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Abstract

Serotonin (5-HT),c receptor is a Gg-coupled receptor exhibiting a high degree of constitutive
activity toward ph ospholipase C e ffector pathway, a process regulated by receptor mRNA
editing. In addition to G pr otein-dependent s ignaling, 5- HT,c r eceptors al so act ivate t he
extracellular signal-regulated kinase (ERK)1,2 pathway independently of receptor coupling to
G p roteins. Constitutive a ctivity at ER K signaling has n ot yet b een e xplored. Transient
expression of unedited 5-HT,c.n1 receptors in HEK-293 cells resulted in a marked increase in
ERK1,2 p hosphorylation, compared with n on-transfected cel Is. N o increase in E RK1,2
phosphorylation was measured in cells expressing fully edited (5-HTxc.vgv) receptors. Basal
ERKI1,2 phosphorylation in 5-HTc.inj receptor-expressing cells was abolished by SB206,553,
a 5-HT,c inverse agonist toward phospholipase C. This effect was prevented by the neutral
antagonist S B242,084, which alone d id not a Iter b asal a ctivity. S imilar observations we re
made in vivo, in mouse ch oroid p lexus, a s tructure rich in constitutively active 5 -HTc
receptors. Reminiscent to agonist-induced ERK1,2 phosphorylation, basal activity in H EK-
293 cells w as unaffected by c ellular de pletion o f G 0.y/1; an d Gous proteins bu t s trongly
reduced in cells expressing a dominant negative [3-arrestin or depleted of B-arrestin by RNA
interference and in cells expressing a dominant negative calmodulin or a 5-HT,c.ini receptor
mutant not capable of interacting with calmodulin. The tetracyclic antidepressants mirtazapine
and m ianserinli kewiser educedb asalER Ka ctivation. C onversely,t he m
chlorophenylpiperazine derivative trazodone and the SSRI fluoxetine were inactive alone but
blocked 5- HT-induced E RK1,2 phosphorylation. Collectively, the se d ata pr ovide the first
evidence of constitutive activity ofa G protein-coupled rece ptor toward G-independent, 3-

arrestin-dependent, receptor signaling.
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I ntroduction

Amongt he G protein-coupledr eceptors ( GPCRs)a ctivated bys erotonin( 5-
hydroxytryptamine, 5- HT), 5-HT,c receptors still rai se p articular attention in view of their
implication in many p hysiological f unctions and behaviors as wella sa spectrum of
psychiatric di sorders, i ncluding a nxio-depressive st ates, schizophreniaa nd obesity.
Accordingly, theyr epresent anim portant site of a ction f orn umerous psychoactive
compounds such as antidepressants, anxiolytics, antipsychotics and food intake inhibitors (Di

Giovanni et al., 2006; Giorgetti and Tecott, 2004; Millan, 2005).

The 5 -HT,c recep tori st he only GPCR, whose m RNA u ndergoes a denosine-to-inosine
editing, le ading t 0 a mino a cid substitutions w ithin the int racellularloo p2 (i2)andthe
generation of a great number of isoforms (14 in human), ranging from the unedited (INI) to
the fully edited (VGV) one and exhibiting different regional distributions (Burns et al., 1997).
RNA e diting decreases binding a ffinity ofa gonists a nd alters s ome coupling, li gand
functional selectivity and signaling characteristics of the receptor (Berg et al., 2008a; Herrick-
Davis et al., 1999; Niswender et al., 1999; Werry et al., 2008a). Differentially edited receptors
exhibit varying degrees of constitutive activity at G protein-dependent signaling, ranging from
the highest for the non-edited 5-HT,¢.nj receptor to intermediate for partially-edited isoforms
and negligible for the fully-edited 5-HT,c.vgv receptor (Herrick-Davis et al., 1999; Niswender
et al., 1999). RN A editing also affects recruitment of B-arrestin by 5-HT,c receptor variants
and their subcellular distribution. The ability of variants to spontaneously associate with -
arrestin is strongly correlated with their degree of constitutive activity. 5-HT,c.nj receptors
bind to [-arrestin in an a gonist-independent manner, a process r esulting in ¢ onstitutive
receptor i nternalization a nd t heir p redominant 1 ocalization i n intracellular co mpartments
(Marion e t al., 2004). M oreover, ¢ onstitutive int eraction with [B-arrestin w as re versed by
inverse agonist treatments, which promote receptor redistribution to the plasma membrane. In
contrast, the fully edited 5-HT,c.ygy isoform, which displays the lowest degree of constitutive

activity, d oes not spontaneously a ssociate w ith B-arrestin, i s ma inly I ocalized at the c ell
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surface under basal conditions and only undergoes agonist-dependent endocytosis (Marion et

al., 2004).

Microdialysis studies revealed a prominent role of constitutive activity in the tonic inhibition
by 5-HT,¢ receptors of mesocorticolimbic dopaminergic neurons and dopamine release in the
nucleus accumbens, providing the first demonstration of 5-HT,¢ receptor constitutive activity
in vivo (Aloyo et al., 2009; De Deurwaerdere et al., 2004; Navailles et al., 2006). Excessive
signaling at constitutively active 5-HT,¢ receptors inhibiting d opaminergic pathways, which
exert a positive influence upon mood, might be involved in the induction of depressive states
(Aloyo et al., 2009; Berg et al., 2008b; Millan, 2005; Millan, 2006). Underlining the possible
relevance of constitutively-active 5-HT,¢ receptors and mRNA editing to affective disorders,
the relative proportion of 5 -HT,¢ receptor i soformsis al tered in the cortex o fd epressed
patients (Gurevich et al., 2002; Iwamoto and Kato, 2003; Niswender et al., 2001) and mRNA
editing is modified by long-term administration of antidepressants in rodents (Englander et

al., 2005; Iwamoto et al., 2005).

