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Abstract  

Despite the importance of serotonin (5-HT)2C receptors in the control of depressive states, actions 

of antidepressants at these receptors remain poorly characterized. This issue was addressed both 

in HEK-293 cells co-expressing unedited human (h)5-HT2CINI receptors and Gαq protein and in 

cultured mouse cortical neurons. Indicative of constitutive activity, the inverse agonist, 

SB206,553, decreased basal inositol phosphate (IP) production in HEK-293 cells. The tetracyclic 

antidepressants, mirtazapine and mianserin, likewise suppressed basal IP formation. Conversely, 

the tricyclics, amitriptyline and clomipramine, the m-chlorophenylpiperazine derivatives, 

trazodone and nefazodone, and the 5-HT reuptake inhibitors, fluoxetine and citalopram, were 

inactive alone though they blocked 5-HT-induced IP production. Inverse agonist actions of 

SB206,553 and mirtazapine were abolished by the neutral antagonist, SB242,084, which was 

inactive alone. As assessed by confocal microscopy and ELISA, prolonged treatment of HEK-

293 cells with SB206,553, mirtazapine or mianserin, but not the other antidepressants, enhanced 

cell surface expression of 5-HT2C receptors: 5-HT-induced IP production was also increased, and 

both these actions were blocked by SB242,084. Cortical neurons were shown by RT-PCR to 

predominantly express constitutively-active 5-HT2C receptor isoforms. Prolonged pretreatment 

with SB206,553 or mirtazapine triggered an otherwise-absent, 5-HT-induced elevation in 

cytosolic Ca2+ concentrations. SB242,084, which was inactive alone, abolished these effects of 

SB206,553 and mirtazapine. In conclusion, the tetracyclic antidepressants, mirtazapine and 

mianserin, but not other clinically-established antidepressants, suppress constitutive activity at 

recombinant and native 5-HT2C receptors. The clinical significance of inverse agonist vs. neutral 

antagonist properties both during and following drug administration will be of interest to 

elucidate. 
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Introduction 

Serotonin2C receptors continue to attract considerable interest in view of their broad physiological 

role and implication in the actions of psychotropic agents (Giorgetti and Tecott, 2004; Millan, 

2005; Millan, 2006). Interestingly, they show species and tissue-specific patterns of Adenosine-

to-Inosine mRNA editing leading to amino acid substitutions within the intracellular loop 2 (i2) 

and the generation of numerous isoforms ranging from the unedited (INI) to the fully edited 

(VGV) isoform (Burns et al., 1997; Herrick-Davis et al., 1999; Niswender et al., 1999). The i2 

loop is involved in the interaction of 5-HT2C receptors with G-proteins, and specific isoforms of 

5-HT2C receptors show contrasting binding and coupling profiles (Herrick-Davis et al., 1999; 

Niswender et al., 1999). They also show varying degrees of “constitutive activity” ranging from 

pronounced for the wild-type INI to intermediate for partially-edited isoforms like VSV, and 

minimal for the fully-edited VGV isoform (Herrick-Davis et al., 1999; Niswender et al., 1999). In 

certain expression systems, 5-HT2C receptors are constitutively internalized in a GRK/β-arrestin-

dependent manner, and prolonged exposure to SB206,553, an inverse agonist, leads to an 

increase in their plasma membrane insertion (Marion et al., 2004). Suggesting that constitutive 

activity at 5-HT2C receptors may be physiologically relevant, SB206,553, but not SB242,084 (a 

“neutral” antagonist), elevates extracellular levels of DA in the nucleus accumbens (De 

Deurwaerdere et al., 2004). Further, inasmuch as dopaminergic pathways control affect (Millan, 

2006), excessive signaling at constitutively-active 5-HT2C receptors may participate in the 

induction of depressive states (Millan, 2005). Underlining the possible relevance of 

constitutively-active 5-HT2C receptors and mRNA editing to affective disorders, the relative 

proportion of 5-HT2C receptor isoforms is altered in the cortex of depressed subjects (Gurevich et 

al., 2002) and mRNA editing is modified by long-term administration of antidepressants to 

rodents (Englander et al., 2005). 

Interestingly, the “atypical” antidepressant, mianserin, behaves as an inverse agonist at 5-HT2C 

receptors coupled to Phospholipase C (PLC) and Phospholipase A2 (PLA2) (Barker et al., 1994; 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 41574 

 - 5 - 

Devlin et al., 2004). This action of mianserin, together with its blockade of α2-adrenergic 

receptors and suppression of noradrenalin (NA) reuptake, reinforces dopaminergic and adrenergic 

transmission and underlies its antidepressant properties in man (de Boer et al., 1996; Millan, 

2006; Millan et al., 2000; Tanda et al., 1996). Mianserin has been largely superseded by the 

chemically-related mirtazapine that lacks actions at NA transporters but which also potently 

recognizes 5-HT2C (and α2-adrenergic) receptors (de Boer et al., 1988; Millan et al., 2000), 

enhances dopaminergic transmission (de Boer et al., 1996; Devoto et al., 2004; Millan et al., 

2000) and shows broad therapeutic efficacy in depression (Anttila and Leinonen, 2001; Millan, 

2006). Curiously, though mirtazapine blocks actions of 5-HT2C agonists in rodents (de Boer et al., 

1988; Millan et al., 2000), it remains unknown whether it behaves as an inverse agonist or neutral 

antagonist. Many tricyclic antidepressants, such as clomipramine and amitriptyline, display 

comparable affinities for 5-HT2C sites and 5-HT transporters (Millan, 2006; Sanchez and Hyttel, 

1999) and block actions of 5-HT2C agonists in vivo (Jenck et al., 1993). However, despite the 

contribution of 5-HT2C receptor blockade to the influence of tricyclic antidepressants upon mood 

(Di Giovanni et al., 1999; Di Matteo et al., 2001; Gobert et al., 2000), their cellular actions at 5-

HT2C receptors remain essentially uncharacterized. Similarly, the mCPP derivatives and 

clinically-established antidepressants, nefazodone and trazodone, bind to 5-HT transporters and 

5-HT2C receptors with comparable potency (Jenck et al., 1993; Millan, 2006; Sanchez and Hyttel, 

1999), but their influence on 5-HT2C receptor coupling and cycling has not been evaluated. 

