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Abstract 

The effects of nanomolar cocaine concentrations, possibly not blocking the dopamine transporter 

activity, on striatal D2-σ1 heteroreceptor complexes and their inhibitory signalling over Gi/o, have 

been tested in rat striatal synaptosomes and HEK293T cells. Furthermore, the possible role of σ1 

receptors (σ1Rs) in the cocaine-provoked amplification of D2 receptor (D2R)-induced reduction of 

K+-evoked [3H]-DA and glutamate release from rat striatal synaptosomes, has also been 

investigated. 

The dopamine D2-likeR agonist quinpirole (10 nM-1μM), concentration-dependently reduced K+-

evoked [3H]-DA and glutamate release from rat striatal synaptosomes. The σ1R antagonist BD1063 

(100 nM), amplified the effects of quinpirole (10 and 100 nM) on K+-evoked [3H]-DA, but not 

glutamate, release.  

Nanomolar cocaine concentrations significantly enhanced the quinpirole (100 nM)-induced 

decrease of K+-evoked [3H]-DA and glutamate release from rat striatal synaptosomes. In the 

presence of BD1063 (10 nM), cocaine failed to amplify the quinpirole (100 nM)-induced effects. 

In cotransfected σ1R and D2LR HEK293T cells, quinpirole had a reduced potency to inhibit the 

CREB signal versus D2LR singly transfected cells. In the presence of cocaine (100 nM), the potency 

of quinpirole to inhibit the CREB signal was restored. In D2L singly transfected cells cocaine (100 

nM and 10 µM) exerted no modulatory effects on the inhibitory potency of quinpirole to bring 

down the CREB signal. 

These results led us to hypothesize the existence of functional D2-σ1R complexes on the rat striatal 

DA and glutamate nerve terminals and functional D2-σ1R-DA transporter complexes on the striatal 

DA terminals. Nanomolar cocaine concentrations appear to alter the allosteric receptor-receptor 

interactions in such complexes leading to enhancement of Gi/o mediated D2R signalling.  

 

Keywords: Receptor heteromers; Synaptosomes; Release; Quinpirole; BD1063; HEK293T cells. 
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1. Introduction 

 

Cocaine-induced increases in striatal and nucleus accumbens dopamine (DA) levels are thought to 

underlie the rewarding/reinforcing actions of the drug in humans, leading to its abuse and addiction 

[1-4]. Previous studies suggested the presynaptic DA transporter (DAT) as the principal target for 

cocaine effects [5-7]. However, over the last years it has become evident that cocaine, in the 

nanomolar range, can enhance DA D2 receptor (D2R) functions as demonstrated by biochemical and 

behavioural experiments. In particular, cocaine modulates D2R agonist recognition, G-protein 

coupling, and signalling in cell lines lacking the DAT [8-10]. Furthermore, in vitro and in vivo 

studies indicate that cocaine enhances the D2-likeR agonist quinpirole-induced reduction of striatal 

[3H]-DA release and nucleus accumbens glutamate release, respectively [10,11]. Finally, cocaine, 

but not the DAT blocker GBR 12783, enhanced quinpirole (1 mg/kg)-induced hyperlocomotion in 

the rat. Such actions are likely to be relevant for the rewarding and relapsing effects of cocaine in 

view of the major role of nucleus accumbens and dorsal striatal D2Rs in mediating these 

mechanisms [12-14].  

Sigma-1 (σ1) receptors (σ1Rs) are highly expressed in the central nervous system (CNS), including 

the dorsal striatum and the nucleus accumbens [15,16]. It has been proposed that σ1R activation is 

involved in different aspects of cocaine abuse [17,18], and σ1R antagonists were found to reduce the 

behavioural effects of cocaine [18,19]. Among other mechanisms (Matsumoto et al., 2014), it seems 

likely that a D2R-σ1R heteromerization might be involved in these effects. In fact, it has been 

proven that D2Rs can physically interact with σ1Rs in mouse striatum and that cocaine by 

interacting with this heteromer modulates downstream signalling in both cultured cells and in 

mouse striatum [16]. Although the authors proposed that these heteroreceptor complexes are 

localized at the post-synaptic level, their possible existence also at the pre-synaptic levels cannot be 

excluded. The allosteric action of cocaine at D2Rs might thus be indirect and mediated by the σ1R 

protomer at the D2R-σ1R heteroreceptor complex. In line with this view, it was reported that in 

D2Rs/σ1R cotransfected cells cocaine, at 30 µM concentration, partially counteracted the decrease in 

the Gi activation induced by quinpirole, and this effect was mediated by the σ1 protomer at the D2R-

σ1R heteroreceptor complex [16]. This result is in sharp contrast with the enhancement of 

quinpirole-induced reduction of K+-evoked [3H]-DA release from rat striatal synaptosomes and of 

quinpirole-induced inhibition of nucleus accumbens dialysate glutamate levels observed following 

treatments with cocaine in a low (i.e. nanomolar) concentration range [10-11]. 

