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Titolo del progetto: Role of dopamine and glutamate NMDA receptor oligomers in cocaine-mediated responses. 
 
The striatum is the input structure of the basal ganglia, which plays a prominent role in the control of motor behavior, 
reward-dependent learning and memory [1]. It is mostly composed of GABAergic medium-size spiny neurons (MSNs) 
that receive glutamate input from the cortex and dopamine (DA) innervations from the midbrain. This triadic 
heterosynaptic architecture provides a structural basis for a close interplay between DA and glutamate systems, which 
is essential for many cognitive and motivational processes [2, 3]. DA modulates the efficacy of excitatory 
glutamatergic transmission onto the striatum [4] and the interaction between glutamate and DA signaling in MSNs has 
been proposed to be critical for long term plasticity in the striatum and behavioral alteration induced by drug of abuse 
[5]. Addictive drugs artificially increase DA release in the striatum [6] leading to molecular alterations, such as 
signaling pathways activation and protein trafficking modulation, that underlie persistent drug-evoked changes of 
synaptic transmission and behavior [7, 8]. Recent studies have shown that NMDAR and D1R reciprocally regulate their 
activity through a mechanism that involves their direct physical coupling [9, 10]. The molecular analyses of D1R 
interaction with NMDAR revealed a specific binding of the D1R C-terminal tail to the C-terminal sequence of NR1 and 
NR2A subunit [9, 10]. In particular, the terminal domain of the D1R tail (from S417 to T446) interacts with NR2A, 
while the region between L387 and L416 interacts with NR1[10]. Association with NMDAR facilitates D1R trafficking to 
the cell surface and inhibits D1R internalization [9, 11].  
Based on this evidence, my project studies the integration of DA and glutamate signals, focalizing on the direct binding 
between DA and glutamate transmission in cocaine-mediated responses 
A first set of experiments showed that the direct binding of D1R with the GluN1 subunits of NMDAR play a crucial role 
in controlling the integration of DA- and glutamate-mediated signaling in primary cultured MSNs. To study whether 
D1R/GluN1 complexes are regulated by glutamate and DA inputs, cultured MSN were stimulated with glutamate 
(0.3µM) or SKF-38393 (3µM) used separately, or together (co-stim). We previously validated this co-stim model as 
instrumental to identify signalling events required for cocaine-induced responses in vivo14. MSN co-stimulated for 
10min presented significantly more D1/GluN1 complexes than controls (156% ± 12.99%), which raises questions as 
to the functional relevance of these complexes.  
To interfere with D1R/GluN1 proximity we designed a TAT-coupled peptide corresponding to the C1 cassette (D864–
T900) of GluN1 that binds to D1R (TAT-GluN1C1). This peptide was cell-permeable and not deleterious for neuronal 
survival. As a control peptide (TAT-GluN1C1∆), we eliminated 9 amino acids (890SFKRRRSSK898) that are involved in 
the electrostatic interaction between D1R and GluN1 fragments in vitro23. This strategy proved efficient and selective 
as TAT-GluN1C1 blocked the increase of D1R/GluN1 complexes induced by the co-stimulation (169% ± 27%, Figure 
1f-g), whereas it did not significantly change D1R/GluN1 proximity under basal conditions. The TAT-GluN1C1∆ did not 
prevent the increase of D1R/GluN1 complexes induced by the co-stimulation. We performed various control 
experiments that confirm that the results obtained using the PLA approach were specific since the PLA signal was not 
seen when the procedure was performed from cultures of drd1a knock-out mice or when one of the two primary 
antibodies was omitted during a PLA performed from cultured striatal neurons.  
We performed additional biochemical experiments to complete and confirm our PLA data.  We first performed D1R and 
GluN1 immunoblots from total cell extracts of each experimental group to evaluate whether the increased in PLA signal 
induced by our co-stimulation paradigm, as well as its blockade by the TAT-GluN1C1, were associated with variations 
in expression levels of either D1R and GluN1 in responses to pre-treatments with TAT-GluN1C1 or TAT-GluN1C1∆ 
and/or the co-stimulation. This appears not to be the case since expression levels of GluN1 and D1R did not vary 
between experimental groups.  
This complementary experiment brings the notion that the increase of PLA signal visualized in response to the co-
stimulation is not associated to an increase of receptor expression levels but rather to an increase in the number of 
complexes formed by pre-existing D1R and GluN1 proteins. With regard to D1R/GluN1 complexes, we performed co-IP 
to detect D1R/GluN1 interaction. By using the experimental conditions described by Lee et al. [10], we 
immunoprecipitated GluN1 and observed a co-IP with D1R that was higher after 10 minutes of co-stimulation in the 
presence of the control TAT-GluN1C1∆. By contrast the co-IP was barely detectable in cultured MSN pre-treated with 
the interfering TAT-GluN1C1 and no co-IP we observed when the GluN1 antibody was omitted during the 
immunoprecipitation. 
With this first set of experiments we can hypotize that dynamic associations between D1R and GluN1 are involved in 
signalling, plasticity and behaviour that model early phases of cocaine addiction. A selective inhibition of D1R/GluN1 
complexes is possible without compromising the functions of individual D1R and NMDAR, which possibly avoids the 
caveat of frequent side effects encountered due to global blockade of either given receptor subtype. 



The strategy we used to block D1R/GluN1 proximity fundamentally also tells us more about the mechanisms involved 
in D1R/GluN1 interaction, as it confirmed a physiological relevance of the Arg-rich epitope in C1, as predicted by 
Woods and colleagues in vitro [12], but here in the receptor’s native environment. 

 
 
 
Figure. D1R and GluN1 co-localise and form complexes in cultured MSN that are regulated by agonists. (a) Co-
staining of D1R (left panel) and GluN1 (center) revealed a strong proximity and co-localisation (right) in MSN. (b) 
Representative images of the detection of D1R/GluN1 complexes by PLA from cultured neurons treated or not with 
glutamate 0.3 µM or SKF38393 3 µM or both (co-stim) for 10 min. Staining was practically absent if one antibody of 
the pair was omitted from the PLA protocol as a negative control (Neg. Cont.). (c) Quantification of PLA signal after 
stimulation with agonists. n = 4-5; One-way ANOVA, Newman Keuls post-hoc test; *p < 0.05, **p < 0.01, versus 
control. (d) Representative GluN1 and D1R immunoblots performed from 70 µg of protein prepared from cultured MSN 



pre-treated with either TAT-GluN1C1∆ or TAT-GluN1C1 and co-stimulated or not (left panel). The tubulin staining 
serves as a loading control. Note that expression levels of GluN1 and D1R do not significantly vary between 
experimental groups. The fold expression of GluN1 relative to the control group pre-treated with TAT-GluN1C1∆ (group 
1) is 0.89 ± 0.106 for group 2, 1.10 ± 0.105 for group 3 and 1.06 ± 0.112 for group 4; N = 3. For D1R the fold 
expression relative to group 1 is 0.89 ± 0.19 for group 2, 0.96 ± 0.17 for group 3 and 0.9 ± 0.16 for group 4. 
Representative co-immunoprecipitation of GluN1 and D1R performed from the same 4 experimental groups of MSN 
described above in the presence or absence (No 1°Ab) of GluN1 antibody (right panel). Following immunoprecipitation 
of GluN1, samples were processed for immunoblotting with both GluN1 and D1R antibodies. Note that experimental 
conditions led to a specific co-immunoprecipitation of GluN1 and D1R that is increased by the co-stimulation and 
decreased in the presence of TAT-GluN1C1. 
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