Finally, specific serotonin reuptake inhibitors (SSRIs) such as fluoxetine and citalopram 

indirectly (via 5-HT) activate 5-HT2C receptors, underlying their acute anxiogenic properties 

(Millan, 2005). Further, the progressive functional down-regulation of 5-HT2C receptors is related 

to the gradual onset of clinical efficacy (Giorgetti and Tecott, 2004; Millan, 2006). Nonetheless, 

fluoxetine and citalopram attenuate the actions of agonists at native, rat 5-HT2C receptors (Ni and 

Miledi, 1997; Palvimaki et al., 1996; Sanchez and Hyttel, 1999), so their actions at constitutively 

active 5-HT2C receptors would be of interest to determine. 
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In light of the above comments, we evaluated herein the influence of a broad range of 

antidepressants upon the cell surface expression and coupling to PLC of h5-HT2CINI receptors 

heterologously expressed in HEK-293 cells. Furthermore, we undertook parallel studies of drug 

actions at native 5-HT2C receptors in primary cultures of mouse cortical neurons.  
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Materials and Methods 

Plasmids and drugs. The construct encoding the cMyc-tagged h5-HT2CINI receptor (pRK5/c-

Myc-5-HT2CINI) has been previously described (Becamel et al., 2001). Using the QuickChangeTM 

mutagenesis kit (Stratagene), the 5-HT2C receptor was subcloned from the pRK5/c-Myc- 5-

HT2CINI plasmid into the pCMV-Tag 2B Flag epitope tagging vector (Stratagene) with the 

BamH1/Sal1 restriction sites, yielding the pCMV/Flag-5-HT2CINI construct. The plasmid 

encoding Gαq (Gαq/pRK5) was kindly provided by Dr J.P. Pin (CNRS UMR 5203, IGF, 

Montpellier, France). 5-HT (creatinine sulfate), SB206,553, clomipramine, amitriptyline, nor-

fluoxetine, trazodone were purchased from Sigma-Aldrich, fluoxetine and nefazodone from 

Interchim. Ro60,0175, SB242,084, mirtazapine, mianserin and citalopram were synthetized by 

Dr Gilbert Lavielle (Institut de Recherches Servier). 

Cell Cultures and transfection. HEK-293 cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% dialyzed fetal calf serum and antibiotics. They were 

transfected by electroporation using the V NucleofactorTM kit (Amaxa Biosystems). Each sample 

contained 1 µg of either the cMyc-5HT2CINI or the Flag-5-HT2CINI receptor cDNA plus 1 µg of the 

Gαq protein cDNA and 10 × 106 cells in 100 µl of V Nucleofactor solution according to the 

manufacturer’s instructions. Experiments were carried out 24 hrs after transfection. Primary 

cultures of cortical neurons were prepared as previously described (Weiss et al., 1986). Briefly, 

cells from the cerebral cortex of 16 day-old Swiss mouse embryos were plated in serum-free 

medium on either 100-mm culture dishes (15 × 106 cells/well) or Lab-Tek II chamber slides 

(Nalge Nunc International, 1 × 106 cells/well), coated successively with poly-L-ornithine (Mw = 

40,000, 15 µg/ml) and 10% fetal calf serum + 1 µg/ml laminin. The culture medium included a 

1:1 mixture of DMEM and F-12 nutrient supplemented with glucose (33 mM), glutamine (2 

mM), NaHCO3 (13 mM), HEPES buffer (5 mM, pH 7,4) penicillin-streptomycin (5 IU/ml-5 

mg/ml) and a mixture of salt and hormones containing transferrin (100 µg/ml), insulin (25 

µg/ml), progesterone (20 nM), putrescine (60 nM) and Na2SeO3 (30 nM). Cultures were 
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maintained for 12 days at 37°C in a humidified atmosphere containing 5% CO2. At this stage, 

cultures were shown to contain at least 95% of neurons (Weiss et al., 1986). 

[3H]-Mesulergine binding. HEK-293 cells were grown in 150-mm culture dishes until 

confluence and cotransfected with cMyc-5HT2CINI receptors and Gαq. Cells were homogenized 

using a Kinematica Polytron homogenizer for 20 sec in HEPES buffer (50 mM, pH 7.4) 

containing a cocktail of protease inhibitors (Roche) and homogenates were centrifuged at 20,000 

g for 20 min at 4°C. The pellet (membrane fraction) was resuspended in the binding buffer 

containing HEPES (20 mM, pH 7.7), EDTA (2 mM) and ascorbic acid (0.1% w/v). Membranes 

(20 µg/assay) were incubated in 96-well optiplates (PerkinElmer Life Sciences) with [3H]-

Mesulergine (0.2-32 nM, GE Healthcare) for 105 min at 22°C in total volume of 300 µl. For the 

determination of the total number of binding sites, cells were directly homogenized in the binding 

buffer and homogenates (20 µg/assay) were incubated with [3H]-Mesulergine as described above. 

Assays were terminated by rapid filtration through GF-B filters using a 96-well Brandel cell 

harvester. Radioactivity was determined by scintillation counting using a Wallac 1450 MicroBeta 

microplate liquid scintillation counter (Molecular Devices). Non-specific binding was defined 

with 1 µM mianserin. 

Measurement of inositol phosphate production. HEK-293 cells grown in 96-well plates (0.25 

× 106 cells/well) and co-transfected with cMyc-5HT2CINI receptors and Gαq (unless otherwise 

indicated) were labeled overnight with 0.5 µCi/well [3H]-myo-inositol (10-20 Ci/mmol, GE 

Healthcare). Cells were washed twice in Locke’s solution containing (in mM) NaCl, 150; 

HEPES, 20; KCl, 4.2; MgCl2, 0.5; CaCl2, 1.8 and glucose, 33, incubated in Locke’s solution 

supplemented with 10 mM LiCl for 10 min and then exposed to drugs for 30 min. IP generation 

was terminated by the addition of 0.1 M formic acid. Supernatants were recovered and total [3H]-

IPs purified in 96-well plates by ion exchange chromatography using a DOWEX AGI·X8 resin 

(Bio-Rad). The [3H]-IPs were then eluted with a solution of 10 M ammonium formate/0,1 M 

formic acid. Radioactivity was determined by scintillation counting. Results are expressed as the 
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amount of [3H]-IP produced in comparison to radioactivity present in the 10% Triton X-100/0.1 

M NaOH-solubilized membrane fraction. Data are means ± SEM of values obtained in at least 

three independent experiments, which were performed in triplicate. 

Analysis of 5-HT2C receptor cell surface expression by confocal microscopy and ELISA. 