In the current study we tested the effects of nanomolar cocaine concentrations, possibly not 

blocking the DAT activity [11], on striatal D2R-σ1R heteroreceptor complexes and their inhibitory 
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signalling over Gi/o. Furthermore, the possible role of σ1Rs in the cocaine provoked amplification 

of quinpirole-induced reduction of K+-evoked [3H]-DA and glutamate release from rat striatal 

synaptosomes, has also been investigated.  

 

 

2. Materials and methods 

 

2.1. Synaptosome experiments 

 

2.1.1. Animals 

Male Sprague–Dawley rats (250-300 g; Harlan, San Pietro al Natisone, Udine, Italy) were used. The 

animals had free access to food and water and were housed in a room with a 12:12 h light-dark 

cycle (lights on at 08.00 a.m.) and at a temperature of 22±1C° for at least 1 week before 

experiments. All animal experiments complied with the ARRIVE guidelines and were performed in 

accordance with the EU directive of September 22, 2010 (2010/63/EU) on the protection of animals 

used for scientific purposes, after approval of the experimental protocols by the Italian Ministry of 

Health. Efforts were made to minimize the number of animals used and to reduce pain and 

discomfort. 

 

2.1.2. Striatal synaptosome preparation 

On the day of the experiment, the animal was sacrificed and the striata were rapidly dissected out 

from the brain. Thereafter, a crude synaptosomal (P2) fraction was prepared as follows: the tissue 

was suspended in ice-cold buffered sucrose solution (0.32 M, pH 7.4) and homogenized. The 

homogenate was centrifuged (10 min; 2,500 g, 4C°) to remove nuclei and debris, and then 

synaptosomes were isolated from the supernatant by centrifugation (20 min; 9,500 g, 4C°). The P2 

pellet was then resuspended in 7 mL of Kreb’s solution (mM: NaCl 118.5, KCl 4.7, CaCl2 1.2, 

KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, glucose 10; gassed with 95% O2 and 5% CO2) containing 

ascorbic acid (0.05 mM) and disodium EDTA (0.03 mM) to prevent [3H]-DA degradation. 

 

2.1.3. K+-evoked [3H]-DA and glutamate release 

After the preparation, synaptosomes were incubated (37C°, 20 min) in the presence of 50 nM [3H]-

DA. At the end of this period, identical aliquots of synaptosomal suspension were distributed on 

microporous filters (0.5 mL/filter), placed at the bottom of a set of parallel superfusion chambers 

maintained at 37C° and perfused with aerated (95% O2/5% CO2) Krebs solution (0.3 mL/min). 
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After 30 min of superfusion, to equilibrate the system, 5 min fractions were collected from the 30th 

to the 75th minute (nine samples). After the collection of three basal samples, synaptosomes were 

depolarized with 15 mM K+ (substituting for an equimolar concentration of NaCl) for 90 s. When 

required, cocaine (0.1-100 nM), quinpirole (10 nM-1μM; Sigma–Aldrich, USA), BD1063 (10-100 

nM, Tocris Bioscience, UK) were added, alone or in combination, concomitantly with the 

depolarizing stimulus. At the end of the experiment, the radioactivity of the samples and filters was 

determined by liquid scintillation spectrometry. Aliquots of 100 µL were taken from each sample to 

measure endogenous glutamate levels.  

