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Background:  

γ-Aminobutyric acid (GABA) represents the major inhibitory neurotransmitter in the mammalian central 

nervous system (CNS) playing a critical role in a wide range of physiological functions (Bowery et al., 

2002). The GABAergic neurotransmission is mediated by three different receptor types: ionotropic 

GABAA and GABAC and metabotropic GABAB receptors. The GABAB receptors belong to the class C of 

the G protein coupled receptors and are heterodimers composed by two subunits, GABAB1 and 

GABAB2. The GABAB1 subunit contains the orthosteric binding site for agonists (e.g. GABA and 

baclofen) and for antagonists (e.g. CGP54626), whereas GABAB2 is responsible for driving the GABAB1 

to the cell surface and for activating the Gi/o proteins.   
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The GABAB receptor distribution and localization reflect its pharmacological relevance; it is expressed 

in almost all neurons and glial cells in the CNS and consequently it is involved in a broad range of 

physiological and pathophysiological conditions, such as pain, drug-dependence, addiction, epilepsy, 

cognitive function, depression and anxiety (Bettler et al., 2004).   

The only marketed GABAB receptor agonist, baclofen (also known as Lioresal®), is used to treat 

spasticity in multiple sclerosis but the numerous side effects produced, such as sedation and muscle 

relaxation, as well as its poor ability to penetrate the blood-brain barrier, limit its clinical use. 

Accordingly, antagonists of GABAB receptor are expected to have beneficial effects, in particular in 

depression, cognitive deficits and epilepsy as previously showed in rodents (Froestl, 2010). 

The mechanism of agonist-induced receptor activation of GABAB receptor is unique among GCPRs. 

GABA binds the Venus flytrap domains of GABAB1a, whereas GABAB2 is required for coupling and 

activate the G protein (Gassmann and Bettler, 2012). Moreover, the 7TM region of the GABAB2 subunit 

form a binding pocket for compounds acting as positive or negative allosteric modulators (Pin et al., 

2005). In the past years, several highly selective positive allosteric modulators (PAMs) have been 

reported: such as GS39783 and CGP7930, showing to enhance the potency of GABA in vitro (Dupuis 

et al., 2006) and in vivo (Adams and Lawrence, 2007; Koek et al., 2010). The negative allosteric 

modulators (NAMs) for the GABAB receptor were reported for the first time by Chen et al. (2014), 

CLH304a, a CGP7930 analogue. This compound was found to decrease the GABA-induced maximal 

effect of inositol triphosphate production in human embryo kidney cells (HEK293) overexpressing 

GABAB receptors and Gqi9 proteins. CLH304a inhibited the baclofen-induced ERK1/2 phosphorylation 

and also blocked CGP-7930-induced ERK1/2 phosphorylation in HEK293 overexpressing GABAB 

receptors. GABAB receptor PAMs or NAMs provide an excellent approach by which to increase or 

decrease GABAB receptor signaling, with greater selectivity compared to orthosteric agonists or 

antagonists without inducing receptor over activation or desensitization. 

In the present study we report the characterization of the compound COR758, which emerges as novel 

GABAB NAM with a new chemical structure. The pharmacological characterization of COR758 was 

performed by in vitro experiments using [3H]3-N-[1-((S)-3,4dichlorophenyl)-ethylaminol]-2-

(S)hydroxypropylcy-clo-hexylmethyl phosphinic acid ([3H]CGP54626) binding and 5′-O-(3-[35S]thio)-

triphosphate ([35S]GTPγS) binding to GABAB native receptors. BRET approach was used to evaluate 

the effects on adenylate-cyclase activity in CHO cells stably expressing GABAB receptors. Additionally, 

BRET assay was performed in order to study the effect of COR758 on the conformational change 

within the GABAB subunits associated with receptor activation.    
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Materials and methods 
Animals. Male Sprague-Dawley rats weighing 200 to 250 g were used. Rats were housed 4/cage in 

standard plastic cages with wood chip bedding, under a 12:12-hour artificial light/dark cycle (lights on at 

7:00 a.m.) at a constant temperature of 22°C and relative humidity of approximately 60%. Tap water 

and standard laboratory rodent chow (Mucedola, Settimo Milanese, Italy) were provided ad libitum in 

the home cage. 

