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G protein–coupled receptors (GPCRs) are involved in regulation of manifold physio-
logical processes through coupling to heterotrimeric G proteins upon ligand stimula-
tion. Classical therapeutically active drugs simultaneously initiate several downstream
signaling pathways, whereas biased ligands, which stabilize subsets of receptor confor-
mations, elicit more selective signaling. This concept of functional selectivity of a ligand
has emerged as an interesting property for the development of new therapeutic mole-
cules. Biased ligands are expected to have superior efficacy and/or reduced side effects
by regulating biological functions of GPCRs in a more precise way. In the last decade,
5-HT7 receptor (5-HT7R) has become a promising target for the treatment of neuro-
psychiatric disorders, sleep and circadian rhythm disorders, and pathological pain. In
this study, we showed that Serodolin is unique among a number of agonists and antag-
onists tested: it behaves as an antagonist/inverse agonist on Gs signaling while inducing
ERK activation through a β-arrestin–dependent signaling mechanism that requires
c-SRC activation. Moreover, we showed that Serodolin clearly decreases hyperalgesia
and pain sensation in response to inflammatory, thermal, and mechanical stimulation.
This antinociceptive effect could not be observed in 5-HT7R knockout (KO) mice and
was fully blocked by administration of SB269-970, a specific 5-HT7R antagonist, dem-
onstrating the specificity of action of Serodolin. Physiological effects of 5-HT7R stimu-
lation have been classically shown to result from Gs-dependent adenylyl cyclase
activation. In this study, using a β-arrestin–biased agonist, we provided insight into the
molecular mechanism triggered by 5-HT7R and revealed its therapeutic potential in the
modulation of pain response.

analgesia j biased ligands j GPCR j 5-HT7 receptor j serotonin

Among 14 serotonin receptor subtypes, 5-hydroxytryptamine 7receptors (5-HT7Rs)
belong to the G protein–coupled receptor (GPCR) family or the so-called seven
transmembrane-spanning receptor. It is the last identified member and has been cloned
from several animal species, including human (1). 5-HT7R couples to the heterotri-
meric G protein Gs, which in turn stimulates adenylate cyclase (AC), leading to an
increase of 30-50-cyclic adenosine monophosphate (cAMP) production in both recom-
binant and native systems (1). This allows the activation of cAMP-dependent protein
kinase (PKA), which acts on the MAPK cascade in a cell type–specific manner (2–4).
In HEK-293 cells, the observed agonist-induced ERK1/2 activation requires PKA, Ras,

and Raf activation independently of Rap-1 (4). In neurons, the 5-HT7R–induced ERK
activation is mediated through a PKA-independent pathway that utilizes cAMP-guanine
nucleotide exchange factor (cAMP-GEF) (3). It was shown that 5-HT7R signaling also
depends on the activation of Gα12 protein that in turn triggers activation of multiple sig-
naling pathways through the family of small Rho GTPases, Cdc42 and RhoA (5).
The 5-HT7R is expressed in the peripheral and central nervous system with highest

densities in thalamus, hypothalamus, cerebral cortex, amygdala, and striatal complex
(1). Numerous data have established 5-HT7R implication in the control of circadian
rhythms and thermoregulation, learning, and memory as well as in central nervous sys-
tem (CNS) disorders such as depression, Alzheimer’s disease, and schizophrenia (6).
There is mounting evidence that 5-HT7R is an important modulator of nociceptive
transmission (7). It was also reported that 5-HT7R is involved in the antinociceptive
effects of morphine (8), antidepressants, and nonopioid analgesics (9). Collectively, these
observations underscore the interest of developing new 5-HT7R ligands for the treatment
of pain. To date, many 5-HT7R potent agonists (5-CT, E55888, AS-19, and LP-211) and
antagonists (SB269-970 and DR4004) against 5-HT7R have been described (10); these
are all ligands that commit the receptor to a G protein–dependent pathway, although few
5-HT7R–biased ligands have been described (11, 12).