5-HTxc receptors are prototypically coupled to p hospholipase (PL)C via G 0. In addition,
they activate PLA2, possibly via Goy; that also recruits a RhoA/PLD pathway (McGrew et
al., 2002). 5-HT,c receptors are also capable of stimulating the extracellular signal-regulated
kinase (ERK)1,2 pathway in various cell backgrounds, including transfected Chinese Hamster
Ovary (CHO-K1) and human embryonic kidney (HEK)-293 cells as well as choroid p lexus
epithelial cells, which e xpress n ative receptors ( Labasque et al., 2008; Werry et al., 2005;
Werry et al., 2008b). Importantly, 5-HT,c¢ receptor-operated ERK1,2 signaling in HEK-293
cells was entirely independent of PLC and of G proteins known to be coupled to the receptor
(Labasque et al., 2008). R ather, E RK1,2 a ctivation r equired p hysical a ssociation o fb oth
calmodulin (probably a dimer) and B-arrestin with the receptor. C onstitutive a ctivity of 5-
HT,c receptor at G protein-independent signaling remains largely unexplored. Here, we have
addressed this issue in HEK-293 cells transiently expressing 5-HT,c receptor and in vivo, in
mouse choroid plexus cells, which ex press the highest receptor densities. We show that 5 -

HT,c receptors constitutively activate ERK1,2 signaling independently of receptor coupling to
-5
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their cognate G proteins. Reminiscent to the agonist-evoked response, constitutive activation
of ERK pathway was dependent of recruitment of both B-arrestin and CaM by the receptor.
Experiments were also carried out to examine the impact of mRNA editing and the effects of
various a ntidepressant s ubclasses on c onstitutive a ctivity of 5-HT,cre ceptors a t ERK

signaling.
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M aterials and M ethods

Chemicals, plasmid vectors and antibodies. 5-HT (creat inine sulfate), SB2 06,553,
clomipramine, amitriptyline, fluoxetine, mirtazapine, trazodone and SL327 were purchased
from Sigma-Aldrich (I'Isle d'Abeau Chesnes, France). SB242,084, mirtazapine and mianserin
were synthesized by Dr. Gilbert Lavielle (Institut de Recherches Servier, Paris, France). BIM-
46,187 ( 7-[2-amino-1-0x0-3-thio-propyl]-8-cyclohexylmethyl-2-phenyl-5,6,7,8-tetrahydro-
imidazo-[1,2a]-pyrazine di mer, h ydrochloride) w as kind ly p rovided b y Dr J .P. P in ( IGF,
Montpellier). For in vivo experiments, drugs were injected intraperitonally in a volume of 10
ml/kg to male Swiss mice (~ 30 g, purchased from Janvier, Le Genest Saint Isle, France).
SL327 was dissolvedin 2 5% D MSO ( vol/vol) a nd d iluted twice in NaCl 0.9% ( final
concentration o f DMSO, 12.5%). SB242,084 was dissolved in DMSO a nd then diluted 8
times in a solution of Tween 80 (5 % vol/vol) and NaCl 0.9%. Control mice were injected in

parallel with appropriate vehicles.

The plasmids encoding c Myc-tagged human (h)S-HT,c.ini receptor (pRKS/cMyc-5-HTac.iwi)
and cMyc-(h)5-HT,c.vgy receptor (pRKS/cMyc-5-HT,c.vgy) have been described elsewhere
(Gavarini et al., 2006). The plasmids encoding YFP-tagged B-arrestin 2 (pcDNA-Barr 2-YFP)
and the dominant-negative mutant of B-arrestin 2 (pcDNA-DN-B-arr 2-(319-418), generated
in the 1 aboratoryo f Dr. J.L. B enovic) we re ge nerously p rovided by Dr . M. Bouvier
(University of Montreal, C anada) and the plasmid encoding the Ca*"-insensitive mutant of
CaM (CaM; 234, pJPA7/rCaM-DEF1234A) by Dr. J.P. Adelman (Oregon Health and Science
University, Portland, USA).

Rabbit polyclonal anti-ERK1,2 and anti-phospho-ERK1,2 ( Thr202/Tyr204) antibodies were
from Cell Signaling Technology (O zyme, France). The rabbit polyclonal anti-Gog and the
rabbit polyclonal anti-Gau;3 antibodies were from Santa Cruz Technology (Delaware, CA), the
monoclonal anti-actin antibody from Interchim ( Montlugon, France), the rabbit polyclonal
anti-GFP antibody from Invitrogen (Fisher Scientific, France), the mouse monoclonal anti-

GFP antibody from Roche Applied Science (Meylan, France) and the monoclonal anti-Myc
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antibody ( clone 4G10) from Sigma. T he rabbit polyclonal anti-B-arrestins A 1CT antibody
was a g ift from D r. R .J. Lefkowitz ( Duke University M edical C enter, D urham, N C).
Horseradish p eroxidase-conjugated anti-rabbit a nd a nti-mouse a ntibodies were from GE
Healthcare (O rsay, France) and the Alexa Fluor 4 88-conjugated g oat-anti ra bbit a ntibody

from Invitrogen.

Cell cultures and transfections. HEK-293 cells, g rown i n D ulbecco's m odified E agle's
medium (DMEM, Invitrogen), supplemented with 10% dialyzed, heat-inactivated fetal calf
serum and antibiotics, were transfected at 6 0-70% confluence either by electroporation for
immunoblotting, or using Lipofectamine™ 2000 (Invitrogen) for e xperiments using siRNA,
as previously described (Chanrion et al., 2008). The DNA r atio used for co-transfection was
1:2 (receptor cDNAs vs. cDNAs encoding dominant-negative forms of B-arrestin 2 or CaM).
Immunofluorescence experiments indicated that under these conditions more than 95% of
cells expressing recombinant 5-HT,¢ receptors also expressed the co-transfected protein (not

illustrated).