 

Binding studies. Tissue preparation. Rats (250 g) were sacrificed; brains were rapidly removed and 

cerebral cortices and striatal were dissected on ice. Cortical tissues were homogenized using a glass-

teflon homogenizer (Glass-Col, Terre Haute, IN, USA) in 15 volumes (v/w) of ice-cold 0.32 M sucrose 

and 1 mM EDTA. The homogenate was centrifuged at 1000 × g for 10 min, and the supernatant was 

collected and re-centrifuged at 20,000 × g for 20 min. The pellet was re-suspended in 20 volumes (v/w) 

of ice-cold distilled water, homogenized using a Polytron homogenizer, and centrifuged at 8000 × g for 

20 min. The last centrifugation of supernatant together with the buffy layer was performed at 45,000 × g 

for 40 min; the supernatant was discarded and the final pellet was frozen and stored at –80°C for at 

least 24 h before use. Striata tissues were homogenized in 20 volumes of buffer A (50 mM Tris-HCl, 3 

mM MgCl2, and 1 mM EGTA, pH 7.4) or in 100 volumes of buffer B (20 mM K-Hepes, pH 7.6, 

containing 7 mM MgCl2, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT) for membrane preparation for µ-

opioid- or D2-stimulated [35S]GTPγS binding, respectively. The homogenate was centrifuged twice at 

48,000 × g at 4°C for 10 min, resuspended in homogenization buffer, and frozen at –80°C until use. 

The Bradford (1976) protein assay was used for protein determination using bovine serum albumin as a 

standard according to the supplier’s protocol (Bio-Rad, Milan, Italy). 

 

[35S]GTPγS binding assay in rat membranes. On the day of the experiment, the frozen rat cortex 

membranes were thawed at 4°C and suspended in 20 volumes (v/w) of Krebs-Henseleit buffer (143 

mM NaCl, 50 mM Tris-HCl, 5.9 mM KCl, 1.2 mM MgSO4, and 2.5 mM CaCl2, pH 7.4), homogenized, 

incubated at RT for 10 min, and centrifuged for 10 min at 40,000 × g at 4°C. This step was repeated 

three times. Membranes were incubated in ice-cold water on ice for 1 h and centrifuged for 20 min at 

18,000 × g at 4°C to obtain the final pellet. This final pellet was suspended in GTPγS assay buffer (50 

mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, and 1.8 mM CaCl2, pH 7.7) containing 30 µM GDP, to a 

final concentration of 20 µg of protein. Membrane homogenates and drugs were preincubated in 

PerkinElmer PicoPlates 96 (300 µl volume) for 30 min at 30°C. The main incubation was subsequently 

started by the addition of [35S]GTPγS to a final concentration of 0.2 nM. After a 40-min incubation at 

30°C, the samples were filtered using a PerkinElmer UniFilter-GF/B, washed twice with 300 µl of buffer, 
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and dried for 1 h at 30°C. For CB1 and µ-opioid-stimulated [35S]GTPγS binding, cortical and striatal 

membranes (10–15 µg of proteins) were incubated in assay buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 

mM EGTA, and 100 mM NaCl, pH 7.4) at 30°C for 1 h with 30 µM GDP and 0.05 nM [35S]GTPγS in a 

volume of 1 ml. After incubation, the samples were filtered using a PerkinElmer UniFilter-GF/B, washed 

twice with 1 ml of buffer and dried for 1 h at 30°C. For D2-stimulated [35S]GTPγS binding, striatal 

membranes (15–20 µg of proteins) were suspended in assay buffer 20 mM K-Hepes, pH 7.6, 

containing 7 mM MgCl2, 100 mM NaCl, 1mM EDTA, and 1 mM DTT, and preincubated with 300 µM 

GDP and drugs in PerkinElmer PicoPlates 96 (300 µl volume) for 30 min at room temperature. The 

main incubation started by addition of 0.2 nM  [35S]GTPγS for 1 h and was terminated by rapid filtration 

using a PerkinElmer UniFilter-GF/B and washed twice with 20 mM K-Hepes buffer containing 100 mM 