Significance

Transmembrane signaling
through G protein–coupled
receptors (GPCRs), originally
described as requiring coupling to
intracellular G proteins, also uses
G protein–independent pathways
through β-arrestin recruitment.
Biased ligands, by favoring one of
the multiple bioactive
conformations of GPCRs, allow
selective signaling through either
of these pathways. Here, we
identified Serodolin as the first
β-arrestin–biased agonist of the
serotonin 5-HT7 receptor. This
new ligand, while acting as an
inverse agonist on Gs signaling,
selectively induces ERK activation
in a β-arrestin–dependent way.
Importantly, we report that
Serodolin decreases pain intensity
caused by thermal, mechanical, or
inflammatory stimuli. Our findings
suggest that targeting the 5-HT7R
with β-arrestin–biased ligand
could be a valid alternative
strategy to the use of opioids for
the relief of pain.
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In contrast to standard agonists and antagonists, which acti-
vate or inactivate the entirety of a receptor’s signaling network,
some ligands termed biased ligands are capable of stabilizing
subsets of receptor conformations, hence eliciting selective
modulation within the network. From data obtained in the last
two decades, the concept of functional selectivity of a ligand
has emerged as an interesting property in modern drug discov-
ery. Increasing preclinical data highlight the value of using such
ligands, which exhibit a unique spectrum of pharmacological
responses, for instance, by specifically targeting G protein– or
β-arrestin–dependent signaling. Biased ligands, by selectively
modulating a subset of receptor functions, may optimize thera-
peutic action and generate less pronounced side effects than
compounds globally affecting receptor activity. Although bind-
ing of β-arrestins to GPCR has primarily been involved in the
termination of G protein signaling by inducing desensitization
and internalization of the receptor, numerous studies have indi-
cated that β-arrestins can be intimately involved in additional
signaling events through mechanisms dependent on or inde-
pendent of G protein coupling (13, 14). Several β-arrestin–
biased ligands have been identified and show therapeutic interest
in other receptor classes (15). In particular, several studies demon-
strate the role of β-arrestin signaling on opioid analgesia and toler-
ance (16, 17). In the present study, we used a combination of
pharmacological, genetic, and behavioral approaches to identify a
β-arrestin–biased 5-HT7R ligand and evaluate its therapeutical
potential for the treatment of pain.

Results

Though several selective 5-HT7R antagonists have been suc-
cessfully developed during the past two decades, agonists often
suffer from their lack of specificity, inappropriate pharmacoki-
netic (PK) properties, or their poor ability to cross the blood
brain barrier (BBB), precluding their use in clinical develop-
ment (10). We previously identified a class of potent 5-HT7R
antagonists derived from pharmacomodulation studies (18). In
this study, we decided to decipher the pharmacological proper-
ties of these compounds on various signaling pathways as well
as their therapeutic potential.

Identification of Serodolin, a Biased Ligand with Differential
Effects on AC and ERK Pathways. The HEK-293 cell line stably
expressing 5-HT7 receptor was used to compare the effect of
different 5-HT7R ligands (Fig. 1A and SI Appendix, Fig. S1A)
on the classical Gαs-mediated activation of the AC pathway.
We decided to evaluate the lead compounds from two series of
ligands, Serodolin and MOA-51 (Fig. 1A). Both ligands behave
as potent antagonists by decreasing the 5-carboxamidotryptamine
(5-CT)–induced cAMP accumulation (half maximal inhibitory
concentration [IC50] = 5 ± 2 nM and 12 ± 6 nM, respectively),
similar to the reference antagonist SB269-970 (IC50 = 2 ±
1 nM) (Fig. 1B). As expected, 5-CT, as well as E55888, two well-
described full 5-HT7 receptor agonists, induced a concentration-
dependent accumulation of cAMP in HEK-293 cells expressing
5-HT7R (Fig. 1B and SI Appendix, Fig. S1B). In contrast, when
tested alone, Serodolin and MOA-51, like SB269-970, pro-
duced inverse agonist effects on the cAMP response, inhibiting
cAMP production by around 75% with high potency (IC50 =
14 ± 6 and 17 ± 6 nM, respectively) (Fig. 1B). Interestingly,
the dose–response curve of cAMP production induced by
increasing doses of 5-CT has a Hill coefficient greater than 1,
suggesting a positive cooperativity that could be due to an

allosteric interaction with the Gs protein or to homodimeriza-
tion of the 5-HT7R as previously described (19).