Small interfering RNA transfection. HEK-293 cells were seeded in 6-well dishes (100,000
cells/well) 48 hr b efore their ¢ o-transfection with the p RKS5/cMyc-5-HT,¢ pl asmid a nd
siRNAs (Eurogentec)t argeted ag ainst e ither [-arrestin 1 ( positions 4 39-459) ( 5'-
AAAGCCUUCUGCGCGGAGAAU-3")o r P-arrestin 2 ( positions 20 1-221) (5'-
AAGGACCGCAAAGUGUUUGUG-3") or Gogi1 (- positions 93  1-951)(  5°-
AAGATGTTCGTGGACCTGAAC-3’)o rG o3 (positions 96- 114)( 5-
GGAGATCGACAAATGCCTG-3’), o r wi th control siRNA ( 5’-
AAGUGGACCCUGUAGAUGGCG-3"),u sing L ipofectamine™ 20 00,a spr eviously
described (Labasque et al., 2008). All these siRNAs have been validated in previous studies
(Bames e tal., 20 05; B irukova etal., 200 4; Kara et al., 2 006; Labasque et al., 2008).

Immunoblotting assays were performed three days after siRNA transfection.

Immunopr ecipitation. Transfected HEK-293 ¢ ells w ere lysed i n R IPA buffer (Sigma
Aldrich) supplemented with CaCl, (1 mM). Cell lysates were centrifuged at 14,000 X ¢ for

-8 -

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 10, 2010 as DOI: 10.1124/mol.110.066035
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #66035

25 min and solubilized proteins were incubated with the rabbit polyclonal anti-GFP antibody
(4 ng) overnight at 4 °C. Samples were incubated with 40 pul of protein A-Sepharose beads
(GE Healthcare) for 1 hr at 4°C and immune complexes were collected by centrifugation,
washed f ive ti mes w ith R IPA bu ffer, e luted with S DS sample buffer and a nalyzed by

immunoblotting.

Immunoblotting. Proteins resolved by SDS-PAGE were electrophoretically transferred onto
nitrocellulose membranes. Membranes were blocked with 5% non-fat dry milk diluted in PBS
containing 0.2% Tween 2 0 and incubated successively w ith the primary a ntibodies ( anti-
pERK1,2, 1: 1,000; anti-ERK1,2, 1: 1,000; a nti-Goy, 1: 1,000; anti-Gous, 1: 1,000; A1CT,
1:5,000; anti-Myc, 1: 500; anti-GFP, 1: 500; anti-actin 1:2,000) o vernight at 4°C and w ith
either a nti-mouse or a nti-rabbit h orseradish peroxidase-conjugated secondary a ntibodies
(1:5,000) for 1 hr at ro om temperature.  mmunoreactivity was d etected w ith an en hanced

chemiluminescence method (ECL™

plus detection reagent, GE Healthcare). Immunoreactive
bands w ere quantified by de nsitometry using t he I mageJ software ( National I nstitutes o f
Health, USA). S tatistical a nalyses we re p erformed wi th ANOVA, followedb y Student

Newman Keul’s test. A P value of <0.05 was considered statistically significant.

Analysis of inositol phosphate formation and ERK1,2 phosphorylation in freshly
removed choroid plexus. Male Sprague Dawley rats (~ 200 g, purchased from Janvier, Le
Genest Saint Isle, France) were anaesthetized with pentobarbital (100 mg/kg i.p., Ceva Santé
Animale, Libourne, France) and de capitated. C horoid plexuses located in lateral ventricles
and in the third ventricle were rapidly dissected, and labeled for 4 hrs with 4 uCi/ml [*H]-
myo-inositol (10-20 Ci/mmol, GE Healthcare) in 0.5 ml Krebs bicarbonate buffer containing
(in mM) NaCl, 124 ; NaHCOs, 26.3; K,HPO,, 1.25; KCl, 3.5; MgSOs, 1.2; CaCly, 1.2 and
glucose, 10, p reviously e quilibrated with 95% 0,/5% C O,, in 12-well p lates ( one ¢ horoid
plexus per well). After two washes in Krebs bicarbonate bu ffer, they were incubated in the
same buffer supplemented with 10 mM LiCl for 10 min and then exposed to treatments for 30
min. Inositol phosphate (IP) generation was terminated by replacing the incubation medium

with 100 pl formic acid (0.1 M). [*H]-IPs were purified in 96-well plates by ion exchange
-9.
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chromatography using a DOWEX AGI-XS8 resin (Bio-Rad) and eluted with a solution of 10 M
ammonium f ormate/0.1 M f ormic acid. R adioactivity wa s de termined b y s cintillation
counting. R esults were e xpressed as th e a mount of [*HJ-IPs p roduced i n co mparison to
radioactivity present in the 10% Triton X-100/0.1 M Na OH-solubilized membrane fraction
(phosphatidyl ino sitol ( PI)-containing f raction). F or a nalysis o f E RK1,2 phosphorylation,
freshly removed choroid plexuses were incubated for 1 hr in Krebs bicarbonate buffer in 12-
well plates and then exposed to drugs for 10 min. They were then lyzed in 70 pl lysis buffer
containing Tris-HCI (10 mM, pH 7.4) and 1% SDS. Protein concentration was determined
using th e b icinchoninic a cid p rocedure a nd ER K1,2 phosphorylation w as a nalyzed b y

sequential immunoblotting with the anti-pERK1,2 and anti-ERK1,2 antibodies.