 

2.1.4. Glutamate analysis 

Glutamate was measured by HPLC with fluorimetric detection. Briefly, 25 μl were transferred into 

glass microvials and placed in a temperature-controlled (4°C) Triathlon autosampler (Spark 

Holland, Emmen, The Netherlands). Thirty μl of o-phthaldialdehyde/mercaptoethanol reagent were 

added to each sample, and 30 μl of the mixture were injected onto a Chromsep analytical column (3 

mm inner diameter, 10 cm length; Chrompack, Middelburg, The Netherlands). The column was 

eluted at a flow rate of 0.48 ml/min (Beckman 125 pump; Beckman Instruments, Fullerton, CA, 

USA) with a mobile phase containing 0.1 M sodium acetate, 10% methanol and 2.2% 

tetrahydrofuran (pH 6.5). Glutamate was detected by means of a Jasco fluorescence 

spectrophotometer FP-2020 Plus (Jasco, Tokyo, Japan). The retention time of glutamate was ∼3.5. 

 

2.2. Luciferase reporter gene assay  

 

2.2.1. Plasmid constructs, cell culture and transfection  

The constructs presented herein were made using standard molecular biology as described 

previously [20]. HEK293T cells were grown and transiently transfected as depicted by Borroto-

Escuela et al. [21,22]. 

 

2.2.2. Luciferase reporter gene assay 

A dual luciferase reporter assay [22] has been used to indirectly detect variations of cAMP levels in 

transiently transfected cell lines treated with different compounds in a range of concentrations 

(typically 0.1 nM to 1 µM). For luciferase assays, 24 hours before transfection, cells were seeded at 

a density of 1 x 106 cells/well in 6-well dishes and transfected with Fugene (Promega, Stockholm, 

Sweden). Cells were co-transfected with plasmids corresponding to the four constructs as follows 

(per 6-well): 2 µg firefly luciferase-encoding experimental plasmid (pGL4-CRE-luc2p; Promega, 
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Stockholm, Sweden), 1 µg of D2R plus σ1R expression vectors and 0.5 µg Rluc-encoding internal 

control plasmid (phRG-B; Promega). Approximately 46 hours post transfection, cells were 

incubated with appropriate ligands and harvested with passive lysis buffer (Promega, Stockholm, 

Sweden). The luciferase activity of cell extracts was determined using the Dual-Luciferase® 

Reporter (DLR™) Assay System according to the manufacturer’s protocol Promega, Stockholm, 

Sweden) in a POLAR star Optima plate reader (BMG Labtechnologies, Offenburg, Germany) using 

a 535 nm filter with a 30-nm bandwidth. Firefly luciferase was measured as firefly luciferase 

luminescence over a 15 s reaction period. The luciferase values were normalized against Rluc 

luminescence values (Luc/Rluc ratio). Chemicals used for the gene reporter assays (Raclopride, 

quinpirole, forskolin) were purchased from Tocris (UK) and (cocaine-HCL) Sigma Aldrich 

(Germany). 

 

2.3. Data evaluation and statistical analysis 

 

2.3.1. Synaptosomes 

[3H]-DA and glutamate release assays were carried out in duplicate and data are expressed as mean 

± SEM of independent experiments.  

The amount of radioactivity released into each fraction was expressed as a percentage of the total 

synaptosomal tritium present at the start of the respective collection period (fractional release). K+-

evoked [3H]-DA overflow was calculated as net extra-outflow (NER) by subtracting the basal [3H] 

release (determined by interpolation of the outflow measured 5 min before and 10 min after the 

onset of the stimulation) from the total tritium released during the 90 s stimulation and subsequent 

8.5 min washout (i.e., two samples). This difference was calculated as a percentage of the total 

tissue tritium content at the onset of stimulation (fractional rate net extra-outflow). The effect of 

treatments was expressed as the percent ratio of the depolarization-evoked neurotransmitter 

overflow calculated in the presence of the drug versus that obtained in control group, i.e. K+-evoked 

[3H]-DA release measured in untreated synaptosomes, always assayed in parallel.  

Spontaneous glutamate levels in each sample were expressed in nmol/min/g of protein [23]. Protein 

was determined according to Bradford [24]. The effects of K+ stimulation on endogenous glutamate 

levels during the third fraction were reported and expressed as percentage changes of basal values, 

as calculated by the means of the two fractions collected prior to treatment [23]. 

Statistical analysis was performed using ANOVA followed by Newman–Keuls test for multiple 

comparisons. Statistical significance was assumed for P<0.05. 
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2.3.2. Cell experiments 

The number of samples (n) in each experimental condition is indicated in figure legends. All data 

were analyzed using GraphPad PRISM 4.0 (GraphPad Software, USA). Statistical analysis was 

performed by one-way analysis of variance (ANOVA) followed by Tukey’s Multiple Comparison 

post-test. 