In mock-transfected HEK-293 cells, we did not observe any
modification of basal cAMP levels induced by 5-HT7R ligands,
consistent with the fact that HEK-293 cells do not express
5-HT7R endogenously (18). Considering previous studies that
demonstrated the activation of the ERK pathway downstream
of Gs coupling to 5-HT7R (4), we decided to investigate the
effect of Serodolin and MOA-51 on ERK response. ERK phos-
phorylation was monitored by Western blotting after treatment
of cells with 10 μM of ligands at different times ranging from
2 to 60 min. As previously described (3, 4), we observed a tran-
sient phosphorylation of ERK upon 5-CT exposure (Fig. 1C).
Cells treated with E55888, another known 5-HT7 agonist, also
induce ERK phosphorylation (SI Appendix, Fig. S1 C and D).
However, unexpectedly, Serodolin and MOA-51 were found to
robustly induce ERK phosphorylation (309 ± 34% and 278 ±
55% of control at the maximal effect) (Fig. 1C). Interestingly,
when we tested other known 5-HT7R antagonists, such as
SB269-970, EGIS-1a (20), or DR4004 (21), none of them
were able to induce ERK activation (SI Appendix, Fig. S2),
underlying the unique pharmacological profile of Serodolin and
MOA-51. The kinetics of ERK phosphorylation elicited by
5-CT, E55888, Serodolin, and MOA-51, were very similar:
Activation was fast and transient and reached a peak between
2 and 7 min after drug exposure. However, ERK phosphoryla-
tion induced by Serodolin and MOA-51 was more protracted
compared to 5-CT, the reference agonist. This effect is not due
to nonspecific off-target effects, since neither Serodolin nor
MOA-51 was able to induce ERK phosphorylation when tested
in HEK-293 mock cells (SI Appendix, Fig. S3). Considering
the more pronounced effect of Serodolin on the ERK pathway
compared to MOA-51, we decided to focus our attention on
Serodolin for further analyses. Importantly, we demonstrated
using immunocytochemistry that Serodolin-induced ERK phos-
phorylation also occurs in primary neuronal cells endogenously
expressing 5-HT7R (Fig. 1D) and therefore is not limited to het-
erologous cellular models overexpressing high levels of receptors.
Similar to 5-CT, Serodolin induced a concentration-dependent
increase of ERK phosphorylation in HEK-293 cells stably
expressing 5-HT7R (Fig. 2 A and B). Moreover, this effect was
fully blocked by coincubation with SB269-970, a selective and
highly potent 5-HT7R antagonist (Fig. 2C). Collectively, these
results revealed that Serodolin displays biased agonism at the
5-HT7R: It behaves as antagonist/inverse agonist of the Gαs-AC
pathway and as an agonist on ERK phosphorylation.

Serodolin Induces ERK Phosphorylation through a G Protein–
Independent Mechanism. Because the Gs/cAMP/PKA pathway
was shown to contribute to ERK phosphorylation by conven-
tional agonist 5-CT, we explored whether this was also the case
for a drug with biased efficacy like Serodolin (SI Appendix, Fig.
S4A). In agreement with previous observations, where MAPK
activation by 5-CT has been shown to require Ras and MEK
activation (4), the 5-CT response on the ERK pathway could
not be observed in cells pretreated with FTI277 or PD98059,
selective Ras and MEK inhibitors, respectively. Here, we dem-
onstrated that Serodolin-induced ERK phosphorylation is also
fully blocked by pretreatment with either of these kinase inhibi-
tors, supporting a role of Ras and MEK in the Serodolin down-
stream signaling pathway (SI Appendix, Fig. S4 B and C).
Several studies have shown that Gs-coupled receptors can activate
the MAPK cascade through EGFR transactivation (22). However,
PD15035, an EGFR kinase inhibitor did not influence the 5-CT
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or Serodolin-induced ERK phosphorylation (SI Appendix, Fig.
S4D). In the case of the stimulation of the Gs-coupled receptor,
the elevated level of cAMP is known to induce activation of
PKA, which in turn triggers ERK phosphorylation through a