Analysis of ERK 1,2 phosphorylation in vivo. Swiss mice were rapidly anaesthetized with
pentobarbital (100 mg/kg i.p.) and perfused transcardially with 4% (w/v) paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.4) containing 100 mM NaF and 1 mM Na'-vanadate.
Brains were post-fixed overnight in the same solution and stored at 4°C. 50-um thick sections
were cut with a vibratome (Leica, Nussloch, Germany) and stored at 4°C in PBS containing
NaNj (0.05 %) un til t hey we re p rocessed for i mmunofluorescence. F ree-floating sections
were rinsed in PBS and incubated for 48 hr at 4°C with the anti phospho-ERK 1,2 (1:400) in
PBS containing 20% goat serum and 0.1% Triton X-100. A fter three washes in PBS (10 min
at room temperature), they were incubated with Alexa Fluor 488-conjugated goat-anti rabbit
antibody (1:2,000) for 3 hr at room temperature, washed thrice with PBS were mounted on
glass slides i n M owiol 4. 88. I mmunofluorescence staining w as o bserved with a Z eiss
Axiophot2 m icroscope e quipped w ith e pifluorescence (475+ 40 and 530+ 50 nm for
excitation and emission r espectively). Images were a cquired usi ng M etamorph software
(Molecular Devices, Sunnyvale, CA) driving a CoolSNAP CCD camera (Photometrics) and

fluorescence quantification was performed with the Imagel] software.
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Results

Constitutive activation of ERK1,2 signaling in HEK-293 cells transiently expressing 5-
HT oc.ini receptor. Transient expression of 5-HT,c g receptors in HEK-293 cells resulted in
an increase i n b asal ERKI1,2 p hosphorylation, co mpared w ith that measured i nn on-
transfected cells (Fig. 1A). B asal phos phorylation le vel, whi ch r epresented ~ 20% of t hat
elicited bya maximally-effective concentration of 5-HT( 1 puM), w asi nhibitedin a
concentration-dependent m anner by S B206,553 ( pECsp=8. 51+ 0.35, m ean of values
obtained in three independent experiments), a prototypical inverse agonist of 5-HT,¢ receptor
at Gg-dependent signaling (Fig. 1A and D). In contrast, and in line with its neutral antagonist
properties at P LC, S B242,084 (1 uM) did not a lter b asal E RK1,2 phosphorylation but
prevented the inverse agonist effect of SB206,553 (Fig. 1A). SB242,084 also totally inhibited
the 5-HT-elicited ER K1,2 ph osphorylation ( Fig. 1 A). Noi ncreasei nba sal ER K1,2
phosphorylation was measured in cells expressing the fully-edited 5-HT,c vgy receptor (Fig.
1B), but 5-HT (1 uM) activated ERK to an extend s imilar t o that me asured in 5 -HT2c.ni
receptor-expressing ¢ ells (F ig. 1 C). A s o bserved in cel Is expressing 5 -HT,c.ip rece ptor,

application of SB242,084 completely abolished the 5-HT-evoked response (Fig. 1B).

Constitutive activation of ERK signaling by 5-HT,c.ni receptor is independent of its
coupling to heterotrimeric G proteins. 5-HT,c.n receptors are k nown to primarily couple
to Gy protein in both recombinant systems and native tissues and to exhibit a high degree of
constitutive activity at Gq-operated signaling. Tr ansfection of HEK-293 cells with siRNA
directed against Gay, but not with control siRNA, efficiently reduced the level of endogenous
Goy (as assessed 24 hrs a fter transfection, Fig. 2 A) and inhibited G oq-dependent si gnaling
(Labasque e t a 1., 200 8). Howe ver, transfecting Goyg s iRNA di d not a Iter ba sal ER K1,2
phosphorylation ( Fig. 2B ), r eminiscent to its 1 ack o f effect u pon 5-HT-elicited E RK1,2
phosphorylation (Labasque et al., 2008). 5-HT,¢ receptors can also activate Gous, a process
involved in receptor-mediated activation of PLD and rearrangement of the actin cytoskeleton

(McGrew et al., 2002). Transfection of HEK-293 cells e xpressing 5-HT,c.nj recep tor with
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siRNA directed against human Go,3 almost completely abolished Gois expression compared
with ¢ ontrol siRNA-transfected cells ( Fig. 2 A). A s p reviously ob served for 5 -HT-elicited
ERK1,2 ph osphorylation ( Labasque et al., 20 08), Go,3 kn ockdown did not a ttenuate basal
ERK1,2 phosphorylation (Fig. 2B).

Constitutive activation of ERK signaling by 5-HT,c.ni receptor is dependent on -
arrestins and calmodulin. In line with the spontaneous association of 5-HTc.ini rece ptor
with B-arrestins (Marion et al., 2006; Marion et al., 2004) and the implication of B-arrestins in
5-HT-induced elevation o f ERK1,2 pho sphorylation ( Labasque e t a l., 2008), tr ansfecting
HEK-293 cells expressing 5-HT»c.ini receptor with either B-arrestin 1 or B-arrestin 2 siRNA,
which s trongly decreased ex pression of the corresponding -arrestin ( Fig. 2A), a Iso
significantly r educed ¢ onstitutive ERK1,2 phosphorylation ( Fig. 2C ). Corroborating th is
result, basal ERK1,2 phosphorylation was similarly decreased by expression of a dominant-
negative mutant of B-arrestin known to affect clathrin-dependent GPCR internalization (319-
418, DN B-arr, Fig. 2C). Residual ERK1,2 phosphorylation measured in B-arrestin siRNA- or
DN -arr-transfected cells was further decreased by application of SB206,553 (0.1 uM, Fig.
20).

We previously de monstrated that e xpression o f'e ither a do minant negative C aM m utant
(CaM,34) ora 5-HTyc recep tor mutant unable to bind to CaM (5-HTacr376/3774) S trongly
decreased recruitment of B-arrestin 2 to the receptor upon agonist treatment in HEK-293 cells
(Labasque et al., 2008). Co-expression of CaM| 134 with 5-HT,c receptor likewise decreased
spontaneous  association of [-arrestin2 w ith the re ceptor (F ig. 2D). M oreover, 5 -
HT,cr376/3774 receptor bound more weakly to B-arrestin2 in absence of agonist than did wild
type receptors (Fig. 2D). Accordingly, basal ERK1,2 phosphorylation, which was dependent
on P-arrestins, was also strongly de creased in HEK-293 cells c o-expressing CaM; 34 and
wild type 5-HT,c.ini receptor or in cells ex pressing 5-HT,cr376/3774 T€CEptor, compared with
that m easured in cells expressing w ild t ype 5-HTzc.mi receptor al one ( CTL, Fig. 2 E).