NaCl (pH 7.6). The radioactivity on the filters was counted in a liquid microplate scintillation counter 

(TopCount NXT; PerkinElmer Life and Analytical Sciences) using 50 µl of scintillation fluid (Microscint 

20; PerkinElmer Life and Analytical Sciences). Basal binding was assessed in the absence of agonist 

and in the presence of GDP, and nonspecific binding was measured in the presence of 10 µM 

unlabeled GTPγS. For D2 stimulated [35S]GTPγS binding, striatal membranes (20 µg of proteins) were 

pre incubated in assay buffer (20 mM K-HEPES, 7 mM MgCl2, 1 mM EDTA, 1mM DTT and 100 mM 

NaCl, pH 7.6) at RT for 30 min with 300 µM GDP. The main incubation was subsequently started by the 

addition of [35S]GTPγS to a final concentration of 0.1 nM in a volume of 300 µl. After 60 min of 

incubation at 35 °C, the samples were filtered using a PerkinElmer UniFilter-GF/B, washed twice with 1 

ml of buffer (20 mM K-HEPES and 100 mM NaCl, pH 7.6), and dried for 1 h at 30°C. The stimulation by 

agonist was defined as the percentage increase above basal levels (i.e., [disintegrations per minute 

(agonist) - disintegrations per minute (no agonist)/(disintegrations per minute (no agonist)] × 100). Data 

are reported as the mean SEM of three to six experiments, performed in triplicate. Nonlinear regression 

analysis of concentration-response data was performed using Prism 2.0 software (Graph Pad Prism) to 

calculate Emax and EC50 values. 

 

[3H]CGP54626 binding assay. Membrane pellets were thawed at 4°C and prepared as previously 

described (Castelli et al., 2012). [3H]CGP54626 binding was performed using 50 µg of membrane 

proteins and 2 nM [3H]CGP54626 in a final volume of 1 ml at 22°C–24°C for 30 min. Nonspecific 

binding was estimated in the presence of 10 µM unlabeled CGP54626. Free ligand was separated from 

bound ligand by rapid filtration through Whatmann GF/B glass filters using a Brandel 30-sample 

harvester (Brandel Inc., Gaithersburg, MD, USA). Filters were then rinsed twice with ice-cold Krebs-

Henseleit buffer. Filter-bound radioactivity was counted in a liquid scintillation counter (Tri-carb 1600; 

PerkinElmer Life and Analytical Sciences, Milano, Italy) using 3 ml of scintillation fluid (Ultima Gold MV; 
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PerkinElmer Life and Analytical Sciences, Milano, Italy). [3H]CGP54626 displacement curves were 

performed using serial dilutions ranging from 10–10 to 10–7 or 10–10 to 10–3 of CGP54626 or COR758, 

respectively. The calculation of IC50 was performed by non-linear curve fitting of the concentration-

effect curves using the Graph Pad Prism Program (San Diego, CA, USA). The F-test was used to 

determine the best approximation of a non-linear curve fitting to one or two site model (p< 0.05). 

 

Cell cultures and BRET measurements. Culture and maintenance of CHO-K1 cells stably expressing 

human GABAB(1b) and rat GABAB2 (CHO-GABAB) were performed as described previously (Urwyler et 

al., 2001). CHO-GABAB were transfected with different constructs (see Figure legends), 24 h after 

transfection, cells were washed twice with PBS and incubated in the presence or absence of COR758 

(different concentrations) for 15 min before substrate addition in a 96-well microplate. BRET 

measurement was initiated using the Infinite® F500 microplate reader (Tecan, Switzerland) after 10 min 

of incubation with 5 µM Coelenterazine h (NanoLight Technologies, Pinetop, AZ, USA). Luminescence 

and fluorescence signals were detected sequentially with an integration time of 200 ms. The BRET ratio 

was calculated as the emission of YFP (530–570 nm) over the emission of RLuc (370–470 nm). The 

curves were fitted using Graph Pad Prism 5.0 (“Plateau followed by one-phase association”). The 

amplitude-weighted mean time constant (tau CAMYEL activity) was obtained by fitting the BRET 

recovery phase to a double exponential function. ΔBRET was calculated as the difference between the 

basal and the plateau of the BRET signal. 
CHO-K1 cells were transfected with GABAB1a-Rluc and GABAB2-YFP, 24 h after transfection, cells were 

washed twice with phosphate buffer saline (PBS) and incubated or not with COR758 at the indicated 

concentrations at 37°C for 15 min. The measurement was initiated using the Infinite® F500 microplate 

reader (Tecan, Switzerland) after 10 min of incubation with 5 µM Coelenterazine h (NanoLight 