 

 

3. Results  

 

3.1. Effects of quinpirole on K+-evoked [3H]-DA and glutamate release 

As expected [11,25-27], the DA D2-likeR agonist quinpirole, at 100 nM and 1 μM, caused a 

concentration-dependent reduction of the K+ (15 mM; 90s)-evoked [3H]-DA release from rat striatal 

synaptosomes. However, it was ineffective at the lower 10 nM concentration (Fig. 1A). Similar 

results were obtained when evaluating the effect of quinpirole on K+-evoked glutamate release (Fig. 

1B). The effects of quinpirole (100 nM) on K+ (15 mM; 90s)-evoked [3H]-DA and glutamate 

release from rat striatal synaptosomes were prevented by the DA D2-likeR antagonist (S)-(-)-

sulpiride (100 nM), by itself ineffective (Fig. 1). 

At the concentration tested, quinpirole did not affect spontaneous [3H]-DA and glutamate release 

from rat striatal synaptosomes (Table 1). 

 

3.2. Effects of BD1063 on K+-evoked [3H]-DA and glutamate release 

The σ1R antagonist BD1063 (1-100 nM) did not influence spontaneous (Table 1) and K+ (15 mM; 

90s)-evoked [3H]-DA and glutamate release from rat striatal synaptosomes (Fig. 2). 

 

3.3. Effects of quinpirole in combination with BD1063 (1-100 nM) on K+-evoked [3H]-DA and 

glutamate release 

 

3.3.1. 10 nM of quinpirole 

In the presence of BD1063 (100 nM), quinpirole at a concentration by itself ineffective (10 nM), 

significantly decreased K+-evoked [3H]-DA, but not glutamate, release from rat striatal 

synaptosomes (Fig. 3). This effect was not observed when quinpirole was given with lower BD1063 

concentrations (1 and 10 nM). All treatments did not affect spontaneous [3H]-DA and glutamate 

release from rat striatal synaptosomes (Table 1). 
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3.3.2. 100 nM of quinpirole 

As shown in Fig. 4, BD1063 (100 nM) significantly amplified the quinpirole (100 nM)-induced 

reduction of K+-evoked [3H]-DA, but not glutamate, release from rat striatal synaptosomes. At the 

lower 1 and 10 nM concentrations, BD1063 was ineffective. All treatments did not affect 

spontaneous [3H]-DA and glutamate release from rat striatal synaptosomes (Table 1). 

 

3.4. Effects of cocaine (0.1-100 nM) on quinpirole-induced reduction of K+-evoked glutamate 

release 

We previously reported that cocaine significantly enhanced the quinpirole (100 nM)-induced 

decrease of K+-evoked [3H]-DA release from rat striatal synaptosomes at 1 and 10 nM, whereas it 

was ineffective at 0.1 and 100 nM (Ferraro et al., 2010). As shown in Fig. 5, cocaine (10 nM) 

significantly amplified the quinpirole (100 nM)-induced decrease of K+-evoked glutamate release 

from rat striatal synaptosomes. However, it was ineffective at lower concentrations (0.1 and 1 nM). 

At the concentration tested, cocaine by itself did not affect spontaneous glutamate release from rat 

striatal synaptosomes (Table 1). 

 

3.5. Effects of cocaine (1 and 10 nM) in combination with BD1063 (1-10 nM) on the quinpirole 

(100 nM)-induced reduction of K+-evoked [3H]-DA and glutamate release 

In the presence of BD1063 (10 nM), cocaine failed to amplify the quinpirole (100 nM)-induced 

reduction of K+-evoked [3H]-DA and glutamate release (Fig. 6). At the lower 1 nM concentration, 

the σ1R antagonist failed to counteract the effects of cocaine on quinpirole (100 nM)-induced 

reduction of K+-evoked [3H]-DA and glutamate release. 

All treatments did not affect spontaneous [3H]-DA and glutamate release from rat striatal 

synaptosomes (Table 1). 

 

3.6. Effects of cocaine on the D2-like agonist quinpirole induced inhibition of the AC-PKA-pCREB 

signaling cascade in σ1R and D2LR cotransfected and D2L singly transfected HEK293T cells. 

