receptor heteromer
blocked the development of cocaine-induced CPP but spared food-
mediated CPP. Although the mechanisms underlying this selectivity
to drug reward remain to be established, our findings suggest that
targeting DA-glutamate receptor heteromers has the potential to
preferentially alleviate pathological adaptations induced by drugs
of abuse. In particular, the role for D2R-NMDAR heteromerization
in maintaining cocaine-induced adaptations, combined with its lack
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of implication in reward processing to a natural reinforcer, suggests that
D2R-NMDAR heteromers are targets of choice from a translational
standpoint. This first led us to investigate whether this heteromer
subtype could be detected in postmortem human samples and modu-
lated in subjects with a history of psychostimulant consumption.
Our PLA analysis revealed a strong reduction of D2R protein levels
in the NAc of individuals with psychostimulant use disorder. This
first observation of a decreased D2R protein expression in postmor-
tem brain samples from individuals having suffered from psycho-
stimulant misuse is consistent with the down-regulation of D2R
mRNA levels that has been described after long-term cocaine expo-
sure in rats (63). This finding could also partly account for the de-
crease in D2R binding readily observed with PET imaging in the
striatum of subjects with psychostimulant use disorder (33, 48-51).
Despite this down-regulation of D2R protein, the proportion of D2R
forming heteromers with GluN2B subunits of NMDAR was three-
fold higher in samples from subjects with a history of psychostimulant
misuse compared to control subjects. Notably, individuals with psy-
chostimulant use disorder bearing the lowest D2R expression dis-
played the highest density of D2R-NMDAR. This raises questions
regarding the underlying molecular mechanism of D2R-NMDAR
heteromer formation in response to psychostimulant exposure in hu-
man. On the basis of our findings in mice that cocaine-induced D2R-
NMDAR heteromerization depends on D2R stimulation, it is tempting
to speculate that repeated increases of phasic DA levels resulting
from recurrent psychostimulant consumption could be responsible
for the higher D2R-NMDAR receptor proximity. By contrast, we
observed a decreased D1IR-NMDAR heteromerization in subjects
with psychostimulant use disorder. This decrease might be linked
to the transient nature of cocaine-induced D1IR-NMDAR hetero-
merization that we identified in mice treated with cocaine and
subjected to an abstinence period. In the case of human samples,
although the history of drug use disorder was accurately character-
ized, we do not have information about when these individuals last
consumed psychostimulants. Therefore, the decrease in DIR-NMDAR
heteromers that we measured in subjects with a history of psycho-
stimulant use disorder may result from the delay between the last
drug consumption and the time of death. By contrast, the increase
in D2R-NMDAR heteromerization that we observed in the ventral
striatum of subjects with psychostimulant use disorder agrees with our
finding that cocaine-induced D2R-NMDAR heteromerization in the NAc
core of mice outlasts a 7-day abstinence period. Nonetheless, the in-
creased D2R-NMDAR heteromerization that we observed in human
samples from individuals with psychostimulant use disorder, together
with interventional approaches in mice, emphasizes their roles in the
persistence of cocaine’s behavioral effects. These findings constitute an
important breakthrough in our understanding of the molecular bases of
cocaine-induced adaptations and highlight the potential benefit of
targeting D2R-NMDAR heteromerization not only in the field of ad-
diction but also potentially for multiple neuropsychiatric disorders
associated with an imbalance of DA and glutamate transmission.

MATERIALS AND METHODS

Animals

Six-week-old C57BL/6] male mice were purchased from Janvier
Labs (Le Genest-Saint-Isle, France). The animals were housed four
per cage, in a 12-hour light/12-hour dark cycle, under stable
temperature (22°C) and humidity (60%) conditions with ad libitum
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access to food and water. They were acclimatized to the animal
facility for at least 1 week. All experiments were carried out in ac-
cordance with the standard ethical guidelines [European Commu-
nity Council Directive on the Care and Use of Laboratory Animals
(86/609/EEC) and the French National Committee (2010/63)].

Drugs
Drugs were administrated intraperitoneally in a volume of 10 ml/kg.
Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved
in a saline solution [0.9% (w/v) NaCl].