Technologies, Pinetop, AZ, USA). Luminescence and fluorescence signals were detected sequentially 

with an integration time of 200 ms. The BRET ratio was calculated as the ratio of light emitted by YFP 

(530–570 nm) over the light emitted by RLuc (370–470 nm). The curves were fitted using GraphPad 

Prism 5.0 (“Plateau followed by one-phase decay”). ΔBRET was calculated as the difference between 

the basal and the plateau of BRET signal. 

 

Statistical Analysis. Data from the neurochemical experiments were expressed as the mean ± SEM 

and statistically evaluated by ANOVA followed by the Bonferroni test for multiple comparisons.  

 

 

Results 
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Effect of COR758 on basal and agonist-induced stimulation of [35S]GTPγS binding. As shown in 

Figure 1A, COR758 significantly reduced the basal [35S]GTPγS binding to rat cortical membranes and 

this effect was not prevented by the co-application of GABAB receptor antagonists, CGP54626. GABA 

at 10 µM stimulated [35S]GTPγS binding to 155%, CGP54626 blocked the effect on GABA-induced 

[35S]GTPγS binding. Similar effect was observed when COR758 was used, at 2.5 and 25 µM COR758 

significantly decreased the GABA-stimulated [35S]GTPγS binding, in the presence of the CGP54626. 

GS39783 (30 µM), the prototypical GABAB PAM, increased the GABA-induced [35S]GTPγS binding to 

190%, 25 µM COR758 inhibited the [35S]GTPγS binding stimulated by GABA in the presence of 

GS39783 (Figure 1B). The selectivity of COR758 for GABAB receptor was investigated by testing it on 

CB1, µ and D2 receptor-induced [35S]GTPγS binding to rat membranes. As shown in Figure 2, WIN, 

morphine and quinpirole by themselves stimulated [35S]GTPγS binding, while COR758 failed to inhibit 

the basal and the stimulation of [35S]GTPγS binding produced by WIN (A), morphine (B) and quinpirole 

(C) in cortical or striatal membranes.   

 

COR758 failed to inhibit the [3H]CGP54626 binding in rat cortical membranes. COR758 was 

further characterized by competition binding using [3H]CGP54626. COR758, up to a concentration of 1 

mM, failed to modify [3H]CGP54626 binding, whereas CGP54626 caused complete inhibition of the 

specific binding of the competitive antagonist of the GABAB receptor [3H]CGP54626 with an IC50 of 4.2 

± 0.09 nM (Figure 3). 

 

COR758 inhibited the G protein dissociation induced by GABA. Using BRET approach in CHO-

GABAB cells we evaluated the effect of COR758 on the molecular rearrangement between Gαo-Rluc 

and Gγ2-Venus induced by GABAB receptor activation. As shown in Figure 4A, COR758 decreased the 

magnitude of BRET changes during GABA-induced G protein dissociation, thus leading to a significant 

decrease in ΔBRET (Figure 4B). Moreover, COR758 decreased in a concentration-dependent manner 

the rate of the G protein dissociation, with a concomitant increase of the time constant (tau), (Figure 

4C).  

 

COR758 prevented the GABA-mediated inhibition of adenylate cyclase activity. To evaluate the 

effect of COR758 on GABAB receptor signaling, we performed BRET measurements in CHO-GABAB 

cells transiently transfected with CAMYEL sensor. As shown in Figure 5A, Forskolin injection (0.5 µM) 

stimulated cAMP formation leading to a conformational change in the CAMYEL recorded as a decrease 

of BRET signal. The addition of GABA reverted the decrease of BRET signal induced by Forskolin (Fig. 