In cotransfected σ1R and D2LR HEK293T cells, quinpirole had a reduced potency to inhibit the 

CREB signal versus D2LR singly transfected cells (Figure 7A). In the presence of cocaine (100 nM), 

the potency of the D2-like agonist to inhibit the CREB signal in the cotransfected cells was restored 

(Figure 7A and 7B). In D2L singly transfected cells cocaine at 100 nM and 10 µM exerted no 

modulatory effects on the inhibitory potency of quinpirole to bring down the CREB signal (Figure 7 

C). In these cells cocaine alone at 100 nM, 1 µM and 10 µM also lacked effects on the CREB signal 

(data not shown). 
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4. Discussion 

 

One interesting finding of the current paper was the demonstration that the σ1R antagonist BD1063 

at 100 nM could significantly enhance the inhibitory effects of the D2-like agonist quinpirole (100 

nM) on the K+-evoked [3H]-DA release from striatal synaptosomes. This was not true for the 

quinpirole induced inhibition of K+-evoked glutamate release from striatal synaptosomes. At this 

and lower concentrations BD1063 alone failed to change K+-evoked [3H]-DA and glutamate 

release. This finding is in line with the demonstration that the σ1R agonist PRE084 induces a 

significant decrease in the ability of D2 receptors to signal through Gi [16]. A possible mechanism 

may be that both the D2 autoreceptor and possibly the σ1R control the voltage dependent calcium 

1.3 (Cav 1.3) channels in the striatal DA terminals. These calcium channels are known to be 

inhibited by postjunctional D2R [28] and D2 autoreceptors [29] and possibly interact with σ1Rs [30]. 

In the striato-pallidal GABA neurons, the D2R upon agonist activation reduces L-type Cav 1.3 

channel currents via the βγ dimers released from Gi/o which turns on PLC and increases IP3-

calcineurin signalling. The dephosphorylation of this Cav channel leads to the closure of these 

channels and inhibition of firing of these neurons [28]. Similar events may take place in the striatal 

DA terminals involving the D2 autoreceptors [29] and in the cortical/thalamic-striatal glutamate 

nerve terminal. 

The σ1R and the Cav 1.3 channel are proposed to be part of the same D2 heteroreceptor complex in 

which D2R activation leads to inhibition of the Cav 1.3 channel currents, while instead a σ1R 

agonist, possibly endogenously released following K+-evoked depolarization, may enhance them. 

Such a concept can explain the enhancement by the σ1R antagonist BD1063 of quinpirole induced 

inhibition of K+-evoked DA release. However, such a heteroreceptor complex remains to be 

demonstrated and should be less developed in the striatal glutamate terminals where such an 

enhancement by BD1063 of D2 agonist inhibition of K+-evoked glutamate release was not observed. 

The major results were obtained in the cocaine experiments. Already at 1 and 10 nM of cocaine, it 

enhanced the inhibitory effects of quinpirole (100 nM) on K+-evoked striatal [3H]-DA release 

supporting previous results that cocaine in nanomolar concentrations can enhance Gi/o-mediated 

D2R signaling by direct actions on the D2 heteroreceptor complexes [10]. This is in apparent 

contrast to the results obtained with high (i.e. µM) concentrations of cocaine which lead to reduced 

D2 signaling in the D2R-σ1R heterocomplexes [16]. Although other possibilities cannot be ruled out 

(i.e. the use of synaptosomes from rat, instead of mouse striatum) this discrepancy may be due to 

the different concentration of cocaine used in the current vs the Navarro et al. studies. In fact, it 

could be postulated that the allosteric receptor-receptor interactions in D2-σ1R heterocomplexes 
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change as the cocaine concentrations become reduced. It seems possible that cocaine in the high 

affinity range targets the σ1R protomers in a different way leading to altered allosteric receptor-

receptor interactions with enhancement of D2R signaling. This was in fact demonstrated in the study 

on the HEK293T cells cotransfected with D2 and σ1R. Using the CREB gene reporter assay, cocaine 

at 100 nM was found to shift the concentration response curve to the left with a marked reduction of 

the IC50 value. This response was abolished when only the D2 receptor was transfected. Such an 

enhancement of D2R signaling may develop also over the Cav 1.3 channels mediated through 

release of βγ dimers as indicated also from the DA release experiments on striatal DA 

synaptosomes dependent on calcium channel signaling. 