Collectively, these results indicate that constitutive activation of the ERK pathway by the 5-
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HT>c.ni receptor, which is independent of G proteins known to be coupled to the receptor,

requires association of both CaM and B-arrestin with the unliganded receptor.

Effects of antidepressants on constitutive activity of 5-HT,cn receptor at ERK
signaling. Several li nes of e vidence s upport p otential antidepressant e ffect of 5-HTyc
antagonists. M oreover, c linically proven antidepressants from d ifferent subclasses, such as
tricyclics, tetracyclics, m-chlorophenylpiperazine (mCPP) derivatives and sp ecific s erotonin
reuptake inh ibitors ( SSRIs), w hich display r elatively high affinities for 5 -HT,c recep tors
(Chanrion et al., 2008), behave as neutral antagonists or inverse agonists toward the Gq-PLC
pathway. Thet etracyclic an tidepressants mianserina nd mi rtazapine ¢ oncentration-
dependently decreased basal ERK 1,2 phosphorylation (pECsp = 10.3 = 0.65 and 9.35 + 0.46, n
= 3, respectively, Figs. 3A and C), as well as 5-HT-elicited ERK 1,2 phosphorylation (Fig. 3B)
in HEK-293 cells. T he inverse a gonist e ffects o f both compounds we re abolished by the
neutral antagonist SB242,084. B y contrast, th e tr icyclics ¢ lomipramine (10 pM)a nd
amitriptyline (30 uM) i ncreased ER K1,2 ph osphorylation, wh ereas th e m-CPP d erivative
trazodone (10 uM), and the SSRI fluoxetine (10 uM), did not significantly alter basal ERK
phosphorylation. Nonetheless, both trazodone and fluoxetine blocked the increase in ERK1,2
phosphorylation e licited by 5 -HT,i ndicating neutral antagonist activity ( Fig. 3B).
Surprisingly, the a bility of ¢ lomipramine a nd a mitriptyline to inc rease E RKI,2
phosphorylation was not suppressed by SB242,084 (1 uM, Fig. S1A), suggesting that this
stimulatory e ffect was not mediated by 5-HT,¢ receptors. Consistent with this hypothesis,
amitriptyline and c lomipramine s till enhanced ERK1,2 p hosphorylation in no n-transfected
HEK-293 cells (Fig. S1B). These 5-HT»c receptor-independent effects were only detected at

relatively high concentrations.

Constitutive activation of ERK by native 5-HT ¢ receptors expressed in choroid plexus.
Collectively, the above findings demonstrate constitutive activity of recombinant, non-edited
5-HTac.ni receptors at G protein-independent, B-arrestin-dependent, ERK signaling. We next
examined whether native 5-HT,c receptors expressed in mice brain would also constitutively

activate the ERK pathway by immunofluorescence analysis of phosphorylated ERK1,2. No
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immunoreactivity was detected in all brain areas of mice injected with vehicle, except for
choroid p lexus e pithelial c ells, whi ch are kn own t o e xpress th e hi ghest density o f5-HT,¢
receptors, principally constitutively active forms (Burns et al., 1997; Marazziti et al., 1999).
Consistent w ith specific la beling of p hosphorylated E RK1,2, im munostaining of ¢ horoid
plexus cells was undistinguishable from background in mice injected with SL327 (50 mg/kg,
1.p.), a brain-penetrating “specific” inhibitor of MAP-kinase/ERK kinase (MEK), the enzyme
that selectively activates ERK (Fig. 4). Systemic administration of SB206,553 (5 mg/kg, i.p.),
which behaved a s a nin verse agonistin transfected HEK-293 c ells, | ikewise abolished
immunofluorescent staining o fc horoid pl exus cells ( Fig. 4).1 n contrast,a strong
immunostaining was detected in choroid plexus of mice injected with the neutral antagonist
SB242,084 ( 10 m g/kg, i. p.) and of mice injected w ith both S B242,084 a nd S B205,553
(administrated 30 min after SB242,084, Fig. 4). Activation of ERK1,2 signaling by choroid
plexus 5-HT,c receptors was further confirmed by Western blotting (Fig. 5A). Exposure of
freshly removed choroid plexus to 5-HT (1 uM) or SB206,553 (1 uM) increased or inhibited
ERK1,2 p hosphorylation, r espectively (Fig. 5A). N either basal nor 5- HT-elicited E RK1,2
phosphorylation were affected by treatment of choroid plexus with BIM-46,187 (10 uM), an
inhibitor of GPCR signaling mediated by all heterotrimeric G protein families (Ayoub et al.,
2009). In contrast, BIM-46,187 in hibited b oth c onstitutive and 5 -HT-elicited IP production
(Fig. 5B), c onsistent with p revious ob servations m ade in transfected cells (Ayoubetal.,
2009). Moreover, exposure to SB206,553 (1 uM), which inhibited basal IP formation, did not
further reduce the le vel of IPs in BIM-46,187-treated c horoid p lexuses. C ollectively, t hese
results suggested that engagement of ERK1,2 signaling by choroid plexus 5-HT,c receptors is

G protein-independent and that 5-HT,¢ receptors constitutively activate this pathway in vivo.
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Discussion

It i s n ow w ell es tablished t hat act ivated G PCRs can t ransduce signals i ndependently o f
coupling to h eterotrimeric G p roteins. In s ome c ases, G protein-independent s ignaling is

intimately related to the ability of receptor to bind to [-arrestin upon agonist stimulation. We
previously demonstrated that engagement of ERK1,2 signaling by 5-HT,c receptor, which is
independent o f t he principal G proteins known to couple to the receptor (Gog and G o3,
respectively), is strongly dependent on the recruitment of B-arrestin 1 and 2 by the stimulated
receptor (Labasque et al., 2008), even though additional mechanisms such as transactivation
of ty rosine kinase r eceptors can also ¢ ontribute to r eceptor-operated E RK sig naling,
depending on the cell background, the receptor isoform and the agonist used to stimulate the

receptor (Werry et al., 2005; Werry et al., 2008a).