9-tert-butyl dox hydrochloride (9TB-dox; tebu-bio, Le Perray-
en-Yvelines, France) was dissolved in a saline solution containing
dimethyl sulfoxide (DMSO; 5%) and Tween 20 (5%). SCH23390
(0.25 mg/kg) or eticlopride (0.5 mg/kg) dissolved in a saline solu-
tion [0.9% (w/v) NaCl] were administered 30 min before the chal-
lenge cocaine injection.

Viral constructions

All AAV recombinant genomes were packaged in serotype 9 capsids.
AAV-Tet-On-GluN1Cl1 bicistronically expresses the fluorescent
reporter protein RFP and the C1 cassette of the GluN1 subunit
(364aDRKSGRAEPDPKKKATFRAITSTLASSFKRRRSSKDT4g) upon
dox treatment. The related control virus AAV-Tet-On-GluN1CI1A
expresses a truncated version of Cl that is deleted from a stretch of nine
positively charged amino acids (sgoSFKRRRSSKggs), which are required
for D1R-GluN1 interaction (54). The AAV-Tet-On-D2R-IL3 encodes
a sequence of the IL3 of the D2R (;25TKRSSRAFRA,3,4) interacting
with GluN2B. The control AAV-Tet-On-D2R-scr expresses a scram-
bled sequence (KFARRTSASR) of the D2R-IL3 (full AAV sequences
are available upon request). All Tet-On AAV were injected bilaterally
by infusing 0.7 ul of a solution at 5.10" viral genomes/ml per hemi-
sphere for the NAc (2 pl for the dorsal striatum). The AAV-PPTA-Cre
and AAV-PPE-Cre contain an expression cassette consisting of the
Cre recombinase driven by the promoter of the PPTA gene or the
PPE gene, which are specifically expressed in DIR-MSN and D2R-MSN,
respectively (see fig. S3) (7, 39, 40). AAV PPTA-Cre or AAV-PPE-
Cre were coinjected with the AAV-pCAG-DIO-eGFP-Woodchuck
hepatitis virus Post-translational Regulatory Element (WPRE) (Upenn)
expressing flexed eGFP under the cytomegalovirus/actin hybrid
promoter (CAG). All viruses were diluted in phosphate-buffered
saline (PBS) with 0.001% pluronic.

Stereotaxic injections

Mice were anesthetized with ketamine (150 mg/kg) and xylazine
(10 mg/kg) and placed on a stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA, USA). Craniotomies were realized using the
following coordinates: 1.7 mm rostral to the bregma, 1.2 mm lateral
to midline, and 4.6 mm ventral to the skull surface to target the NAc and
1 mm rostral to the bregma, 1.8 mm lateral to midline, and 3.25 mm
ventral to the skull surface for the dorsal striatum. Viral injections
were performed bilaterally at a rate of 0.15 pl/min using a 10-pl syringe
(Hamilton 1700 series, PHYMEP, Paris, France) with a 200-um gauge
needle (PHYMEDP, Paris, France) mounted on a microinfusion pump
(Harvard Apparatus, Holliston, MA). After the injection, the needle
was left in place for an additional 8 min to avoid backflow.

Dox treatments
Three weeks after stereotaxic injections of Tet-On-AAYV, the ex-
pression of the constructs was triggered by daily intraperitoneal
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injection of 9TB-dox (10 mg/kg) for 4 days. To maintain expres-
sion, mice were then supplemented with a mix containing dox HCI
(2 mg/ml), 9TB-dox HCI (80 pg/ml), and sucrose (1%) added in
drinking water.

Behavioral testing

All behavioral tests were conducted during the light phase (8:00 to
19:00). Animals were randomly assigned to the saline or cocaine
groups after viral injection. Before behavioral testing, mice were
handled daily for 7 days in the experiment room. All mice were per-
fused with 4% (w/v) paraformaldehyde (PFA) 24 hours after behavior
to systematically verify the accuracy of stereotaxic injections and ex-
pression of the RFP reporter protein. Mice that did not meet quality
criterion (i.e., nonbilateral expression, off-target diffusion, excessive
backflow, or low RFP expression) were discarded from the study.