Of high interest was the demonstration in these cocaine experiments on [3H]-DA release that the 

σ1R receptor antagonist BD1063, at nM concentrations, counteracted the enhanced cocaine-

quinpirole interactions. Thus, it seems possible that this is mediated by the altered allosteric 

receptor-receptor interactions induced by cocaine targeting the σ1R protomer in the postulated D2R-

σ1R- Cav 1.3 channel complex. Similar events were found to take place in the K+-evoked glutamate 

release experiments under the influence of cocaine but only at 10 nM, thus validating the 

preferential role of these effects on striatal DA terminals. The possible relevance of this finding is 

underlined by the evidence that antagonism of σ1R receptors attenuates cocaine-induced 

convulsions, acute locomotor stimulation, locomotor sensitization as well as cocaine-induced 

conditioned place preference [31,32]. There exists evidence for a specific interaction between σ1R 

and DAT, and that the transmembrane domain of σ1R likely mediated this interaction [33]. 

According to the current results it seems possible that the σ1R antagonist BD1063 at 10nM 

modulated the DA transporter through targeting a putative σ1R-D2-DAT heteroreceptor complex 

located on the DA nerve terminals. 

 

5. Conclusions 

Taken together, the current results on [3H]-DA and glutamate release from striatal synaptosomes 

induced by K+ with or without the influence of cocaine give indications of the possible existence of 

D2-σ1R-Cav 1.3 heteroreceptor complexes in the striatal DA and glutamate nerve terminals. 

Cocaine in nanomolar concentrations appears to alter the allosteric receptor-receptor interactions in 

such complexes leading to enhancement of Gi/o mediated D2R signalling. This can involve changes 

in the pharmacology of the σ1Rs due to allosteric changes induced by cocaine through targeting the 

sigma1 receptors. 
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Figure legends 

 

Figure 1. Effects of quinpirole (Quin; 10 nM-1 µM) on K+-evoked [3H]-DA (panel A) and 

glutamate (panel B) release from rat striatal synaptosomes. The dopamine D2-like receptor agonist 

was added concomitantly with the depolarizing stimulus (15 mM K+, 90 s). The same volume of 

vehicle (Kreb’s solution) was combined to the depolarizing stimulus in the control groups. The 

effect of the treatments on K+-evoked [3H]-DA and glutamate release is expressed as percent of 

control values ([3H]-DA = 100 ± 2%; glutamate = 100 ± 4%, n = 19; indicated by dashed lines) i.e. 

K+-evoked [3H]-DA and glutamate release measured in untreated synaptosomes, always assayed in 

parallel. Each treatment bar represents the mean ± SEM of 6-7 determinations run in duplicate. 

**p<0.01 significantly different from the respective control and Quin (10 nM) groups; °p<0.05 

significantly different from the respective Quin (100 nM) group, according to ANOVA followed by 

Newman–Keuls test for multiple comparisons. 

 

Figure 2. Effects of the σ1 receptor antagonist BD1063 (BD; 1-100 nM) on K+-evoked [3H]-DA 

(panel A) and glutamate (panel B) release from rat striatal synaptosomes. BD1063 was added 

concomitantly with the depolarizing stimulus (15 mM K+, 90 s). The same volume of vehicle 

(Kreb’s solution) was combined to the depolarizing stimulus in the control groups. The effect of the 

treatments on K+-evoked [3H]-DA and glutamate release is expressed as percent of control values 

([3H]-DA = 100 ± 3%; glutamate = 100 ± 3%, n = 15; indicated by dashed lines) i.e. K+-evoked 

[3H]-DA and glutamate release measured in untreated synaptosomes, always assayed in parallel. 

Each treatment bar represents the mean ± SEM of 5-7 determinations run in duplicate.  

 

Figure 3. Effects of the σ1 receptor antagonist BD1063 (BD; 1-100 nM) on the quinpirole (Quin; 10 

nM)-induced modification of K+-evoked [3H]-DA (panel A) and glutamate (panel B) release from 

rat striatal synaptosomes. The drugs were added alone or in combination concomitantly with the 

depolarizing stimulus (15 mM K+, 90 s). The same volume of vehicle (Kreb’s solution) was 

combined to the depolarizing stimulus in the control groups. The effect of the treatments on K+-

evoked [3H]-DA and glutamate release is expressed as percent of control values ([3H]-DA = 100 ± 

4%; glutamate = 100 ± 2%, n = 19; indicated by dashed lines) i.e. K+-evoked [3H]-DA and 

glutamate release measured in untreated synaptosomes, always assayed in parallel. Each treatment 

bar represents the mean ± SEM of 6-8 determinations run in duplicate. **p<0.01 significantly 

different from the respective control and other groups, according to ANOVA followed by 