HEK-293 cells grown on glass cover-slips were co-transfected with Flag-tagged 5-HT2CINI 

receptors and Gαq. Four hrs after transfection, cells were exposed for 18 hrs to antagonists and/or 

inverse agonists. They were then washed in PBS and fixed in 4% (w/v) paraformaldehyde in PBS 

for 15 min at room temperature. After three washes with glycine (0.1 M), cells were 

permeabilized with 0.1% (w/v) Triton X-100 for 5 min. They were then incubated with PBS 

containing 10% BSA for 30 min at 37°C and overnight at 4°C with a rabbit anti-FLAG antibody 

(1:1,000, Sigma), in PBS supplemented with 3% BSA. Cells were washed three times with PBS 

+ 10% BSA and incubated for 1 hr at room temperature with a Cy3-labeled anti-rabbit antibody 

(1:2,000 dilution in PBS + 3% BSA, Invitrogen). After three washes, cover-slips were mounted 

on glass slides in Mowiol® 4.88 (Calbiochem). Confocal laser scanning microscopy was 

performed using a 1,024 Bio-Rad confocal system. Series of optical sections were collected with 

a step of 0.40 µm and scanned at 1,024 × 1,024-pixel resolution. Quantification of receptor cell 

surface expression was performed by ELISA under non-permeabilized conditions. Following the 

antagonist/inverse agonist incubation period, cells grown in 96-well plates were fixed with 4% 

paraformaldehyde for 20 min at room temperature. After two washes, cells were incubated in 

PBS containing 1% fetal calf serum for 30 min and then with a HRP-conjugated anti-Flag 

monoclonal antibody (1:5,000, Sigma) for 30 min. After five washes, the chromogenic substrate 

(Supersignal ELISA femto, Pierce) was added and immunoreactivity detected at 492 nm with a 

Wallac Victor2 luminescence counter. Control experiments were performed by omitting the 

primary antibody or by using cells transfected with empty vectors. Values were also normalized 

with respect to the total amount of protein. For each data point, four determinations were 

averaged and results were analyzed using ANOVA followed by Student Newman Keul’s test. 
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Immunoblotting. Proteins, resolved on 12.5% gels, were transferred electrophoretically onto 

nitrocellulose membranes (Hybond-C, GE Healthcare). Membranes were incubated in blocking 

buffer (Tris-HCl, 50 mM, pH 7.5; NaCl, 200 mM; Tween 20, 0.1 % and 5 % skimmed dried 

milk) for 1 h at room temperature and overnight with either rabbit anti-Gαq (C-19) or anti-Gα13 

(A-20) polyclonal antibodies (1:1,000; Santa Cruz) or a mouse anti-Myc monoclonal antibody 

(clone 9E10, 1:1,000, Sigma) in blocking buffer. They were then washed three times with 

blocking buffer and incubated with a horseradish peroxidase-conjugated anti-rabbit antibody 

(1:3,000 in blocking buffer, GE Healthcare) for 1 hr at room temperature. Immunoreactivity was 

detected with an enhanced chemiluminescence kit (ECLTM detection reagent, GE Healthcare). 

Calcium imaging. Cortical neurons, grown in Lab-Tek II chamber slides and pretreated or not 

for 18 hrs with 5-HT2C receptor inverse agonists/antagonists, were loaded with Fura-2 AM 

(Molecular Probes, Eugene, OR) at a final concentration of 12.5 µM for 30 min at 37°C in 

Locke’s solution. The inverse agonists/antagonists were also included into the loading medium. 

Cells were then rinsed three times in Locke’s solution and incubated for an additional 30 min 

period in dye-free Locke’s solution in the absence of drugs. Lab-Teks were then placed on the 

stage of an IX70 Olympus microscope and continuously superfused with Locke’s solution. 

Imaging of intracellular calcium changes in individual cells was accomplished by ratiometric 

imaging of Fura-2 fluorescence at 340 and 380 nm excitation using the Metafluor Imaging 

system (Universal Imaging). Fluorescence was excited by illumination via a 20 × water 

immersion objective with rapid light wavelength switching provided by a DG4 filter wheel 

(Sutter Instruments) and detected by a CCD camera under the control of the Metafluor software. 

Before agonist stimulation, images were obtained for 30 sec to establish a stable baseline Ca2+ 

measurement. Ca2+ responses obtained in representative fields of cells (50-80 cells/field) from at 

least three experiments performed on different sets of cultured neurons are illustrated. 

Determination of 5-HT2C receptor RNA-edited transcripts. Total mRNAs were extracted 

from cortical neurons grown on 100-mm culture dishes using the RNA easy kit (Quiagen). The 
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relative proportions of mRNAs corresponding to non-edited (NE) and differentially edited 5-

HT2C receptors were determined after RT-PCR amplification and analysis of Fam and Vic 

fluorescent final strands following separation by capillary electrophoresis (CE) according to their 

respective single strand conformational polymorphism (SSCP) (Poyau et al., 2007). Reverse 

transcription of 5-HT2C receptor mRNAs was carried out with 15 units of reverse transcriptase 

(Thermoscript, Invitrogen) starting from 0.5 µg of total RNA and using 10 nmol of a gene 

specific primer (5’-TTCGTCCCTCAGTCCAATCAC-3’) that hybridizes with exon VI. A 250 bp 

cDNA fragment was then amplified by PCR with 0.4 unit of Platinum Taq DNA polymerase 

(Invitrogen) in a final volume of 20 µl using a forward primer  (5’-

TGTCCCTAGCCATTGCTGATATGC-3’) and a reverse primer (5’-

GCAATCTTCATGATGGCCTTAGTC-3’), both at a 0.2 µM final concentration. After an initial 

denaturation step at 95°C for 3 min, PCR was concluded following 35 cycles (15 s at 95°C; 30 s 

at 60°C; 20 s at 72°C), and a final elongation step of 2 min at 72°C. The 250 pb fragments and 

the cloned cDNAs corresponding to the 32 mouse standard isoforms (Poyau et al., 2007), were 

re-amplified by nested PCR for CE-SSCP analysis. This second PCR step was performed with 

fluorescent Fam- and Vic-labelled primers (0.3 µM, Applied BioSystems) and 0.25 unit of 

Platinum Pfx DNA polymerase (Invitrogen) in a final volume of 20 µl. The resulting fragments 

were obtained after an initial denaturation step of 5 min at 94°C, 35 cycles of amplification (15 s 

at 94°C; 30 s at 55°C; 20 s at 68°C), and a final elongation step of 2 min at 68°C. Sample and 

standard fluorescent PCR products (138 bp) were then analyzed according to their SSCP and the 

relative proportion of each 5-HT2C receptor mRNA isoform was quantified as previously 

described (Poyau et al., 2007). 
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Results 

Activity of non-edited 5-HT2CINI receptors expressed in HEK-293 cells. No significant 

increase in basal IP production was detected in HEK-293 cells transiently transfected with the 

non-edited isoform of human 5-HT2C receptors (h5-HT2CINI) alone (Fig. 1A), likely due to an 

insufficient reservoir of Gαq protein (Lefkowitz et al., 1993). Accordingly, to enhance basal 

constitutive activity, cells were co-transfected with exogenous Gαq protein. This yielded a 3.6-

fold elevation in its levels as assessed by immunoblotting (13.8 ± 0.1 pmol/mg protein as 

compared to 3.8 ± 0.1 pmol/mg protein in cells transfected with empty vectors) together with a 8-

fold increase in basal IP accumulation (Fig. 1A). Overexpression of Gαq alone did not 

significantly elevate basal IP production (Fig. 1A). Saturation analyses with [3H]-mesulergine 

demonstrated that the density of 5-HT2C receptors (BMAX) was 0.31 ± 0.07 pmol/mg of total 

protein with a Kd value of 0.98 ± 0.1 nM in co-transfected cultures (Fig. 1B). 