Locomotor activity and cocaine psychomotor sensitization
Locomotor activity was measured in a low-luminosity environment
inside a circular corridor (Immetronic, Pessac, France) containing
four infrared beams placed at each 90° angle. Locomotor activity
was expressed as a cumulative count of crossings between quarters
of the corridor for the indicated time. Mice were treated with dox
7 days before and until the end of the experiment. Mice were habit-
uated to the test apparatus for 3 days; basal locomotor activity was
recorded on the third day of habituation. Cocaine sensitization ex-
periments consisted of five daily 90 min sessions during which
spontaneous activity was recorded for 30 min before saline or co-
caine (15 mg/kg) injections, and locomotor activity was then mea-
sured for 60 min after injections. To study the consequences of
uncoupling DAR from NMDAR on the maintenance of cocaine-
induced locomotor sensitization, mice were treated for five consec-
utive days with saline or cocaine in the absence of dox. After the last
injections, mice were supplemented with dox during an abstinence
period, followed by a challenge injection of saline or cocaine. To
analyze whether cocaine-treated groups injected with Tet-On viruses
developed significant behavioral sensitization, we calculated a sen-
sitization score defined as the locomotor at day 5 minus locomotion
at day 1. Similarly, to assess the impact of Tet-On viruses on the main-
tenance of locomotor sensitization in the cocaine-treated groups,
we calculated a sensitization score corresponding to the locomotion
at day 12 (cocaine challenge) minus the locomotion at day 5.
One-sample Student’s t tests were used to determine whether sensi-
tization scores obtained in each group were significantly different
from 0, corresponding to the sensitization score of animals display-
ing an absence of sensitization.

Cocaine CPP

To study the impact of DAR-NMDAR heteromerization on the de-
velopment of CPP, mice were treated with dox for 7 days before and
until the end of the experiment. The CPP was performed in a
two-compartment Plexiglas Y-maze apparatus (Imetronic). Each
compartment contains different visual cues and floor textures for
which mice did not show any preference on average before condi-
tioning. All sessions lasted 20 min. On day 1, mice were placed in
the center of the apparatus and allowed to explore both compart-
ments freely. Time spent in each compartment was automatically
recorded. Mice spending more than 70% of the time in one com-
partment were excluded. On day 2, to avoid any initial preference
bias, mice were randomly assigned to one or the other compartment
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for each group. Mice were injected with saline and placed immedi-
ately in the assigned closed compartment for 20 min. After 1 hour,
mice were injected with saline or cocaine and placed in the other
closed compartment. This was repeated on day 3. The test was per-
formed on day 4, during which mice had a free access to both cham-
bers. The CPP score was calculated as the difference between the
time spent in the cocaine-paired chamber during day 4 and the time
spent in this compartment on day 1. CPP extinction and mainte-
nance experiments were performed on the cocaine groups of mice
injected with Tet-On-AAYV that developed a preference for the
cocaine-paired chamber in the absence of dox. Mice were then
treated with dox until the behavioral assessment. For the extinction
phase, mice were injected with saline and put back in the apparatus
with free access to both compartments for 20 min daily for 8 days.
On the ninth day, mice were injected with cocaine and allowed to
explore both compartments.

For palatable food-induced CPP, mice were food-deprived to
90% of initial ad libitum weight and treated with dox 7 days before
and during behavioral assessment. Experiments were performed in
the same apparatus and conditions as for cocaine-induced CPP
with the following modifications: On day 2, after random group as-
signment, mice were placed immediately in the assigned closed
compartment containing chocolate crisps (Chocapic, Nestlé, Vevey,
Switzerland) or nothing for 20 min. After 1 hour, mice were placed
in the other closed compartment. This was repeated on days 3 and
4. The test was performed on day 5.

Mouse tissue preparation

Mice were anesthetized with an intraperitoneal injection of Eutha-
sol (100 mg/kg; Le Vet, Oudewater, The Netherlands) and perfused
transcardially with 0.1 M Na,HPO4/ Na,HPO, (pH 7.5) containing
4% PFA at 4°C, delivered with a peristaltic pump at 20 ml/min for
5 min. Brains were then extracted, postfixed overnight in 4% PFA,
and stored at 4°C. Coronal sections (30 um in thickness) were per-
formed with a vibratome (Leica, Nussloch, Germany) and kept
at —20°C in a cryoprotective solution containing 30% (v/v) ethylene
glycol, 30% (v/v) glycerol, and 0.1 M PBS.

