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1. Introduction 

 

The superfamily of G-protein-coupled receptors (GPCRs) constitutes the largest family 

of cell surface receptors in the human genome. They represent one of the most important drug 

discovery targets, accounting for nearly half of all marketed drugs. 

α2-adrenoreceptors (α2-ARs) constitute an important subfamily of 7-transmembrane 

catecholamine receptors. Molecular biological and pharmacological studies indicate the 

presence of three α2-AR subtypes (α2A-AR, α2B-AR and α2C-AR) in the central nervous system 

(CNS) and peripheral tissues. Although drugs acting at the α2-ARs are widely used in human 

therapy, their therapeutic value is limited because of severe side effects (e.g. sedation and 

cardiovascular effects). However, the unique localization pattern of the receptor subtypes in 

the CNS and knowledge on their distinct functional roles suggest the possibility of developing 

subtype selective therapeutic agents, which may have better efficacy and/or reduced side 

effect profile. Although over 90 patents have been published regarding α2C-AR modulation in 

the last 10 years, these extensive efforts have merely resulted in a small set of compounds 

with only 10-100 fold subtype-selectivity. 

Furthermore, during the last decade, accumulating experimental data have suggested 

that, in addition to receptor subtype selectivity, ligands may also be selective for individual 

signalling pathways coupled to a particular receptor subtype. Since the activation of G 

protein-dependent and -independent signalling pathways may result in markedly different or 

even opposite physiological outcomes, it is an exciting possibility to develop agents that 

modulate these pathways independently. Biased agonists, i.e ligands having pathway-selective 

activities, may possess the ability to activate some pathways while antagonizing others at the 

same receptor, which may have significance regarding the side effect profile of a potential 

pharmaceutical agent.  

Current drug discovery approaches have highlighted that besides validating the role of 

a receptor molecule in the targeted disease it is also important to learn the physiological role 

of the various alternative signalling pathways associated with the receptor. This knowledge 

may help link functionally biased signalling properties to particular therapeutic activities, and 

may also confer the ability to predict better activity and/or fewer side effects when designing 

novel drugs. 
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2. Aims of the study 

 

Generation of recombinant human α2C-AR expressing cell lines, suitable for target-

specific screening of new drug candidate compounds in the early-phase of drug discovery 

process, and for detailed pharmacological characterization of different effector pathways 

coupled to α2C-AR activation, open the possibility for the development of subtype- and 

pathway-selective therapeutics. 

 

According to this theory, our aims were: 

 

 to perform a detailed pharmacological analysis of different G protein-dependent and -

independent signaling pathways coupled to α2C-AR activation    

 during this:  

 determination of binding affinity of compounds acting at the α2C-AR in the [
3
H]-

UK14,304 binding assay 

 examination of α2C-AR mediated inhibition of cAMP accumulation via Gαi  

proteins  

 development of a recombinant cell line stably co-expressing α2C-AR and chimeric 

Gαqi5 proteins, which makes the examination of α2C-AR mediated cytoplasmic 

Ca
2+

-responses possible using a fluorometric Ca
2+

-assay  

 examination of the α2C-AR mediated β-arrestin recruitment  

 examination of the α2C-AR mediated receptor internalization  

 quantitative analysis of functional selectivity of several ligands acting at the α2C-AR by 

applying the relative activity (RA) method  

 detailed pharmacological characterization of new ligands acting at the α2C-AR identified 

in a fragment-based screening campaign using the above assays 
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3. Materials and methods 

 

3.1. Cell lines 

Chinese hamster ovary (CHO-K1) cells stably and constitutively expressing α2C-ARs 

(α2C-C1 cell line) were grown in Ham’s F12 medium containing 10% fetal bovine serum, 

vitamin solution and antibiotics. 

Human bone osteosarcoma epithelial cells (U2OS line) stably expressing human α2C-

ARs were cultured in U2OS medium supplemented with 10% PathHunter
TM

 serum, vitamin 

solution and antibiotics. 

CHO-K1 cells stably expressing recombinant human α2C-ARs and the chimeric Gαqi5 

protein were generated using pCEP-Gqi5-HA vectors. For transfection α2C-C1 cells grown on 

96-well plates were incubated with Gαqi5 cDNAs containing vectors for 4 h in serum-free F12 

in the presence of lipofectamine in a humidified atmosphere of 95% air/5% CO2 at 37 
o
C. 

Following the 4 h transfection period cells were placed in a selection medium which was also 

used during clonal selection. The expression of the Gαqi5 mRNA was determined using RT-

PCR method, Gαqi5 protein expression was analyzed using flow cytometry based 

immunocytochemistry. Based on preliminary data, a clone designated as H7 was chosen for 

subsequent pharmacological experiments. 