Basal IP production in cells co-expressing 5-HT2CINI receptors and Gαq was concentration-

dependently reduced by the prototypical 5-HT2C receptor inverse agonist, SB206,553 (pEC50 = 

8.54 ± 0.15, mean of values obtained in three (n) independent experiments, each performed in 

quadruplicate on different cultures, Fig. 1C). By contrast, the neutral antagonist, SB242,084, did 

not alter basal IP accumulation (Fig. 1C) and concentration-dependently inhibited the inverse 

agonist effects of SB206,553 (Fig. 1D). Both serotonin and the 5-HT2C receptor agonist, Ro-

60,0175, concentration-dependently increased IP accumulation with pEC50 values of 8.57 ± 0.07 

and 7.34 ± 0.14, n = 3, respectively (Fig. 1E). The induction of IP accumulation by 5-HT and Ro-

60,0175 was abolished by SB242,084 with pKB values of 7.55 ± 0.05 and 7.3 ± 0.09, n = 3, 

respectively (Fig. 1F). 

Actions of antidepressants at constitutively active 5-HT2CINI receptors expressed in HEK-

293 cells. The tetracyclic antidepressant, mirtazapine, concentration-dependently diminished the 

constitutive activity of 5-HT2CINI receptors as revealed by a concentration-dependent decrease in 

the production of IPs (pEC50 = 7.02 ± 0.17, n = 3, Fig. 2A). The chemically-related 
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antidepressant, mianserin, similarly decreased basal IP production (pEC50 = 7.74 ± 0.20, n = 3) 

but with a lower maximal effect as compared to mirtazapine (58.4 ± 1.6 versus 90.7 ± 2.6 %, P < 

0.0001 in Student’s two-tailed t-test, Fig. 2C). In line with its neutral antagonist properties, 

SB242,084 abolished the inverse agonist effects of both mirtazapine and mianserin (Figs. 2B and 

D). In contrast to these agents, the tricyclic antidepressants, clomipramine (Fig. 2E) and 

amitriptyline (not illustrated), the m-chorophenyl-piprazine (mCPP) derivatives, nefazodone (Fig. 

2G) and trazodone (not illustrated), and the SSRIs, fluoxetine (Fig. 2I) and citalopram (not 

illustrated), did not significantly alter IP accumulation. Nonetheless, they all blocked the 

increased IP production elicited by 5-HT (Fig. 2F, 2H and 2J, Table 1). Likewise, norfluoxetine, 

the major active metabolite of fluoxetine (Millan, 2006), inhibited IP production induced by 5-

HT with a potency (pEC50 = 5.90 ± 0.05, n = 3) similar to that of fluoxetine (see Table 1), 

without affecting basal IP formation, indicating neutral antagonist activity. 

Influence of prolonged treatment with SB206,553 on the cell surface localization of 5-

HT2CINI receptors expressed in HEK-293 cells. Untreated HEK-293 cells co-expressing a Flag-

tagged version of the h5-HT2CINI receptor and Gαq exhibited marked intracellular immunostaining 

mainly associated with membrane- and vesicular-type structures (Fig. 3A). Incubation of these 

cells with 5-HT (1 µM, 60 min) did not change the apparent cellular distribution of the receptor 

(Fig. 3A). Nonetheless, ELISA revealed that 5-HT treatment significantly decreased the number 

of cell surface 5-HT2CINI receptors as compared with untreated cells (Fig. 3B). In contrast, 

prolonged pre-treatment of cells with SB206,553 (1 µM, 18 hrs) induced a marked re-distribution 

of 5-HT2CINI receptors to the cell surface (Fig. 3A and B). Accordingly, 5-HT2C receptors were 

mostly detected at the plasma membrane (Fig. 3A). Further, this effect of SB206,553 was exerted 

concentration-dependently (pEC50 = 7.0 ± 0.26, n = 3) with a maximal response observed at a 

concentration of 1 µM (Fig. 3C) and was prevented by the neutral antagonist, SB242,084 (1 µM), 

which did not itself modify the density of receptors at the cell surface (Fig. 3A and B). As shown 

in Fig. 3D, the plasma membrane insertion of 5-HT2CINI receptors elicited by SB206,553 
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increased progressively and time-dependently during a 18-hr period of exposure. The 

reversibility of the effect of SB206,553 was demonstrated by washing the cells to remove the 

drug: this led to a progressive and time-dependent decrease in the density of 5HT2CINI receptors at 

the cell surface (Fig. 3E). 

Effect of prolonged treatment with antidepressants on the cell surface localization of 5-

HT2CINI receptors expressed in HEK-293 cells. Consistent with its inverse agonist properties 

for suppression of basal IP production, long-term exposure to mirtazapine concentration-

dependently increased the plasma membrane density of 5-HT2CINI receptors by a similar 

magnitude as that seen with SB206,553 (Fig. 3A and C). The effect of mirtazapine was blocked 

by SB242,084 (1 µM, Fig. 3A and B). In a similar fashion, prolonged exposure of the cells to 

mianserin (1 µM, 18 hrs) increased the cell surface expression of 5-HT2CINI receptors, an effect 

prevented by SB242,084 (Fig. 3A and B). In line with their neutral antagonist properties (absence 

of effect on basal IP accumulation), pre-treatment of cells with clomipramine, nefazodone or 

fluoxetine did not significantly alter the intracellular distribution of the receptor (Fig. 3A and 3E). 