Here, w e d emonstrated that 5 -HT,¢ receptors also c onstitutively a ctivated th is pathway:
expression of 5 -HT,c.ni receptors in HEK-293 cells induced by itself a clear elevation o f
basal ERK1,2, which represented ~ 20% of the level measured after stimulation of cells with a
maximally-effective concentration of 5-HT and was concentration-dependently abolished by
the p rototypic 5-HT,c receptor inverse agonist S B206,553. Moreover, sup pression of basal
ERK1,2 p hosphorylation by S B206,553 was blocked by S B242,084, w hich alone did not
affect basal ERKI,2 ph osphorylation, supporting n eutral antagonist p roperties of t his
compound a t r eceptor-operated ERKI1,2 si gnaling. Reminiscentt o agonist-elicited ERK
activation (Labasque et al., 2008), basal ERK1,2 phosphorylation was not affected by cellular
depletion of Go, and Gous. Moreover and differing from constitutive activity at G protein-
dependent signaling in the same e xpression s ystem ( Chanrion et al., 2008), the increase in
basal ER K1,2 ph osphorylation in 5-HT,c N1 eceptor-expressing cells d id no tr equire
concomitant overexpression of the corresponding G proteins. These findings, which revealed
constitutive activation of G protein-independent signaling by 5-HT>c.ii receptors, provide the
first de monstration of ¢ onstitutive activity of a G PCR toward a G protein-independent

signaling pathway.
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By analogy to agonist-induced ERK1,2 activation, basal activity was dependent on both [-
arrestins 1 and 2 and thus reflected spontanecous association of 5 -HT,c.n receptors with B-
arrestins, a  phenomenon r esponsible f or ¢ onstitutive r eceptor in ternalization a nd its

intracellular d istribution (M arion et al., 2004). In spite of the higher affinity of 5-HT2c.ni
receptor for B-arrestin 2 than B-arrestin 1 (Marion et al., 2004), basal ERK 1,2 phosphorylation
was greatly reduced by the cellular depletion of e ither B-arrestin 1 or B-arrestin 2. These
results suggest that overexpressed 5-HT,c receptors can spontaneously form complexes with
both B-arrestin 1 and 2, which thereby positively contribute to basal ERK1,2 phosphorylation,
and are consistent with previous findings indicating that both -arrestin isoforms are required
for G protein-independent ERK signaling mediated by various GPCRs such as [»-adrenergic
receptors and parathyroid hormone type 1 receptors (Gesty-Palmer et al., 2006; Shenoy et al.,
2006). F urther supporting i mplication of [-arrestins, ba sal E RK1,2 phosphorylation w as
strongly diminished in cells e xpressing a [-arrestin mutant not capable of interacting with
clathrin. M oreover, the distinct effects of the majority antidepressants tested in the present
study on ER K phosphorylation were correlated to their contrasting actions on the subcellular
distribution of 5-HT,c.ini receptors, which reflect their impact on spontaneous association of
receptors with B-arrestins. By analogy to SB206,553, mianserin and mirtazapine, induced a
relocation of 5-HT,c i receptors to the plasma membrane (Chanrion et al., 2008), an effect
that probably results from their inverse agonist effect on B-arrestin recruitment, and inhibited
constitutive ERK activation. In contrast, in line with their absence of effect on the subcellular
distribution o f 5-HT,c N1 receptors (Chanrion et al., 20 08), the m CPP derivative trazodone
and the SSRI fluoxetine behaved as neutral antagonists. Only stimulatory effects of tricyclics
on ERK pathway were not correlated to their action on receptor tr afficking. Nonetheless,
these effects w ere clearly r eceptor-independent and might contribute to i nduction o f
neurogenesis in hip pocampus in r esponse to chronic t reatment w ith tricyclics, a n effect

possibly involved in their antidepressant action (Boldrini et al., 2009; Peng et al., 2008).

Agonist-independent a ssociation of 5- HT,c recep tor with B-arrestins i s also pr ofoundly
affected by r eceptor mRNA editing ( Marion eta 1., 2004). E diting a ffects t he second
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intracellular loop region that surrounds a proline residue critical for -arrestin recruitment and
in contrast to the non-edited INI isoform, fully edited 5-HT,c.ygy receptors are not capable of
spontaneously a ssociating with [-arrestins ( Marion eta 1., 2006; Marione ta 1., 2004).
Consistent with these obs ervations, expression of 5-HTzc.vgy receptor in HEK-293 cells did
not result in a de tectable i ncrease in ba sal ER K1,2 phosphorylation, wh ereas ¢ omparable
levels of phosphorylated ERK1,2 were detected in cells expressing non-edited and fully edited
receptors upon agonist ex posure. T hese o bservations indicate that mRNA ed iting similarly
impacts c onstitutive activity at G protein-dependent and G p rotein-independent ( B-arrestin-

dependent) 5-HT»¢ receptor signaling.