Immunohistochemistry

On day 1, free-floating sections were rinsed three times for 5 min in
tris-buffered saline [TBS; 0.9% NaCl and 0.1 M tris base (pH 7.5)].
Sections were then incubated in blocking solution containing 3%
normal goat serum, 0.2% Triton X-100 (Sigma-Aldrich), and 50 mM
NaF for 2 hours at room temperature (RT) before overnight 4°C
incubation with primary antibodies (see Table 1) diluted in the
blocking buffer. On day 2, after three 10-min rinses in TBS, sections
were incubated for 90 min with secondary antibodies (see Table 1).
The anti-FosB antibody recognizes full-length FosB and AFosB, but at the
time point studied (24 hours after cocaine), all FosB-immunoreactive
protein represents AFosB (43). After three 5-min rinses in TBS, sec-
tions were incubated for 5 min with Hoechst (Invitrogen) for nuclei
counterstaining. Three 5-min TBS and two tris buffer [0.1 M tris base
(pH 7.5)] washes were performed before sections were mounted in
ProLong Gold (Invitrogen).

Immunoblotting

Mice were euthanized by decapitation, and their heads were imme-
diately snap-frozen in liquid nitrogen. Microdiscs of NAc were
punched out using disposable biopsy punches (1 mm in diameter)
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(Kai Medical) and stored in individual tubes at —80°C. Microdiscs
were then homogenized by sonication in a lysis solution containing
50 mM tris HCI, 2% SDS, and 0.5 M urea diluted in water. Protein
concentrations were determined using a Bicinchoninic Acid (BCA)
assay kit (Pierce, Rockford, IL). A fixed amount of protein (30 ug
per lane) was separated by SDS-polyacrylamide gel electrophoresis
(12%) before electrophoretic transfer onto nitrocellulose mem-
branes. Membranes were incubated for 1 hour at RT in a blocking
solution containing TBS with 0.1% Tween and 5% nonfat dry milk.
Membranes were incubated at 4°C overnight with primary antibodies
(see Table 1). Membranes were then washed three times in TBS-Tween
and then incubated for 1 hour at RT with secondary antibodies (see
Table 1) coupled to horseradish peroxidase (HRP). Immunoreactive
bands were detected by chemiluminescent detection (ECL kit, GE
Healthcare), and images were acquired using the ImageQuant LAS
4000 (GE Healthcare Life Science). The densitometry of immuno-
reactive bands was quantified using ImageJ and normalized to the
loading control.

Human brain samples
Brain samples from individuals with a history of substance depen-
dence, with toxicological evidence of current psychostimulant use,
and from matched healthy controls (n = 13 per group; table S1)
were provided by the Suicide section of the Douglas-Bell Canada
Brain Bank (DBCBB). Brains were donated to the DBCBB by famil-
ial consent through the Quebec Coroner’s Office, which ascertained
the cause of death. Two months after death, psychological autopsies
with next-of-kin were conducted, as previously described (64).
Dissections of ventral striatum were performed with the guid-
ance of a human brain atlas (65) on 0.5-cm-thick formalin-fixed
coronal brain sections at an anatomical level equivalent to plate 15
of this atlas (—7.5 mm from the center of the anterior commissure).
Tissue was extracted rostral to the anterior commissure and ventral
to the tip of the anterior limb of internal capsule and fixed by im-
mersion in formalin until paraffin embedding. The latter was com-
pleted using a Leica ASP200S automated processor. Tissue blocks
were dehydrated in increasing gradients of alcohol (70, 95, and
3 x 100%) for 1.5 hours each, followed by clearing in three changes
of 100% xylene (2 hours and 2 x 1.5 hours). The samples were then
infiltrated in three changes of molten paraffin, 3 hours each before
embedding. Slices of 6 um in thickness were then prepared with
microtome at the histology facility of the ICM Institute (Paris).

Proximity ligation assay

PLA on mouse brain sections (30 um in thickness) was performed
in 48-well plates according to the manufacturer’s instructions for
free-floating sections. PLA on human postmortem paraffin-embedded
tissue was performed on sections mounted on Superfrost plus slides
(Thermo Fisher Scientific). Human caudate putamen sections (6 um
in thickness) were deparaffinized in xylene, rehydrated in graded
ethanol series, and washed briefly in TBS. For antigen retrieval, sec-
tions were boiled for 6 min in sodium citrate buffer (10 mM; pH 6).
For bright-field PLA, sections were incubated for 30 min at RT
in TBS containing 1% H,0, to block endogenous peroxidase. After
three 5-min rinses with TBS containing 0.1% Triton X-100, sections
were incubated for 1 hour at RT with blocking buffer (Duolink
blocking buffer for PLA) and then with primary antibodies (see
Table 1) diluted in the Duolink antibody dilution buffer overnight
at 4°C. Anti-rat PLA plus and minus probes were made using the
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Table 1. List of primary and secondary antibodies. IHC, immunohistochemistry; WB, Western blot; IgG, immunoglobulin G.