Effect of prolonged treatment with SB206,553 and mirtazapine on the responsiveness of 5-

HT2CINI receptors expressed in HEK-293 cells. Prolonged treatment (18 hrs) of HEK-293 cells 

co-transfected with h5-HT2CINI receptors and Gαq with either SB206,553 (1 µM) or mirtazapine 

(1 µM), followed by extensive washout, resulted in a marked enhancement of serotonin-induced 

IP production (maximal effect) relative to vehicle (Fig. 4A). The potency of serotonin was not 

significantly altered by these treatments (pEC50 = 8.55 ± 0.17, 8.67 ± 0.17 and 8.63 ± 0.11, n = 3, 

in cells pretreated with vehicle, SB206,553 and mirtazapine, respectively, P > 0.05). Conversely, 

pre-treatment of cells with SB242,084 (1 µM) did not modify the efficacy of 5-HT-induced IP 

production (Fig. 4B), though it resulted in an apparent decrease in the potency of 5-HT, probably 

due to incomplete drug washout. When SB206,553 and mirtazapine were pre-incubated in the 

presence of SB242,084, their ability to enhance the maximal response to 5-HT was abolished 

(Fig. 4B). SB206,553 and mirtazapine treatment did not alter the expression of Gαq or Gα13 
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proteins (Fig. 4C), suggesting that the enhanced responsiveness of 5-HT2C receptors was not due 

to an “up-regulation” of these G-proteins. However, prolonged SB206,553 or mirtazapine 

treatment was followed by a decrease in the overall level of 5-HT2C receptors, as assessed by 

immunoblotting (Fig. 4C) and total [3H]-mesulergine binding (Fig. 4D). 

Influence of prolonged exposure to antidepressants upon responsiveness of native 5-HT2C 

receptors in cortical neurons. Complete quantitative SSCP analysis revealed a complex editing 

profile of 5-HT2C receptor specific mRNAs in primary cultures of mouse cortical neurons. 25 

differentially-edited 5-HT2C receptor mRNAs, corresponding to 17 potentially expressed receptor 

isoforms were identified. Nine isoforms were found to be processed by 15 different mRNAs 

representing, individually, more than 1% of the total 5-HT2C receptor mRNAs and, globally, 93.7 

± 0.36 % of total 5-HT2C mRNAs (Fig. 5). Among these nine protein isoforms, five (INI, VNV, 

VSI, VSV and INV) are known to display constitutive activity (Herrick-Davis et al., 1999). Their 

mRNAs represented 65.85 ± 0.96 % of the total amount of mRNA encoding 5-HT2C receptors. In 

contrast, the mRNAs encoding the fully-edited isoform (VGV), which is devoid of constitutive 

activity, represented 1.94 ± 0.17 % of the total 5-HT2C receptor mRNA. Thus, the majority of the 

total pool of 5-HT2C receptor isoforms potentially expressed in cultured cortical neurons were 

(likely) constitutively active. 

Though application of serotonin (up to 1 µM) did not induce a detectable increase in cytosolic 

Ca2+ concentration in cultured cortical neurons (Fig. 6A), following pretreatment for 18 hrs with 

SB206,553 (100 nM), application of serotonin elicited a clear elevation in cytosolic Ca2+ 

concentration in a subpopulation of cultured neurons (Fig. 6B and J). Further, the percentage of 

cells responding to 5-HT gradually increased with the time of SB206,553 exposure (Fig. 6J, 

inset). Serotonin-elicited Ca2+ responses were already detectable after a 30-min exposure to 

SB206,553 and, after 18 hrs of pre-treatment, 14.2 ± 1.2 % (mean ± SEM of values obtained in 

three independent experiments performed with different cultures) of SB206,553-treated neurons 

exhibited increases in cytosolic levels of Ca2+ upon serotonin challenge (Fig. 6J). Application of 
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SB242,084 (1 µM) blocked the elevation by 5-HT of Ca2+ levels following pre-treatment with 

SB206,553, indicating the involvement of 5-HT2C receptors (Fig. 6C). Further, when neurons 

were pretreated with SB206,553 in the presence of SB242,084, no induction of Ca2+ responses to 

5-HT was detected (Fig. 6D). By analogy to SB206,553, serotonin induced transient Ca2+ 

elevations in neurons pretreated with mirtazapine (100 nM, 18 hrs, Fig. 6E). The ability of 

mirtazapine to generate 5-HT functional responses was prevented by the co-application of 

SB242,084 during pretreatment (not shown). Further, acute application of SB242,084 (1 µM) 

together with 5-HT inhibited 5-HT-evoked Ca2+ responses in neurons pretreated with mirtazapine 

(Fig 6F). Collectively, these results indicate that prolonged treatment with inverse agonists 

unmasks functional, 5-HT2C receptor-mediated Ca2+ responses in cortical neurons. In contrast, 

and consistent with their neutral antagonist properties, pre-treating neurons for 18 hrs with either 

clomipramine, nefazodone or fluoxetine (10 µM each) did not reveal functional Ca2+ responses to 

5-HT and blocked their induction by SB206,553 (Fig. 6G). Moreover, acute application of either 

clomipramine, nefazodone or fluoxetine prevented 5-HT-evoked Ca2+ responses in neurons 

pretreated with SB206,553 (Fig. 6G-I). The enhanced responsiveness of 5-HT2C receptors 

followed prolonged exposure to inverse agonists was not related to an up-regulation of G-

proteins, as prolonged (18 hrs) treatment with SB206,553 or mirtazapine did not alter the 

expression of Gαq or Gα13 in neurons (Fig. 6H). 
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Discussion 

Constitutive activity of h5-HT2CINI receptors in HEK-293 cells. The density of 5-HT2CINI 

receptors in transfected HEK-293 cells was similar to that measured in the choroid plexus, a 

structure rich in 5-HT2C receptors and possessing principally constitutively active isoforms 

(Burns et al., 1997; Herrick-Davis et al., 1999; Marazziti et al., 1999). In line with the lack of 

constitutive activity of 5-HT2C receptors expressed at a similar density in CHO cells (Berg et al., 

1999), no increase in basal IP formation was seen in HEK-293 cells transfected with the receptor 

alone. However, co-transfection of Gαq to enhance “spontaneous” coupling at 5-HT2CINI receptors 

led to an augmentation of basal PLC activity: this reflected an increase in constitutive activity at 

5-HT2CINI receptors since it was concentration-dependently abolished by the inverse agonist, 

SB206,553. This observation extends similar findings of “negative” intrinsic activity of 

SB206,553 at 5-HT2CINI receptors coupled to IP and arachidonic acid generation in CHO cells 

(Berg et al., 1999; De Deurwaerdere et al., 2004). Importantly, the suppression of basal IP 

production by SB206,553 was blocked by SB242,084, supporting neutral antagonist properties of 

this agent at 5-HT2C receptors signalling via PLC (De Deurwaerdere et al., 2004; Kennett et al., 

1997; Millan, 2005; Schlag et al., 2004). Note, however, that SB242,084 possesses modest 

inverse agonist properties at 5-HT2C receptors signalling via PLA2 (De Deurwaerdere et al., 2004) 

suggesting that it may be actually a protean agonist.  