In addition to B-arrestins, CaM has also been involved in activation of ERK pathway upon
stimulation of various GPCRs, including mu-opioid, 5-HT;, and 5-HT,¢ receptors (Belcheva
et al., 2001; DellaRocca etal., 1999; Labasque etal., 2 008). CaM as sociated w ith t he
juxtamembrane region of 5-HT,¢ receptor C-terminus was found to promote and/or stabilize
association of B-arrestins to the receptor and to act in concert with B-arrestins to activate the
ERK p athway upon r eceptor a ctivation ( Labasque e ta l.,200 8). Here, we showed th at
association of B-arrestins with 5-HT,¢ receptor in absence of agonist was also dependent on
CaM bound to the receptor C -terminal domain. Indeed, e xpression of a dominant-negative
CaM mutant strongly decreased spontaneous association of B-arrestin2 to 5-HT,c.ini receptor
and 5- HT,c. N1 receptor mu tant n ot able to i nteract w ith CaM bound more w eakly to -
arrestin2 than wild type receptor. Consistent with the critical role of B-arrestins in constitutive
activation of E RK pa thway, ba sal ERK pho sphorylation w as likewise in hibited i n cells
expressing either the CaM mutant or 5-HT,c.iwi receptor not capable of associating with CaM.
Although interaction of CaM with 5-HT,¢ receptor is a dynamic process induced by agonist
treatment (Labasque et al., 2008), the present findings suggest that a fraction of unliganded

receptors is associated to CaM, which then permits B-arrestin recruitment.

In the HEK-293 cell expression system employed, 5-HT,c nj receptors were expressed at a
density equivalent to th at measured in the 5-HT,¢ receptor-rich choroid plexus (Labasque et

al., 2008), suggesting that their coupling and signal transduction properties might reflect those
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of native receptors. Analysis of immunoreactivity against phosphorylated ERK1,2 throughout
mice brain r evealed specific immunofluorescence si gnal on ly i n ¢ horoid plexus epithelial
cells. Mimicking their inverse agonist and neutral antagonists activities on E RK signaling in
HEK-293 ¢ ells, systemica dministrationo fS B206,553 su ppressed b asal E RK1,2
phosphorylation, whereas SB242,084, w hich wa s de void of'i ntrinsic a ctivity, b locked the
action of SB206,553. These findings, together with expression of high proportions of non-
edited (or partially e dited) 5 -HT,¢ receptors in c horoid plexus, compared with oth er brain
regions (Burns et al., 1997), strongly suggest that basal ER K phosphorylation results from
receptor constitutive activity rat hert han fromt heir stimulation by the rel ative high
concentrations of 5-HT present in cerebrospinal fluid. 5-HT,c receptors expressed in choroid
plexus reduce the rate of CSF secretion, via inhibition of K channel activity (Speake et al.,
2004), and stimulate the production of transferrin by choroid plexus epithelial cells (Esterle
and Sanders-Bush, 1992). T he r ole of c onstitutive a ctivity a t 5-HT,c receptors i n these
processes remains to b e e stablished. R eciprocally, 5- HT,¢ receptor f unctional status is

inhibited by insulin, via the recruitment of ERK1,2 pathway, in choroid plexus cells (Hurley
et al., 2003). A ctivation o f the ERK by 5-HT,c receptors might thus serve as a n egative

feedback preventing excessive signaling at constitutively active receptors.

Constitutive activity at 5-HT,c receptors has been clearly established in other brain regions
such a s ventral t egmental area , n ucleus a ccumbens an d p refrontal co rtex, w here i t has
physiological relevance on d opaminergic neurotransmission (De Deurwaerdere et al., 2004;
Leggioe t al.,2 009; Na vaillese ta 1.,2 006). L ack of detection of p hospho-ERK1,2
immunoreactivity in neurons from these regions might be due to insufficient sensitivity of the
method to de tect ¢ onstitutively activated ERK1,2 i n c ells e xpressing moderate 5- HT,¢
receptor dens ity. Therefore, ad ditional experiments are n eeded t o d efinitively d emonstrate
constitutive activity toward the ERK1,2 pathway of 5-HT,c¢ receptors controlling the activity
of dopaminergic neurons. The possible contribution of this pathway vs. the Gq-PLC e ffector
pathway to tonic inhibition of dopamine release is another important issue requiring further

investigation.
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Figurelegends

Fig. 1. Non-edited 5-HT,c.n; receptor, but not fully edited 5-HT,c.vgy receptor, constitutively
activates ERK1,2 in HEK-293 cells. HEK-293 cells, transfected with empty vector (Mock) or
with plasmids encoding either non-edited 5-HT,c N1 receptor (A, C and D), or fully edited 5-
HTsc.vgy receptor (B and C), were treated for 10 min with either vehicle (Basal) or 5-HT (1
uM) or SB206,553 (0.1 uM in A and B, atindicated concentrations in D). In experiments
using SB242,084, cells were pretreated with SB242,084 (1 uM, 10 min) and then exposed to
agonist ( 5-HT) or inverse agonist ( SB206,553) for 1 0 min. ER K1,2 phosphorylation w as
analyzed b y sequential i mmunoblotting with t he p olyclonal antibody ag ainst phospho-
Thr202/Tyr204 ERK1,2 and the polyclonal antibody recognizing ERK1,2 independently of
their phosphorylation st ate. R epresentative im munoblots of t hree independent experiments
performed o n d ifferent sets of cultured cells are i llustrated.  mmunoreactive signals w ere
quantified by densitometry. Data, expressed in % of basal ERK1,2 phosphorylation in cells
expressing 5-HT»c.ni receptor (A, C and D) or of 5-HT-elicited response (B), correspond to
the ratio of p hosphorylated E RK1,2 ( pERK1,2) to t otal ERK1,2 signals. E ach da ta point
represents me ans + SEM o f values obtained in three experiments. In D, the dose-response
curve was fitted using the Prism software. *, p<0.05, vs. basal. $, p <0.05, vs. cells exposed

to SB206,553 alone (ANOVA, followed by Student Newman Keul’s test).