Secondary

Primary antibody Reference Application Dilution antibody Antibody origin Dilution
Rabbit polyclonal to . Thermo Fisher
phospho-GluNzs e Cambridge, HC 1:200 JlexaFluor 488 scientific, Waltham 1:500
(Y1472) /et 9 95 UsA, ref: A11034
Rabbit monoclonal C_r‘jlca:?;‘lzhng Alexa Fluor 488 Thermo Fisher
to phospho-Erk1/2 g_y, . IHC 1:400 . . Scientific, ref.: 1:500
(Thrzozfryr2°4) Danvers, USA; ref.: goat anti-rabbit IgG A11034
4370S
Dual PLA:
. . PLA 1:200;single PLA:
Rat monoclonal to Sigma-A drich, St 1:200
D2944 ” E Healthcare,
WB 1:500 Elcé gﬁ;:’j?;@t Chicago, USA; ref: 1:5000
95 NA935
Rabbit polyclonalto ~ Abcam, Cambridge, PLA Dual PLA: 1:200;
NMDART1 UK; ref.: ab17345 single PLA: 1:400
PLA l?ual PLA: 1:200;
. Millipore, single PLA: 1:400
D2R Burlington, USA; WB: ECL goat " ;
ref.: ABN462 WB 1:500 anti-rabbitlgg,  Cv Healthcare;ref. 1:5000
. NA934
nked
Dual PLA: 1:200;
PLA single PLA: 1:500
to NMDAR2B NT MAB5782 WB: ECL goat GE Healthcare,
WB 1:500 anti-mouse IgG, Chicago, USA; ref.: 1:5000
inked NA931
. WB: ECL goat
Mouse monoclonal Millipore; ref.: . . GE Healthcare; ref.: X
to NMIDAR1 CT 05-432 WB WB: 1:200 anti moyse 19G, NAO3 1:5000
HRP-linked
X Santa Cruz . . Jackson
Rak;l;;tgolyclonal to Biotechnology; ref: IHC 1:500 G5 goa': agt|—rabb|t ImmunoResearch; 1:1000
sc-48 g ref: AB_2338013

PLA Probemaker Kit (Sigma-Aldrich) with a goat anti-rat immuno-
globulin G antibody (Jackson ImmunoResearch) according to
the manufacturer’s instructions. Immunofluorescent PLA and the
remaining procedures for bright-field PLA were performed as pre-
viously described (31). For bright-field PLA, nuclei were counter-
stained using the Duolink nuclear stain. In this study, we used both
single-recognition PLA, using only one primary antibody to detect
single antigen, and dual recognition to detect DAR-NMDAR com-
plexes using two primary antibodies.

Image acquisition and analysis

For immunochemistry and fluorescent PLA staining, images were
taken with a confocal laser scanning microscope (SP5, Leica) using
a 20x and a 63x objective (oil immersion; Leica) respectively. The
pinhole was set to 1 Airy unit; excitation wavelength and emission
range were 495 nm and 500 to 550 nm for green PLA signal, 488 nm
and 500 to 550 nm for Alexa Fluor 488, and 590 to 650 nm for
RFP. Laser intensity and detector gain were constant for all image
acquisitions. Images were acquired in a range of 5 um with a z-step
of 0.2 um. Conditions were run in duplicate, and quantifications were
made from at least four images per condition. Four mice were used
for each condition. Maximum projection images were analyzed us-
ing Image] [National Institutes of Health (NIH), Bethesda, MD].

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

For PLA image quantification, Image] was used to construct a mask
from RFP-positive cells. The mask was then fused with the PLA signal-
containing channel using the image multiply function. The PLA punctate
signal was quantified on the resulting image in ICY using the spot
detector function (detector: scale, 3:65; filtering: minimum size, 6;
maximum size, 30); these parameters were chosen manually from random
images to obtain optimal signal-to-noise ratio and minimal false
positive in images from negative control conditions. RFP-positive cells
showing at least one PLA puncta for one or the other heteromer
subtypes were included, as this allowed us to identify the MSN subtype
analyzed (D1R-MSN versus D2R-MSN). REP-positive cells that did
not present any D1R-GluN1 or D2R-GluN2B PLA signal were discarded.