Ras-dependent mechanism. To examine the role of PKA, cells
were preincubated with the PKA inhibitor H89 before the addi-
tion of 5-HT7R ligands. The pretreatment of HEK-293 cells with
H89 partially decreased ERK phosphorylation induced by 5-CT,
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Fig. 1. Serodolin and MOA-51 act as antagonists/inverse agonists on Gs/cAMP signaling and as agonists on ERK1/2 signaling. (A) Chemical structure of
5-HT7R ligands. (B) Left, HEK-293 cells stably expressing h5-HT7R were incubated with increasing concentration of 5-CT, SB269-970, Serodolin, or MOA-51. (B)
Right, HEK-293 cells stably expressing h5-HT7R were stimulated with 10 nM of 5-CT and increasing concentrations of products for 1 h. After cell lysis, cAMP
production was quantified by a LANCE cAMP Detection Kit (Perkin-Elmer). Data points represent the means ± SEM from three independent experiments per-
formed in triplicate. The EC50 and IC50 for each drug was determined using GraphPad Prism software. (C) Time course of activation of ERK1/2 after stimula-
tion of HEK-293 cells stably expressing h5-HT7R with various 5-HT7R ligands used at 10 μM. The cells were stimulated for the indicated periods and assayed
for detection of phospho-ERK1/2 by Western blot analysis. All blots were also probes with anti-ERK1/2 antibody to confirm equal loading. Representative
blots of three independent experiments are illustrated. The histogram on the Bottom of each panel represents the results of densitometric analyses of three
independent experiments. Data are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus nonstimulated cells (NS). (D) Mixed neuronal cultures from
mice embryos (E15) were stimulated with the 5-HT7R agonist 5-CT (10 μM), Serodolin (10 μM), or vehicle (0.1% DMSO diluted in PBS solution) used as a
control group, for 7, 15, and 30 min. Coimmunostaining of neuron marker MAP2 (red) with pERK (green) corresponding to the condition with 30 min of stim-
ulation. These images are representative of two independent experiments. The histogram represents mean ± SEM of fluorescence intensity from two inde-
pendent experiments of immunofluorescence staining (150 to 200 cells counted per group). ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Statistical
analysis was done using Tukey’s multiple comparison test.
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whereas it had no effect on ERK phosphorylation induced by
Serodolin (SI Appendix, Fig. S4E).
In order to explore other mechanisms involved in the biased

effect of Serodolin, we considered the ability of some GPCR
ligands to elicit “switches” in GPCR coupling from one Gα
subtype to another. For that purpose, we evaluated the effect of
Serodolin on the recruitment of different G proteins using var-
iants of mini G (mG) proteins (mGs, mGi, mGq, and mG12)
(23) corresponding to the four families of Gα subunits fused to
a fluorescent protein, in bioluminescence resonance energy
transfer (BRET) assays. We used the histamine H3 receptor
(H3R), adenosine 2B receptor (A2BR) or ghrelin receptor
(GHSR) as positive controls for Gαi, Gα12, and Gαq recruit-
ment, respectively. In order to assess the impact of kinetics, a
critical aspect in the quantification of biased agonism (24), cells
were stimulated with increasing concentrations of compounds,
and BRET measurement was recorded in real time over 20 min
(SI Appendix, Fig. S5). Then, the BRET signals obtained were
plotted as concentration/response curve using values obtained
at the end points (Fig. 3A). The reference agonist 5-CT
induced recruitment of Gs proteins with a half maximal effec-
tive concentration (EC50) value (EC50 = 1 ± 0.4 nM), in
agreement with that observed on cAMP (Fig. 1B). As expected,
Serodolin as well as SB269-970 behaved as inverse agonist for
Gαs recruitment. Whereas we observed that stimulation of