2A). COR758 decreased in a concentration-dependent manner the GABA-mediated inhibition of 
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adenylate cyclase activity, decreasing significantly the ΔBRET (Fig. 2B), and the time constant (tau) of 

CAMYEL activation (Fig. 2C). 

 

COR758 induces a conformational change between GABAB1a and GABAB2 subunits. GABAB 

receptor functions as a heterodimeric assembly of the subunits GABAB1 and GABAB2. Agonist binding 

causes large conformational change within the heterotrimeric complex, leading to a rearrangement in 

the orientation of the transmembrane and C-terminus domains (Geng et al. 2013). To directly monitor 

the effect of COR758 on GABAB receptor subunits, we used BRET approach in CHO cells transiently 

expressed GABAB1a tagged with Rluc and GABAB2 tagged with YFP on C-terminus domains. As shown 

in Figure 6B-C, COR758 increased in a concentration-dependent manner the basal BRET signal 

measured between GABAB1a-Rluc and GABAB2-YFP. Moreover, we observed that GABA (100 µM) 

application resulted in a large decrease in the BRET signal. COR758 reduced the magnitude of BRET 

changes during GABA stimulation, leading to a significant decrease in ΔBRET (Figure 6D) and in the 

time constant (tau) of subunits dissociation (Figure 6E).  

 

Conclusion 

These preliminary data show that COR758 acts as a NAM to inhibit GABAB receptor signaling in native 

and recombinant system. Furthermore, we show for the first time how a negative allosteric modulator 

might act on the GABAB receptor. In vivo studies are expected to be performed to contribute to this 

characterization and to assess the pharmacological activity, including defining mechanism(s) of action 

of this new compound.   
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Figure 1. Effect of COR758 on the stimulation of [35S]GTPγS binding via GABAB receptors in rat cortical membranes. COR728 
was tested alone or in combination with GABA (A), CGP54626 (CGP) the competitive antagonist (A), or GS39783 (GS), the 
prototypical PAM GABAB (B). Data represent the mean ± SEM calculated from at least four independent experiments 
performed in triplicate, and expressed as percentage of basal activity, binding in the absence of ligands being defined as 
100%. Horizontal dotted lines indicate baseline values and the degree of stimulation with agonist alone, respectively. (A) One-
way ANOVA: F(8,14)= 59.07, p <0.0001; *p < 0.05, ****p < 0.0001 with respect to basal values, and ��p < 0.01, ���p < 0.001 
with respect to GABA 10 µM (Dunnett test).  (B) One-way ANOVA: F(5,6)= 19.36, p < 0.0001; **p <  0.01 with respect to basal 
values, and ��p < 0.01, ���p < 0.001 with respect to GS 30 µM + 10 µM (Dunnett test). 
 

 

 

 
 
Figure 2. Effect of COR758 on WIN- (A), morphine- (B) and quinpirole-induced (C) stimulation of [35S]GTPγS binding in cortex 
(A) and rat striatal membranes (B-C). Data represent the mean ± SEM calculated from at least four independent experiments 
performed in triplicate, and expressed as percentage of basal activity, binding in the absence of ligands being defined as 
100%. Horizontal dotted lines indicate baseline values and the degree of stimulation with agonist alone, respectively. (A) One-
way ANOVA: F(5,11) = 217.1, p <0.0001; ****p < 0.001 with respect to basal values, (Dunnett test)  (B) One-way ANOVA: 
F(5,8) = 87.33,  p <0.0001; ****p < 0.001 with respect to basal values. WIN, WIN55212-2; MORPH: morphine, NAL: naloxone; 
QUINP: quinpirole; SULP: sulpiride. 
 
 
 

 
 
 
Figure 3. Displacement curves of [3H]CGP54626 by COR758 (�) and CGP54626 (●) in rat cortical membranes. Binding 
experiments were performed as described in the Materials and Methods section. Cortical rat membranes were incubated in the 
presence of 3 nM of [3H]CGP54626 (85 Ci/mM) with serial dilutions ranging from 10–10 to 10–7 or 10–10 to 10–3 M of unlabelled 
CGP54626 or COR758, respectively. Data represent a typical experiment out of three independent experiments, expressed as 
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percentage of specific binding. The calculation of IC50 was performed by non-linear curve fitting of the concentration-effect 
curves using the Graph Pad Prism Program. The F-test was used to determine the best approximation of a non-linear curve 
fitting to one or two site model (p <0.05).  
 