Mouse bright-field PLA images were taken using a microscope
(Leica, DM4000) with a 63x objective. A minimum of six random
fields per structure per mice were taken.

For human bright-field PLA, whole-slide images were taken us-
ing a Zeiss Axioscan with a 40x magnification and z-stack with a
1-um step interval. Whole-slide scanned images were visualized
with ZEN Blue edition lite software (Zeiss, version 3.1). Twenty-five
regions of interest of 500 um by 500 um were generated randomly
in the NAc and were exported as TIFF files using the image export
plugin. The z-stack with the maximum number of PLA signal in the
focus was chosen for each image.
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Human and mouse bright-field PLA images were analyzed using
an Image] homemade macro that uses the Find Maxima tool to de-
tect the PLA punctate with prominence set to >40. Results are rep-
resented as the mean PLA signal density per field of views. For
quantification of immunohistochemistry experiments, immunore-
active cells were analyzed using Image], considering the cells with
immunofluorescence above a fixed threshold.

Neuronal survival

Neuronal survival was quantified manually on the basis of Hoechst-
counterstained nuclei. Survival was defined as the percentage of vi-
able neurons exhibiting large, uniform nuclei and even distribution
of Hoechst among RFP-positive cells over RFP-positive cells classi-
fied as apoptotic on the basis of, at least, two of the following criteria:
condensed nuclei, single chromatin clump, small nuclei size, non-
circular nuclei shape, and increased Hoechst intensity.

Spine density analysis

Twenty-four hours after the CPP paradigm, mice were perfused
and brains were sliced as described above. Dendrite spine analysis
was performed on RFP-positive dendrites from D1R-MSN and
D2R-MSN identified on the basis of the presence of GFP driven by
the coinjection of AAV-PPTA-Cre/AAV-pCAG-DIO-eGFP or AAV-
PPE-Cre/pCAG-DIO-eGFP, respectively. Image stacks were taken
using a confocal laser scanning microscope (SP5, Leica). For analy-
sis of DIR-MSN, images were collected through a 63x objective
with a pixel size of 65 nm and a z-step of 200 nm. For D2R-MSN,
images were collected through a 40x objective with a pixel size of
95 nm and a z-step of 300 nm. The excitation wavelength was 488 nm
for GFP and 561 nm for RFP, with an emission range of 500 to
550 nm and 570 to 650 nm, respectively. Images were acquired in
sequential mode with a Hybrid detector (Leica). Deconvolution with
experimental point spread function from fluorescent beads using a
maximum likelihood estimation algorithm was performed with
Huygens software (Scientific Volume Imaging). NeuronStudio
software was used to reconstruct the dendrite and detect dendritic
spines with manual correction.

Patch clamp recordings

Mice were anesthetized [ketamine (150 mg/kg)/xylazine (10 mg/kg)]
and transcardially perfused with artificial cerebrospinal fluid (aCSF)
for slice preparation. Coronal 250-um slices containing the NAc
were obtained in bubbled ice-cold 95% O,/5% CO, aCSF containing
2.5 mM KCl, 1.25 mM NaH,PO,4, 10 mM MgSOy, 0.5 mM CaCl,,
11 mM glucose, 234 mM sucrose, and 26 mM NaHCOs3, using a
HM650V vibratome (Microm, France). Slices were then incubated
in aCSF containing 119 mM NaCl, 2.5 mM KCl, 1.25 mM NaH,POy,
1.3 mM MgSOy, 2.5 mM CaCl,, 26 mM NaHCOs3, and 11 mM glu-
cose, at 37°C for 1 hour, and then kept at RT. Slices were transferred
and kept at 31°C in a recording chamber superfused with aCSF
(2 ml/min) in the continuous presence of 50 pM picrotoxin (dissolved
in DMSO; Sigma-Aldrich, France) to block GABAergic transmis-
sion. Neurons were visualized by combined epifluorescent and
infrared/differential interference contrast visualization using an
Olympus upright microscope holding 5x and 40x objectives. Whole-
cell voltage clamp recording techniques were used to measure
synaptic responses using a MultiClamp 700B (Molecular Devices,
Sunnyvale, CA). Signals were collected and stored using a Digidata
1440A converter and pCLAMP 10.2 software (Molecular Devices,