Fig. 2. Constitutive activation of ERK1,2 signaling by 5-HT,c.ini receptor is independent of G
proteins and dependent on both B-arrestins and calmodulin. (A) Endogenous Gy, Gous and
B-arrestins 1 and 2 expression in HEK-293 cells transfected with control (CTL), Gog11, Gous,
B-arrestin 1 or PB-arrestin2 siRNA was an alyzed byi mmunoblotting. T he data are
representative of three independent experiments performed on different cultures. (B, C and E)
HEK-293 cells were transfected with the pRKS/cMyc-5-HT,c. i plasmid alone (CTL) or co-
transfected with pRKS/cMyc-5-HT,c.ni plasmid and either the indicated siRNAs (B, C) or the

plasmid encoding a dominant-negative mutant of -arrestin 2 (DN-B-arr) (C) or the plasmid
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encoding C a’"-insensitive C aM mutant ( CaM234) (E ), o rt ransfected with t he p lasmid
encoding the 5-HT,c.nir376/3774 TECEptor alone (E). Cells were then exposed to sham treatment
or SB206,553 (0.1 uM) for 10 min and ERK1,2 phosphorylation was analyzed as indicated in
the legend to Fig. 1. Values, normalized to total ERK immunoreactivity, are means + SEM of
results obtained in three independent experiments. They were expressed in % of basal ERK1,2
phosphorylation measured in cel Is co-transfected w ith the p lasmid en coding 5-HT,cni
receptor and the control siRNA (CTL siRNA, B) or in % of basal ERK1,2 phosphorylation
measured in cells transfected with the plasmid encoding 5 -HT,c.n; receptor alone (CTL, C
and E). *, p< 0.01, vs.CTL. $, p< 0.05, vs. corresponding value in untreated cells. (D)
Solubilized proteins from HEK-293 cells co-transfected with pcDNA-Barr2-YFP plasmid and
the indicated c onstructs we re i mmunoprecipitated wi th th e po lyclonal a nti-GFP a ntibody.
Immunoprecipitated proteins were analyzed by Western blotting using monoclonal anti-GFP
and anti-Myc antibodies. The multiple bands are due to he terogeneous glycosylation of 5-
HT,c receptor, as incubation of solubilized proteins with N-Glycosidase F overnight at 37°C
resulted in a shift of the upper bands to the lower apparent molecular weight (data not shown).
Inputs r epresent 5% o fthe to tal pr otein a mount used in im munoprecipitations. D ata are

representative of three independent experiments performed on different cultures.

Fig. 3. Contrasting e ffects of a ntidepressants on 5-HT,c.ni t eceptor-mediated ERK1,2
activation. (A) H EK-293 cells, tr ansfected wi th the pRKS5/cMyc-5-HT2c.ini pla smid, were
treated for 10 min with either vehicle or mianserin (Mian, 0.1 uM) or mirtazapine (Mirta, 0.1
uM), or clomipramine (Clomi, 10 uM), or amitriptyline (Ami, 30 uM) or trazodone (10 pM)
or fluoxetine (10 uM). (B) Cells were subjected to same treatments before the 10 min 5-HT (1
uM) exposure. (C) Cells were exposed for 10 min to increasing concentrations of mianserin
or mirtazapine. D ose-response cu rves were f itted usingt he Pri sm s oftware. (D ) C ells
pretreated or not with SB242,084 (1 uM, 10 min) were then exposed for 10 min to either
sham treatment (Basal)o r mianserin o r mirtazapine (b othat 0 .1 pM). E RKI,2

phosphorylation was analyzed as indicated in the legend to Fig. 1. Values, normalized to total
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ERK i mmunoreactivity, ar e means £ S EM of r esults obtained inth ree independent
experiments performed on different sets of cultured cells. *, p<0.01, vs. basal (A and D) or

5-HT-elicited (B) ERK1,2 phosphorylation.

Fig. 4. 5-HT,c recep tor constitutively activates ERK1,2 signaling in mice choroid p lexus.
Immunofluorescent detection and quantification of phosphorylated ERK1,2 in choroid plexus
epithelial cells from mi ce i njected w ith ei ther Vehicle (12.5% DMSOin 0.9% N aCl) or
SL327 (50 m g/kgi.p.)or S B206,553 (5 m g/kgi.p.)or S B242,084 ( 10 m g/kgi.p.) are
represented. I nm icet reated withb oth S B242,084 and S B206,553, S B242,084 w as
administrated 30 min before SB206,553. The top left panel represents a section from a mouse
injected with vehicle and not incubated with the anti phospho-ERK1,2 antibody. Fluorescence
intensityin atleast 100 cells originating from 5 s ections per m ouse was de termined and
subtracted from b ackground us ing th e ImageJ software. Data are means +S EM of values
obtained inn=4 mice per treatment. *, p<0.01 vs. SL327. Statistical s ignificance w as

determined by ANOVA followed by Dunnett’s test. Scale bar: 40 um.

Fig. 5. G protein-independent activation of ERK1,2 signaling by 5-HT,¢ receptor in choroid
plexus. (A) Freshly removed choroid plexuses were exposed or not to BIM-46,187 (10 uM)
for 1 hr andthen toeither 5-HT (1 uM) or S B206,553 (1 uM) for 1 0 min. E RK1,2
phosphorylation was analyzed by sequential immunoblotting with the anti-pERK1,2 and anti-
ERK1,2 antibodies. Representative immunoblots of three independent experiments performed
with choroid plexus located in lateral ventricles are illustrated. Similar results were obtained
in ch oroid plexus1 ocatedi n thet hird v entricle. D ata, normalizedt ot otal E RK1,2
immunoreactivity and expressed in % of basal ERK1,2 phosphorylation measured in absence
of BIM-46,187, are means + SEM of values obtained in three independent experiments. *, p <
0.05, vs. basal. (B) Choroid plexuses labeled with [*H]-myo-inositol, were exposed to either 5-

HT (1 pM) or SB206,553 (1 uM) for 30 min in absence or presence of BIM-46,187 (10 uM,
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added 1 hr before the 5-HT or S B206,553 e xposure). D ata are means =+ S EM of values
obtained in three independent experiments performed in duplicate in choroid plexus located in
lateral ventricles. Similar results were obtained in choroid plexus located in the third ventricle.

%, p<0.01, vs. basal. $, p <0.05, vs. corresponding control condition.
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