 

 
Figure 4. Effects of COR758 on BRET measurements in CHO-GABAB expressing Gαo-Rluc and Gγ2-Venus subunits. (A) 
BRET kinetics measured in the absence (�) and presence of COR758 (®: 5 µM; ®: 10 µM; ® 25 µM). Injection of 100 µM 
GABA induced changes in BRET signal due to conformational rearrangement of the Gαo-Rluc and Gγ2–Venus subunits. The 
curves were fitted with Plateau followed by one-phase decay equation using Prism GraphPad software. (B) Bar graph of the 
change in ΔBRET determined in experiments as in (A).  Data are presented as a mean ± SEM of 3 experiments. One-way 
ANOVA: F (3,8)=2.97, *p<0.05, vs GABA, Bonferroni test. (C) Bar graph of the amplitude-weighted mean time constant (tau 
dissociation) was obtained by fitting BRET recovery phase to a double exponential function. Data are presented as a mean ± 
SEM of 3 experiments. One-way ANOVA: F (3,8)=12, p<0.05; *p<0.05, **p<0.01 vs GABA, Bonferroni test. COR, COR758. 

 

 
 
Figure 5. Effects of COR758 on GABA-inhibition of Adenylate Cyclase activity. (A) BRET kinetics measured in the absence 
(�) and presence of COR758 (®: 10 µM; ® 25 µM) in CHO-GABAB cells transiently co-expressing CAMYEL sensor. 0.5 µM 
Forskolin was injected after 19 cycles of reading, GABA 10 µM was injected after 99 cycles. Data are the means ± SEM of 
triplicate determinations from a representative experiment. (B) Bar graph of the change in ΔBRET determined in experiments 
as in (A). Data are presented as a mean ± SEM of 5 experiments, performed in triplicate. One-way ANOVA: F(3,12) =11.36, 
p<0.001; **p<0.01, ***p<0.001 vs Baclofen, Bonferroni test. (C) Bar graph of the amplitude-weighted mean time constant (tau 
CAMYEL activity) was obtained by fitting BRET recovery phase to a double exponential function. Data are presented as a 
mean ± SEM of 5 experiments.  One-way ANOVA: F(3,12) =11.91, p<0.001; ***p<0.001 vs Baclofen, Bonferroni test. 
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Figure 6. Effect of COR758 on GABAB1a and GABAB2 subunits rearrangement. (A) Cartoon illustrating the Rluc probe (red) 
inserted in GABAB1a subunit and YFP (green) probe inserted in GABAB2 subunit. (B) BRET kinetics measured in the absence 
(�) and presence of COR758 (®: 5 µM; ®: 10 µM; ® 25 µM). Injection of 100 µM GABA induced changes in BRET signal due 
to conformational rearrangement between GABAB1a-Rluc and GABAB2-YFP subunits. The curves were fitted with Plateau 
followed by one-phase decay equation using Prism GraphPad software. (C) Bar graph of the change in basal BRET 
determined in experiments as in (B). Data are presented as a mean ± SEM of 5 experiments. One-Way ANOVA 
F(3,16)=21.43, p<0.001; *p<0.05, **p<0.01, ***p<0.001 vs Control, Bonferroni test. (C) Bar graph of the amplitude-weighted 
mean time constant (tau dissociation) was obtained by fitting BRET recovery phase to a double exponential function. Data are 
presented as a mean ± SEM of 5 experiments. One-way ANOVA: F(3,16)=3.77, p<0.05; *p<0.05, vs GABA, Bonferroni test. 
(E) Bar graph of the change in ΔBRET determined in experiments as in (B).  Data are presented as a mean ± SEM of 5 
experiments. One-way ANOVA: F (3,16)=11.88, p<0.001; **p<0.01, ***p<0.001 vs GABA, Bonferroni test. CTR, Control; COR, 
COR758. 

 