Andrianarivelo et al., Sci. Adv. 2021; 7 : eabg5970 20 October 2021

CA). AMPAR/NMDAR ratio was assessed using an internal solu-
tion containing 130 mM CsCl, 4 mM NaCl, 2 mM MgCl,, 1.1 mM
EGTA, 5 mM Hepes, 2 mM Na, adenosine 5'-triphosphate, 5 mM
sodium creatine phosphate, 0.6 mM Najz guanosine 5'-triphosphate,
and 0.1 mM spermine. Synaptic currents were evoked by stimuli (60 ps)
at 0.1 Hz through a glass pipette placed 200 pm from the patched
neurons. Evoked EPSCs were obtained at V'=+40 mV in the absence
and presence of the AMPAR antagonist 6,7-dinitroquinoxaline-2,3-
dione. In all cases, 30 consecutive EPSCs were averaged, and offline
analyses were performed using Clampfit 10.2 (Axon Instruments,
USA) and Prism (GraphPad, USA). Pharmacologically isolated EPSC
NMDAR decay time, recorded from cells voltage clamped at +40 mV,
was fitted with a double exponential function, using Clampfit soft-
ware, to calculate both slow and fast decay time constants, Tf,g and
Tolow> respectively. The weighted time constant (Tyeightea) Was calcu-
lated using the relative contribution from each of these components,
applying the formula: ty, = [(af.tf) + (as.75)]/(af + as), where af and
as are the relative amplitudes of the two exponential components
and tf and ts are the corresponding time constants.

cAMP accumulation assay

Human embryonic kidney 293 cells stably expressing the D2R (66)
were grown on polylysine (poly-p-lysine hydrobromide, Sigma-Aldrich)
and transfected with Tet-On plasmids encoding either the D2R-IL3
or D2R-IL3-scr peptides and the Tag RFP (4 pg per well), complexed
with Lipofectamine 2000 transfection reagent (Invitrogen), in
Dulbecco’s modified Eagle medium (DMEM, high glucose, GlutaMAX
Supplement, pyruvate, Gibco), and incubated for 5 hours. After
transfection, cells were rinsed and wells were filled with DMEM
supplemented with 10% fetal bovine serum and antibiotics to in-
duce D2R expression [hygromycin (2 pl/ml; Sigma-Aldrich), blasticidin
(1.5 ul/ml; ant-bl-1, Cayla InvivoGen), and tetracycline (1 ul/ml;
T7660-5g, Sigma-Aldrich)] and incubated overnight. Peptide ex-
pression was induced by addition of dox solution (1 pg/ml), incu-
bating for 48 hours. Following the dox treatment, cells were rinsed
in DMEM before pretreatment with 1 mM isobutylmethylxanthine
(IBMX; Sigma-Aldrich) for 15 min. Cells were then stimulated for
30 min with the indicated concentrations of agonist quinpirole
(Tocris), in the presence of 1 mM IBMX and 10 uM forskolin (Tocris).
Endogenous phosphodiesterase activity was stopped by aspiration
of the medium and the addition of 0.1 M HCI (300 ul per well). After
centrifugation at 600g for 10 min, protein concentration of super-
natants was quantified by BCA (Uptima, Interchim). cAMP levels
were determined in samples containing 10 ug of protein. The accu-
mulation of cAMP was measured using a cAMP Enzyme Immuno-
assay kit (Sigma-Aldrich) as described by the manufacturer using
Victor3 (PerkinElmer) plate reader. The curve fit was obtained by
GraphPad Prism 8 (GraphPad Software Inc.).

Statistical analysis

Results were analyzed with GraphPad Prism (version 8.0.1). Sample
size was predetermined on the basis of published studies, pilot ex-
periments, and in-house expertise. All data are displayed as means +
SEM. Two-tailed Student’s ¢ test was used for the comparison of two
independent groups. For more than two group comparison, one-
way, two-way, or three-way repeated-measures analysis of variance
(ANOVA) was performed followed by Bonferroni post hoc test.
Data distribution was assumed to be normal, and variances were
assumed to be homogenous. The main effect and post hoc statistical
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significances are given in the appropriate figure legend for each
experiment.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg5970

View/request a protocol for this paper from Bio-protocol.
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