A2R, H3R, and GHSR agonists can induce the recruitment of
their cognate G protein, neither classical (5-CT, SB269-970)
nor biased (Serodolin) 5-HT7R ligands were able to induce the
Gαi, Gα12, or Gαq recruitment. In contrast, Serodolin behaves
as an inverse agonist for Gαs and Gαi coupling, suggesting that
its effect on 5-HT7R–induced ERK activation is mediated
through a mechanism independent of G protein coupling. We
confirmed that 5-HT7R–stimulated ERK1/2 activity did not
depend on the Gαq/IP3/calcium pathway as we did not observe
any modification of intracellular calcium after stimulation of
5-HT7R with 5-CT or Serodolin using a calcium-dependent
bioluminescence sensor GFP-aequorin assay (SI Appendix, Fig.
S6A). In addition, pretreatment of cells with the Gαi inhibitor
pertussis toxin (PTX) had no effect on 5-HT7R–mediated
accumulation of p-ERK1/2 (SI Appendix, Fig. S6B). Altogether,
our data indicate that Serodolin-mediated ERK phosphoryla-
tion in HEK-293 cells expressing 5-HT7R does not require the
generation of a classical second messenger dependent on Gαs,
Gαi, Gα12, or Gαq proteins.

Serodolin Triggers the Interaction of the c-SRC–β-Arrestin
Complex with a Proline-Rich Motif of 5-HT7R Leading to ERK
Phosphorylation. Interestingly, it was shown that some GPCRs
can engage ERK1/2 activation through a scaffolding involving the
receptor C-terminal part, c-SRC and β-arrestins (25–27). In

Fig. 2. Serodolin-induced ERK phosphorylation is mediated through 5-HT7R activation. (A and B) HEK-293 cells stably expressing h5-HT7R were stimulated
with increasing concentrations of 5-CT or Serodolin for 7 min. (C) Cells have been preincubated with SB269-970 (10 μM) for 10 min before the addition of
5-CT (10 μM) or Serodolin (10 μM) to verify the specificity of compounds. Cells were lysed, and Western blot analysis was performed. Representative Western
blots from three independent experiments are shown. The graph on the Right of each panel represents the results of densitometric analyses of three inde-
pendent experiments. Data are means ± SEM. *P < 0.001 versus cells without SB269-970.
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Fig. 3. Role of G proteins, c-SRC, and β-arrestin on Serodolin-induced ERK phosphorylation. (A) Pharmacological profiling of ligand-mediated G protein
recruitment of 5-HT7R receptors using BRET measurement between 5-HT7-RLuc and Venus-mini G proteins. (B) Serodolin-induced ERK phosphorylation is
dependent on c-SRC activation. HEK-293 cells stably expressing h5-HT7R were stimulated with 5-CT (10 μM) or Serodolin (10 μM) for 7 min in the absence or
presence of the potent c-SRC inhibitor PP2 or its inactive analog PP3. Then the effect of 5-CT and Serodolin were evaluated on ERK1/2 and c-SRC activation
by Alpha screen assays. (C) The PXXP motif in the C-terminal tail of 5-HT7R was mutated as described in the Upper panel. The corresponding constructs
encoding HA-tagged 5-HT7 receptor were transfected in HEK-293 cells as indicated (mutT1, mutT2, and mutT3), then the effect of 5-CT and Serodolin was
evaluated on ERK1/2 and c-SRC activation by Alpha screen assays. (D) HEK-293 or KO β-arrestin HEK-293 cells were transiently transfected with HA-5-HT7R
and stimulated with 5-CT (10 μM), Serodolin (10 μM), or vehicle (0.1% DMSO diluted in PBS solution) for 7 min, then cell lysates were analyzed by Alpha
screen assays. (E) HEK-293 cells were transiently transfected with HA-5-HT7R with β-arrestin2 BRET biosensor (Rluc-Arrestin-YPET), then incubated with
increasing doses of 5-CT or Serodolin (10�11 to 10�5 M). Ligand-mediated BRET changes are expressed as induced-BRET changes. Data were fitted using
nonlinear regression using GraphPad Prism software. Data are means ± SEM. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 as indicated.