Newman–Keuls test for multiple comparisons. 
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Figure 4. Effects of the σ1 receptor antagonist BD1063 (BD; 1-100 nM) on the quinpirole (Quin; 

100 nM)-induced inhibition of K+-evoked [3H]-DA (panel A) and glutamate (panel B) release from 

rat striatal synaptosomes. The drugs were added alone or in combination concomitantly with the 

depolarizing stimulus (15 mM K+, 90 s). The same volume of vehicle (Kreb’s solution) was 

combined to the depolarizing stimulus in the control groups. The effect of the treatments on K+-

evoked [3H]-DA and glutamate release is expressed as percent of control values ([3H]-DA = 100 ± 

3%; glutamate = 100 ± 2%, n = 17; indicated by dashed lines) i.e. K+-evoked [3H]-DA and 

glutamate release measured in untreated synaptosomes, always assayed in parallel. Each treatment 

bar represents the mean ± SEM of 6-8 determinations run in duplicate. *p<0.05, **p<0.01 

significantly different from the respective control group; °p<0.05 significantly different from the 

respective Quin (100 nM), Quin (100 nM) + BD (1 nM) as well as Quin (100 nM) + BD (10 nM) 

groups, according to ANOVA followed by Newman–Keuls test for multiple comparisons. 

 

Figure 5. Effects of cocaine on the quinpirole (Quin; 100 nM)-induced inhibition of K+-evoked 

glutamate release from rat striatal synaptosomes. The drugs were added alone or in combination 

concomitantly with the depolarizing stimulus (15 mM K+, 90 s). The same volume of vehicle 

(Kreb’s solution) was combined to the depolarizing stimulus in the control groups. The effect of the 

treatments on K+-evoked glutamate release is expressed as percent of control values (100 ± 3%, n = 

17; indicated by a dashed line) i.e. K+-evoked glutamate release measured in untreated 

synaptosomes, always assayed in parallel. Each treatment bar represents the mean ± SEM of 6-8 

determinations run in duplicate. **p<0.01 significantly different from control and cocaine alone 

groups; °p<0.05 significantly different from Quin, Quin + cocaine (0.1 nM) as well as Quin + 

cocaine (1 nM) groups, according to ANOVA followed by Newman–Keuls test for multiple 

comparisons. 

 

Figure 6. Effects of the σ1 receptor antagonist BD1063 (BD; 1 and 10 nM) on cocaine-provoked 

amplification of quinpirole (Quin; 100 nM)-induced reduction of K+-evoked [3H]-DA and 

glutamate release from rat striatal synaptosomes. The drugs were added alone or in combination 

concomitantly with the depolarizing stimulus (15 mM K+, 90 s). The same volume of vehicle 

(Kreb’s solution) was combined to the depolarizing stimulus in the control groups. The effect of the 

treatments on K+-evoked [3H]-DA and glutamate release is expressed as percent of control values 

([3H]-DA = 100 ± 4%; glutamate = 100 ± 3%, n = 19; indicated by dashed lines) i.e. K+-evoked 

[3H]-DA and glutamate release measured in untreated synaptosomes, always assayed in parallel. 
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Each treatment bar represents the mean ± SEM of 6-8 determinations run in duplicate. *p<0.05, 

**p<0.01 significantly different from the respective control and cocaine alone groups; °p<0.05 

significantly different from the respective Quin alone group, according to ANOVA followed by 

Newman–Keuls test for multiple comparisons. 

 

Figure 7. Quinpirole-induced D2LR activation in a forskolin-induced CRE-luciferase reporter gene 

assay. (Panels A and B) Concentration-response curves with quinpirole in σ1R and D2R co-

transfected HEK293T cells in the absence (vehicle) or in presence of cocaine. HEK293T cells were 

transiently co-transfected with 2 µg firefly luciferase-encoding experimental plasmid (pGL4-CRE-

luc2p), 1 µg of both (D2R and σ1R) expression vectors and 0.5 µg Renilla luciferase-encoding 

internal control plasmid (phRG-B). Forty-six hours after transfection, cells were treated for 30 min 

with 2 µM forskolin (sub-maximal concentration value), and quinpirole in either the absence or 

presence of cocaine 100 nM and the luciferase activity was measured after 4 hours. Luminescence 

emission is expressed as a percentage of the forskolin-induced maximal response value. The 

addition of cocaine (100 nM) shifted the curve to the left and the EC50 value became significantly 

reduced (see panel A, * p<0.05). In panel A, the negative logarithm of the EC50 value is given. 