Inverse-agonist and neutral antagonist properties of antidepressants. By analogy to 

SB206,553, mianserin likewise suppressed basal IP production underpinning reports of inverse 

agonist properties at 5-HT2C receptors in a variety of other procedures (Berg et al., 1999; Rauser 

et al., 2001; Schlag et al., 2004). However, this is the first demonstration that the chemically-

related “tetracyclic” antidepressant, mirtazapine, similarly behaves as an inverse agonist at 5-

HT2C receptors. Inverse agonist properties of mirtazapine might participate in its marked 

elevation in extracellular DA and NA levels in rodents (Millan et al., 2000). In contrast to 

mianserin and mirtazapine, the tricyclics, amitriptyline and clomipramine, as well as the mCPP 
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derivatives, nefazodone and trazodone, all failed to modify basal IP production despite blocking 

its elevation by 5-HT at concentrations similar to their affinities for 5-HT2C sites (Millan, 2006; 

Palvimaki et al., 1996; Sanchez and Hyttel, 1999), indicative of neutral antagonist properties at 

h5-HT2CINI receptors. Extending observations at rat 5-HT2C receptors (Ni and Miledi, 1997; 

Palvimaki et al., 1996), fluoxetine inhibited the generation of IP by 5-HT with modest potency, 

though it failed to influence basal levels of IP suggesting neutral antagonist properties. Likewise, 

weak neutral antagonist actions of a further SSRI, citalopram, were observed, consistent with its 

low affinity at 5-HT2C receptors (Millan, 2006; Palvimaki et al., 1996; Sanchez and Hyttel, 1999). 

Increased cell surface expression of 5-HT2CINI receptors following exposure to inverse 

agonists. A predominantly intracellular compartmentalization has been observed for several 

classes of constitutively-active GPCR (Leterrier et al., 2006; Morris et al., 2004). By analogy, 

confocal microscopy revealed intracellular localization of 5-HT2CINI receptors in HEK-293 cells, 

likely reflecting their constitutive phosphorylation and endocytosis by GRK2 and β-arrestin2 

(Marion et al., 2004). Though application of inverse agonists did not modify the cellular 

distribution of edited 5-HT2CVSV receptors in HEK-293 cells (Schlag et al., 2004), exposure to a 

single concentration of SB206,553 (1 µM) led to a marked relocation of 5-HT2CINI receptors to 

the plasma membrane (Marion et al., 2004). The present studies extend these findings in 

demonstrating by confocal microscopy and quantitative ELISA approaches that SB206,553 

concentration-dependently increases cell surface expression of 5-HT2CINI receptors. Moreover, in 

line with their suppression of basal IP accumulation, mianserin and mirtazapine similarly 

increased the density of 5-HT2CINI receptors at the plasma membrane, an effect abolished by 

SB242,084. On the other hand, and in line with their neutral antagonist properties, tricyclic 

antidepressants, m-CPP derivatives and SSRIs all failed to alter the subcellular localization of 

5-HT2CINI receptors. Though the findings of Marion et al. (2004) were restricted to short (30 and 

60 min) pre-incubation times, herein the actions of SB206,553 were shown to progressively 

develop over 0.5-18 hrs of pre-incubation. Conceivably, interference with the 5-HT2C receptor/β-
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arrestin2 complex, thereby interrupting the continuous endocytosis of 5-HT2CINI receptors from 

the cell surface, participates in the increase in 5-HT2C receptors cell surface density upon inverse 

agonist treatment.  

Enhanced responsiveness of 5-HT2CINI receptors to 5-HT following prolonged exposure to 

inverse agonists. Increases in 5-HT2CINI receptor cell surface density was associated with 

enhanced signaling, as revealed by the increase in the maximal effect of 5-HT for stimulation of 

IP production in cells pre-treated with SB206,553 or mirtazapine. These results corroborate data 

showing that prolonged (24 hrs) exposure of CHO cells stably expressing 5-HT2C receptors to 

SB206,553 or mianserin enhanced 5-HT-elicited IP (but not arachidonic acid) production (Berg 

et al., 1999; Devlin et al., 2004). However, in distinction to previous data obtained on CHO cells 

(Berg et al., 1999), the mechanism contributing to the enhanced receptor responsiveness 

following prolonged exposure of HEK-293 cells to SB206,553 or mirtazapine did not involve 

augmented expression of Gαq (or Gα13) protein levels. Further, despite the increase in plasma 

membrane insertion of 5-HT2C receptors following prolonged (18 hrs) exposure to inverse 

agonists, these treatments decreased their total levels in the cells: that it, including those located 

in cytosolic as well as plasma membrane compartments. Clearly additional study of molecular 

mechanisms underlying the influence of long-term exposure to inverse agonists upon cellular 

cycling of 5-HT2C receptors would be of interest - including measures of levels and turnover of 

mRNA encoding 5-HT2C receptors. Nonetheless, this observation is reminiscent of studies of 

cultured rat choroid plexus 5-HT2C receptors where their density was reduced by sustained 

treatment with mianserin or SB206,553 (Barker et al., 1994). It also mirrors the progressive 

decrease in functional transmission at 5-HT2C receptors seen upon chronic administration of 

mianserin or clozapine (an inverse agonist at 5-HT2C receptors) in vivo (Millan, 2006; Van 

Oekelen et al., 2003). 

Inverse agonist actions at cortical neurons bearing 5-HT2C receptors. Mimicking the above 

observations, a time-dependent induction of 5-HT-evoked Ca2+ response was detected in primary 
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cultures of mouse cortical neurons following prolonged treatment with SB206,553 and 

mirtazapine. These 5-HT-mediated Ca2+ signals were abolished by SB242,084, underscoring the 

involvement of 5-HT2C receptors. Moreover, pre-incubation of neurons with SB242,084 

prevented the inducing action of SB206,553. As in HEK-293 cells, and in contrast to CHO cells 

(Berg et al., 1999), enhancement of 5-HT2C receptor signalling in mouse cortical neurons did not 

reflect an increase in G-protein expression. Owing to the very low density of 5-HT2C receptors in 

these neurons, it was not technically possible to demonstrate altered cell surface expression of 

constitutively-internalized 5-HT2C receptors. Nonetheless, in line with the notion of intracellular 

localization, RT-PCR analysis revealed that the majority of 5-HT2C receptor mRNAs present in 

cortical neurons encoded constitutively-active receptors. Interestingly, cortical 5-HT2C receptors 

interact via their C-termini with a set of PDZ proteins that affect their membrane stability 

(Becamel et al., 2002; Gavarini et al., 2006). It is possible, then, that β-arrestin and other 

postsynaptic proteins regulate the constitutive and ligand-induced internalisation and membrane 

insertion of 5-HT2C receptors (Gavarini et al., 2006; Marion et al., 2004). While molecular 

substrates underlying these observations in neuronal cultures bearing native 5-HT2C receptors 

remain to be directly elucidated, these findings offer a “bridge” to studies of constitutively-active 

5-HT2C receptors in vivo (De Deurwaerdere et al., 2004). 