 

3.2. [
3
H]-UK14,304 binding assay 

For [
3
H]-UK14,304 binding experiments membranes were prepared from CHO-K1 

cells stably expressing human α2C-ARs. To determine the binding affinities of the compounds 

tested, drugs were incubated in the presence of 2 nM [
3
H]UK14,304 (22 ºC, 30 min). Non-

specific binding was determined in the presence of phentolamine (10 μM). The binding 

procedure was terminated by filtration and the radioactivity was counted by liquid 

scintillation spectrometry (TopCount NXT counter). 

 

3.3. Measurement of intracellular cAMP levels 

For homogeneous time-resolved fluorescence (HTRF®) based cAMP measurements 

α2C-C1 cells seeded into 96-well half-area plates were used. The next day culture medium was 

removed from the wells and replaced with compound or vehicle containing assay buffer 

supplemented with IBMX. After an additional 30 min incubation step with forskolin (FSK) 

cell stimulation was stopped by adding the detection reagents (cAMP-d2 and anti-cAMP 
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cryptate) diluted in lysis buffer. The time-resolved fluorescence signal was quantified with the 

multi-mode reader PHERAstar FS after 60 min incubation at room temperature. The ratio 

between the acceptor fluorescence signal (A665 nm) and donor fluorescence signal (A620 

nm) x 10
4
 was calculated for each well of the assay plate. Emax values (% of maximal 

inhibition of FSK-stimulated cAMP-responses) of each drug were normalized to the response 

evoked by UK14,304 at a maximal effective concentration.  

 

3.4. Measurement of cytosolic free Ca
2+

 concentration ([Ca
2+

]i)  

Fluorometric measurements of [Ca
2+

]i were carried out using CHO-K1 cells stably co-

expressing α2C-AR and Gαqi5 proteins (H7 cell line) seeded into 96-well or 384-well (for 

fragment-based high-throughpout screening (HTS)) plates. Cells were loaded with Ca
2+

-

sensitive fluorescent dyes fluo-4/AM or FLIPR Calcium 5 (for HTS). After the incubation 

period (25-60 min) cells were treated with compound- or vehicle-containing assay buffer and 

fluorescence was monitored by a FlexStation II or a FLIPR Tetra imaging plate reader (during 

HTS) (excitation: 485 nm, emission: 525 nm). The basal (unstimulated) level of [Ca
2+

]i was 

recorded for 10-20 sec followed by agonist stimulation using the built-in pipettor unit of the 

instruments and fluorescence was monitored for an additional 40-50 sec. Data were expressed 

as ΔF/F values, where F was the resting fluorescence preceding agonist application and ΔF 

was the increase in fluorescence. Agonist Emax responses were normalized to the maximal 

UK14,304 response obtained in the same experiment. Effects of the antagonists were 

quantified as % inhibition of the control UK14,304 response.  

 

3.5. β-arrestin recruitment assay 

The β-arrestin translocation assay was performed by using β-galactosidase (β-gal) 

enzyme fragment complementation technology. Experiments were carried out by using the 

PathHunter® eXpress ADRA2C β-arrestin GPCR Assay kit. Frozen CHO-K1 cells expressing 

human α2C-AR were thawed and seeded into white-walled, clear-bottomed 96-well plates. 

After 48 h incubation in a humidified atmosphere of 95% air/5% CO2 cells were treated with 

compound or vehicle containing assay buffer for 90 min at 37 °C. After the incubation period 

PathHunter
TM

 detection reagent solution was added to each well and after additional 60 min 

incubation at room temperature chemiluminescence (RLU) was read on the multi-mode reader 

Synergy4. Agonist Emax responses were normalized to the maximal UK14,304 response 
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obtained in the same experiment. Effects of the antagonists were quantified as % inhibition of 

the control UK14,304 response.  

 

3.6. α2C-AR internalization assay 

Receptor internalization was monitored using the PathHunter® ADRA2C total GPCR 

internalization assay. This assay provides a direct and quantitative measurement of 

internalized α2C-AR localized in early endosomes using β-gal enzyme fragment 

complementation. Experiments were performed on U2OS cells stably expressing human α2C-

AR seeded in white-walled, clear-bottomed 96-well plates. After 24 h incubation in a 

humidified atmosphere of 95% air/5% CO2 at 37 °C cells were treated with compound or 

vehicle containing assay buffer for 180 min at 37 °C. Following compound incubation 

PathHunter
TM

 detection reagent solution was added to each well and after additional 60 min 

incubation at room temperature chemiluminescence (RLU) was read on the multi-mode reader 

Synergy4. Agonist responses were normalized to the maximal UK14,304 response obtained in 

the same experiment. Effects of the antagonists were quantified as % inhibition of the control 

UK14,304 response. Kinetics of the α2C-AR internalization was also examined. Significant 

differences (p<0.05) in time-courses of internalization with different compounds were 

demonstrated using ANOVA followed by Tukey’s multiple comparisons post hoc analysis. 