(Panel C) Concentration-response curves with quinpirole in D2R single transfected HEK293T cells, 

in the absence (vehicle) or in presence of cocaine. HEK293T cells were transiently transfected with 

2 µg firefly luciferase-encoding experimental plasmid (pGL4-CRE-luc2p), 1 µg of both (D2R and 

pcDNA3.1+) expression vectors and 0.5 µg Renilla luciferase-encoding internal control plasmid 

(phRG-B). Forty-six hours after transfection, cells were treated for 30 min with 2 µM forskolin 

(sub-maximal concentration value), and quinpirole in either the absence or presence of cocaine 100 

nM and 10 µM and the luciferase activity was measured after 4 hours. Luminescence emission is 

expressed as a percentage of the forskolin-induced maximal response value. The addition of cocaine 

(100 nM or 10 µM) did not produce a significant change in the EC50 value. The data in all cases 

represent the mean ± S.E.M. of 7 independent experiments performed in 8 replicates. Statistical 

analysis was performed by one-way analysis of variance (ANOVA) followed by Tukey’s Multiple 

Comparison post-test. 
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Table 1. Effects of the treatments on spontaneous [3H]-DA and glutamate release 

Treatment(s) [3H]-DA Glutamate 

Control -407 ± 205 -327 ± 152 

Quin (10 nM) -415 ± 189 -401 ± 188 

Quin (100 nM) -539 ± 227 -328 ± 153 

Quin (1 µM) -473 ± 199 -381 ± 177 

Sul (100 nM) -492 ± 257 -376 ± 181 

Quin (1 µM) + Sul (100 nM) -428 ± 224 -401 ± 172 

   

BD (1 nM) -389 ± 256 -412 ± 192 

BD (10 nM) -472 ± 234 -318 ± 127 

BD (100 nM) -438 ± 193 -402 ± 176 

   

Quin (10 nM) + BD (1 nM) -446 ± 257 -349 ± 131 

Quin (10 nM) + BD (10 nM) -459 ± 193 -423 ± 176 

Quin (10 nM) + BD (100 nM) -511 ± 271 -407 ± 185 

   

Quin (100 nM) + BD (1 nM) -485 ± 284 -400 ± 179 

Quin (100 nM) + BD (10 nM) -412 ± 182 -422 ± 194 

Quin (100 nM) + BD (100 nM) -449 ± 218 -359 ± 229 

   

Cocaine (0.1 nM) -455 ± 204 -392 ± 202 

Cocaine (1 nM) -507 ± 189 -327 ± 274 

Cocaine (10 nM) -477 ± 193 -381 ± 175 

   

Cocaine (0.1 nM) + Quin (100 nM) -436 ± 242 -444 ± 258 

Cocaine (1 nM) + Quin (100 nM) -485 ± 259 -391 ± 197 

Cocaine (10 nM) + Quin (100 nM) -504 ± 284 -353 ± 200 

   

Cocaine (0.1 nM) + Quin (100 nM) + BD (1 nM) -418 ± 277 -374 ± 199 

Cocaine (0.1 nM) + Quin (100 nM) + BD (10 nM) -487 ± 264 -359 ± 214 

Cocaine (1 nM) + Quin (100 nM) + BD (1 nM) -491 ± 283 -404 ± 162 

Cocaine (1 nM) + Quin (100 nM) + BD (10 nM) -421 ± 274 -337 ± 190 

Cocaine (10 nM) + Quin (100 nM) + BD (1 nM) -500 ± 244 -342 ± 205 

Cocaine (10 nM) + Quin (100 nM) + BD (10 nM) -438 ± 271 -339 ± 183 

   

 

In synaptosomes from rat striatum, spontaneous [3H]-DA and glutamate release tended to decrease 

during the collection period (from 30th to 75th minutes from the start of perfusion. The drugs were 

added alone or in combination after three basal samples have been collected. The same volume of 

vehicle (Kreb’s solution) was added to the perfusion medium in the control groups. The results are 

expressed as the area created by the time-course curve (AUC), which was determined for each 

animal. Area values (overall effects) were calculated as percentages of changes in baseline value 

over time by using the trapezoidal rule. Each value represents the mean ± SEM of 5-8 

determinations. 

 

 