Functional significance of inverse agonist properties at 5-HT2C receptors. Inverse agonists 

may be therapeutically more effective than neutral antagonists in blocking “hyperactive” 5-HT2C 

receptors triggering depressed mood, such as populations inhibiting corticolimbic dopaminergic 

pathways (Esposito, 2006; Millan, 2005; Millan, 2006). However, they may exert more marked 

side-effects than neutral antagonists, including obesity (Giorgetti and Tecott, 2004). Moreover, 

abrupt cessation of inverse agonist treatment may be associated with an overactivity of 

“unmasked”, constitutively-active 5-HT2C receptors leading to a recrudescence of depressed 

affect. Correspondingly, discontinuation of treatment with inverse agonists possessing short 

elimination times should be performed gradually. Though mianserin and mirtazapine do not 
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appear to present problems of withdrawal, their half-lives are long and this issue has not been 

systematically addressed (Millan, 2006). Moreover, it is difficult to decipher the significance of 

inverse agonist vs. neutral antagonist properties of currently-used antidepressants in view of their 

other actions at, for example, 5-HT2A receptors, α2-adrenoceptors and monoamine transporters 

(Millan, 2005). For a clearer assessment of the significance of constitutive activity at 5-HT2C 

receptors, there is a need for comparative studies of selective inverse agonists vs. neutral 

antagonists in rodents (including mice genetically lacking 5-HT2C receptors) and, ultimately, in 

man. 

Conclusion. These studies provide novel and compelling support for constitutive activity at both 

recombinant and, importantly, native cerebral 5-HT2C receptors. Though most clinically-

employed antidepressants behaved as neutral antagonists, mirtazapine and mianserin, mimicked 

the inverse agonist actions of SB206,553 and it would be interesting to extend their 

characterization to other intracellular signals, such as PLA2. The functional and clinical 

significance of contrasting inverse agonist vs. neutral antagonist properties of antidepressants at 

5-HT2C receptors is an important issue justifying careful investigation. 
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Legends for Figures 

Figure 1. Constitutive activity of non-edited 5-HT2CINI receptors expressed in HEK-293 cells 

co-transfected with Gαq: inverse agonist suppression of inositol phosphate formation.  

A) HEK-293 cells were transfected with either empty vectors, or with vectors encoding the Myc-

tagged 5-HT2CINI receptor or with Gαq alone, or cotransfected with both vectors. Cells were 

labeled with [3H]-myo-inositol and basal IP formation (30 min) was measured in the presence of 

10 mM LiCl. Data are expressed as the percentage of basal IP formation observed in co-

transfected cells (defined as 100%). ** P < 0.01 vs. cells transfected with empty vectors 

(ANOVA followed by Dunnett’s test). Inset: Gαq subunit expression was determined in HEK-293 

cells transfected with empty vectors and in co-transfected cells by immunoblotting and 

densitometry. The calibration curve was constructed using purified, recombinant Gαq. B) 5-

HT2CINI receptor density in cotransfected cultures (expressed in fmol per mg protein) was 

determined by [3H]-mesulergine saturation binding (0.2-32 nM). Non-specific binding was 

defined by use of 10 µM mianserin. Inset: Scatchard plot of saturation binding data. C-F) Co-

transfected HEK-293 cells were challenged with drugs for 30 min in the presence of LiCl. In 

experiments using SB242,084 as an antagonist, cells were exposed to SB242,084 for 10 min 

before the 30-min incubation period together with the agonist or inverse agonist. All curves were 

fitted using Prism (version 4.0) software. Data are means ± SEMs of values obtained in 

representative experiments performed in quadruplicate. The experiments were repeated three 

times with similar results. 

 

Figure 2. Contrasting actions of antidepressants at constitutively active 5-HT2CINI receptors 

expressed in HEK-293 cells as determined by their influence upon inositol phosphate 

formation. 

HEK-293 cells co-transfected with Myc-tagged 5-HT2CINI receptors and Gαq protein were labeled 
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with [3H]-myo-inositol and incubated with drugs for 30 min in the presence of LiCl (10 mM). In 

experiments using SB242,084 as an antagonist of mirtazapine and mianserin, cells were exposed 

to SB242,084 for 10 min before the 30-min incubation period together with the inverse agonist. 

Panels A, C, E, G and I show the effects of antidepressants upon constitutive activity. Panels B 

and D illustrate inhibition by the neutral antagonist, SB242,084, of the inverse agonist activities 

of mirtazapine and mianserin. Panels F, H and J illustrate the inhibition by neutral antagonist 

antidepressants of 5-HT (10 nM)-induced IP production. Data are means ± SEMs of values 

obtained in representative experiments performed in quadruplicate. The experiments were 

repeated three times with similar results. 

 

Figure 3. Influence of prolonged exposure to antidepressants upon the cellular localization 

of 5-HT2CINI receptors expressed in HEK-293 cells. 

A) HEK-293 cells transiently transfected with Flag-tagged 5-HT2CINI receptors and Gαq protein 

were exposed for 18 hrs to drugs at the following concentrations: SB206,553, SB242,084, 

mirtazapine and mianserin, 1 µM and clomipramine, trazodone and fluoxetine, 10 µM. In an 

additional experiment, cells were exposed for 60 min to 1 µM serotonin. Cellular distribution of 

5-HT2CINI receptors was visualized by immunocytochemistry in combination with fluorescence 

confocal microscopy. Representative images from three independent experiments are shown. 

Scale bar, 10 µm. B) Cells were exposed to the treatments indicated in panel A. C) Cells were 

exposed for 18 hrs to incremental concentrations of SB206,553 or mirtazapine. D) Cells were 

treated with SB206,553 (1 µM) for the indicated times. E) Cells were treated with SB206,553 (1 

µM) for 18 hrs, washed extensively and then incubated in the absence of drugs for the indicated 

times. In panels B-E, cell surface expression of 5-HT2CINI receptors was determined by ELISA. 

Data are means ± SEMs of values obtained in representative experiments performed in 

quadruplicate. The experiments were repeated four times with similar results. * p < 0.05, ** p < 

0.01 and *** p < 0.001 vs. untreated cells. † p < 0.05 and †† p < 0.01 vs. the corresponding 
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treatment performed in the absence of SB242,084. 