 

 

3.7 Bias factor determination 

For quantification of ligand bias the relative activity (RA) method was used. RA 

values, defined as the maximal response of the agonist (Emax) divided by its EC50 value, were 

determined for each of the agonists tested. log(RA) values were normalized to the log(RA) 

values of the endogenous ligand noradrenaline (NA)  (log(RAn) = Δlog(RA)). Once Δlog(RA) 

values were obtained for each pathway, cross-pathway comparisons were made by calculating 

ΔΔlog(RA) values as follows: ΔΔLog(RA) = log(RAn)[pathway1] - log(RAn)[pathway2]. For 

the characterization of bias, bias factors were defined as 10
ΔΔlog(RA) 

values. Statistical 

significance (p<0.05) was determined using unpaired Student’s t test.  
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4. Results and discussion 

 

4.1 Analysis of compound activity at the α2C-AR signalling through G protein-dependent 

and -independent pathways  

 

 According to the current trends in drug discovery, in this work we compared the 

ability of several agonists acting at the α2C-AR to modulate distinct signalling 

pathways. Besides the radioligand binding assay, four functional assays were applied, 

namely the cAMP accumulation, Ca
2+

-release, β-arrestin2 translocation and receptor 

internalization assays.  

 All the assays proved to be suitable for pharmacological characterization of 

structurally different agonists: two phenylethylamine (NA and phenylephrine), a 

guanidine (guanabenz), a thiazoloazepine (BHT-920) and four imidazolines 

(UK14,304, oxymetazoline, clonidine, moxonidine) and antagonists (MK912 and 

yohimbine). As part of comparative pharmacological characterization of G protein-

dependent and -independent signalling pathways we determined the Emax and the EC50 

values of the compounds tested in all assay formats. Our results (Ki and EC50 values) 

determined with the radioligand binding, Ca
2+

-release and cAMP assays were similar 

to those published in the literature. However, to our knowledge, the present study was 

the first to evaluate the ability of the α2C-AR agonists to modulate G protein-

independent pathways. In the lack of published EC50 values for β-arrestin recruitment 

and receptor internalization, we compared our data with results obtained from other 

functional studies and found them consistent with results reported by other 

investigators.  

 Although α2C-AR is primarily coupled to Gαi, we demonstrated that the human α2C-AR 

can be coupled to calcium signalling using chimeric Gαqi5 proteins without altering 

receptor pharmacology. Our results indicated that the generated H7 cell line and the 

established [Ca
2+

]i assay may substitute or complement the existing cAMP assay 

formats and can enhance the capacity for identification of new α2C-AR ligands 

providing a robust and reliable functional assay more appropriate for high-throughput 

screening examinations. 
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4.2. Analysis of functional selectivity at the α2C-AR 

 Our data indicated that there were interesting differences in agonist activity between 

the four signalling endpoints measured. Although none of the agonists tested showed 

perfectly biased properties toward one of the signalling pathways tested, several 

compounds displayed pathway-dependent activities, causing markedly different 

activation of G protein-dependent and -independent signalling pathways.  

 Applying the relative activity method (RA) we were able to derive numerical values 

for the degree of signalling bias. According to the determined bias factors we could 

demonstrate that subtle differences in chemical structure of various α2C-AR ligands 

can cause marked pathway-specific effects.  

 Measuring kinetic properties of agonist-induced receptor internalization we found that 

agonists displaying a rapid time-course of α2C-AR internalization (imidazoline 

derivates and phenylephrine) were also more active for triggering responses through 

the β-arrestin signalling pathway compared with NA.  

4.3. Application of the newly developed recombinant α2C-AR expressing cell line in a 

fragment-based drug screening program 

 For identification of new, subtype selective ligands acting at the α2C-AR, we used our 

recombinant cell line (H7) stably expressing human α2C-AR to set up a robust and 

reliable fluorometric [Ca
2+

]i assay applicable even for high-throughput screening. 

 Our screening campaign has successfully identified several potent and highly efficient 

chemotypes for α2C agonists from a highly diverse fragment library. However, 

structural analogues identified during hit expansion highlighted the fact that ligands of 

high structural similarity may exert functionally opposite effects at the α2C-AR, i.e. 

can behave as agonists or antagonists.  

 

In summary, in this work we have demonstrated that biased ligands acting at the α2C-

AR could be identified by exploring receptor activation using assays with different signalling 

readouts and by applying an appropriate analytical method to quantify the degree of biased 

signalling. These newly observed differences in signal transduction have broadened our 

understanding on α2C-AR signalling. This may help link specific signalling properties to 

desired therapeutic activities and/or unwanted effects, ultimately paving the way for the 

development of better and/or safer drugs. 
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