 

Figure 4. Influence of prolonged exposure of HEK-293 cells co-expressing 5-HT2CINI 

receptors and Gαq to SB206,553 and mirtazapine upon 5-HT-induced IP production. 

A-B) HEK-293 cells transiently transfected with Myc-tagged 5-HT2CINI receptors and Gαq 

protein, labeled with [3H]-myo-inositol, were exposed for 18 hrs to either vehicle (Control), 

SB206,553 (1µM) or mirtazapine (1 µM) in the absence or presence of SB242,084 (1 µM). Cells 

were then subjected to three 10-min washes in Locke’s solution, incubated for an additional 10-

min period in Locke’s solution in the presence of LiCl (10 mM) and the absence of drugs, then 

exposed to incremental concentrations of serotonin for 30 min in the presence of LiCl. Data are 

means ± SEMs of values obtained in representative experiments performed in quadruplicate. The 

experiments were repeated three times with similar results. C) Gαq, Gα13 and Myc-5-HT2CINI 

receptor expression in cells treated or not with either SB206,553 or mirtazapine for 18 hrs was 

analyzed by immunoblotting. The data are representative of three independent experiments 

performed on different cultures. D) Total 5-HT2C receptor density was determined under the same 

conditions by [3H]-mesulergine binding as described in the legend to Fig. 1. Data are expressed 

as a percentage of values obtained in untreated cells (690 ± 26 fmol/mg protein), are means ± 

SEM of values obtained in three independent experiments performed in quadruplicate. P < 0.05 

vs. untreated cells (ANOVA followed by Dunnett’s test).  

 

Figure 5. Expression of differentially edited 5-HT2C receptor isoforms in primary cultures 

of mice cortical neurons. 

The relative amounts of mRNA encoding individual, differentially edited isoforms of the 5-HT2C 

receptor were determined by quantitative RT-PCR followed by SSCP separation via capillary 

electrophoresis. Pooling specific mRNAs coding for the same 5-HT2C receptor protein isoforms 
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revealed 9 sets of mRNA (depicted on the figure) each representing more than 1% of total 5-

HT2C receptor mRNA. Data, expressed as a % of total specific receptor mRNA, are means ± 

SEMsof results obtained in four independent experiments performed on different sets of cultured 

neurons. The proportion of edition for each individual site is indicated in the inset. The values for 

individual mRNA isoforms were as followed: ABD = 30.6 ± 1.1; AD = 3.9 ± 0.3; AB = 14.9 ± 

0.9; A = 7.5 ± 0.19; NE (non edited) = 11.4 ± 0.79; ABCD = 9.9 ± 1.08; ACD = 0.7 ± 0.08; ABC 

= 5.14 ± 0.19; AC = 0.6 ± 0.2; D = 3.5 ± 0.24; ACDE = 1.02 ± 0.1; ABCDE = 0.92 ± 0.12; AE = 

1.1 ± 0.29; ABE = 0.82 ± 0.07; DE = 1.5 ± 0.07. 

Figure 6. Influence of prolonged treatment with 5-HT2C receptor inverse agonists and/or 

neutral antagonists upon serotonin-evoked Ca2+ response in mice cortical neurons. 

A-I) Representative recordings of variations in cytosolic Ca2+ levels in response to a 5-HT (1 µM, 

60 sec) challenge in cortical neurons pretreated or not (Control) with either SB206,553 (100 nM) 

or mirtazapine (100 nM) in the absence or presence of SB242,084 (1 µM) for 18 hrs. To confirm 

that Ca2+ responses were indeed mediated by 5-HT2C receptors, a second 5-HT challenge was 

performed in the absence or presence of SB242,084 (1 µM) after a 3-min washout period. This 

washout period permitted complete repletion of intracellular Ca2+ stores (not shown). In G-I, the 

second 5-HT challenge was performed in the presence of either clomipramine, nefazodone or 

fluoxetine (each at 10 µM) to assess their antagonist activity at native 5-HT2C receptors. J) 

Percentage of neurons in which a 5-HT challenge induced an increase in cytosolic Ca2+ 

concentration following 18-hr treatment with the indicated compound. Inset: Neurons were 

pretreated with SB206,553 (100 nM) for the indicated times before the 5-HT challenge. Data are 

means ± SEM of values obtained in three independent experiments performed on different sets of 

cultured neurons (4 fields containing each 50-80 neurons counted per experiment). *** P < 0.001 

vs. untreated neurons, ††† P < 0.001 vs. cells treated with SB206,553 alone and §§§ P < 0.001 

vs. cells treated with mirtazapine alone (ANOVA followed by Student Newman Keul’s test. K) 

Gαq and Gα13 protein expression in neurons pretreated with either SB206,553 or mirtazapine for 
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18 hrs was analyzed by immunoblotting. The data are representative of three independent 

experiments performed on different sets of cultured neurons. 
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Table 1: Pharmacological properties of diverse classes of antidepressant at constitutively 

active 5HT2CINI receptors. 

 

Drug Class pKi pKb pEC50 Action (PLC) 

Mirtazapine Tetracyclic 8.22 ± 0.09
− 

7.02 ± 0.17 Inverse agonist 

Mianserin Tetracyclic 8.92 ± 0.04
− 

7.74 ± 0.20 Inverse agonist 

Clomipramine Tricyclic 7.53 ± 0.06 5.90 ± 0.03 − Neutral antagonist 

Amitriptyline Tricyclic 8.01 ± 0.13 7.06 ± 0.05 − Neutral antagonist 

Nefazodone 
mCPP 

derivative 
7.37 ± 0.03 6.60 ± 0.04 − Neutral antagonist 

Trazodone 
mCPP 

derivative 
6.81 ± 0.05 5.91 ± 0.09 − Neutral antagonist 

Fluoxetine “SSRI” 7.14 ± 0.07 5.70 ± 0.09 − Neutral antagonist 

Norfluoxetine 
Fluoxetine 

metabolite 
7.01 ± 0.07 5.90 ± 0.05 − Neutral antagonist 

Citalopram “SSRI” 6.46 ± 0.22 5.83 ± 0.07 − Neutral antagonist 

 

The pKi values were determined by competition binding experiments using [3H]-mesulergine as a 

radioligand. Isotherms were analyzed by non-linear regression. The potencies of inverse agonists 

and neutral antagonists were evaluated upon basal (pEC50) and 5-HT-induced IP formation (pKb), 

respectively. All data are the mean ± SEMs of three separate experiments each performed in 

triplicate. 
 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2007 as DOI: 10.1124/mol.107.041574

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