PNAS 2022 Vol. 119 No. 21 e2118847119 https://doi.org/10.1073/pnas.2118847119 5 of 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
IN

R
A

E
, I

N
ST

IT
U

T
 N

A
T

IO
N

A
L

 D
E

 L
A

 R
E

C
H

E
R

C
H

E
 P

O
U

R
 L

'A
G

R
IC

U
L

T
U

R
E

, L
'A

L
IM

E
N

T
A

T
IO

N
 E

T
" 

on
 J

ul
y 

28
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

14
7.

10
0.

17
9.

23
3.



many cases, β-arrestins function as a scaffold for c-SRC–mediated
activation of MAPKs (27–29). Alternatively, c-SRC may be
directly activated by binding to GPCR in the absence of
β-arrestin (30). To determine whether one of these mechanisms
was required for Serodolin-induced ERK phosphorylation, we first
evaluated the sensitivity of this activation to the c-SRC–specific
tyrosine kinase inhibitor PP2. Importantly, pretreatment with
PP2 inhibitor fully blocked the Serodolin-induced ERK phos-
phorylation, whereas in contrast, it had no effect on ERK phos-
phorylation induced by 5-CT or E55888 (SI Appendix, Fig. S7A).
PP3, a structural analog of PP2 that does not inhibit c-SRC did
not affect 5-HT7R–dependent ERK and c-SRC phosphorylation.
In addition, we demonstrated that phosphorylation of c-SRC
kinase at Tyr416 was induced only after activation of 5-HT7R by
Serodolin and could not be observed after 5-CT or E55888 stim-
ulation (SI Appendix, Fig. S7A). We confirmed the specific action
of Serodolin on c-SRC activation by using the quantitative and
highly sensitive AlphaScreen Phospho assays. Using this approach,
the Serodolin-induced ERK and c-SRC phosphorylation was fully
blocked (by 99% and 100%, respectively) in PP2 pretreatment
cells, whereas PP3 was inactive (Fig. 3B and SI Appendix, Fig.
S7B). In contrast, the 5-CT– or E5888-induced ERK phosphory-
lation was not sensitive to PP2 and did not induce c-SRC phos-
phorylation (Fig. 3B and SI Appendix, Fig. S7B).
Previous studies have shown that proline-rich motifs (PXXP)

in the third intracellular loop and the carboxyl terminus of
GPCRs are involved in the recruitment of SH3-domain con-
taining proteins (SH3-CPs), like c-SRC (27, 29). Interestingly,
we identified such a proline-rich motif in the carboxyl terminus
of the 5-HT7R and aimed at dissecting its putative role in
c-SRC and ERK activation. To generate proline-deficient
5-HT7R mutants, the proline-rich motif was mutated once or
twice with alanine (PXXP AXXP, mut1) and (PXXP AXXA,
mut2) or fully deleted (mut3) (Fig. 3C, Upper). The HA-
tagged mutant receptors were well expressed at the plasma
membrane and showed cAMP response to 5-CT similar to wild
type (WT) (SI Appendix, Fig. S8). Interestingly, while all three
mutants still responded to 5-CT by inducing ERK phosphory-
lation, they showed a complete loss of ERK and c-SRC phos-
phorylation, measured by AlphaScreen assays, upon Serodolin
stimulation (Fig. 3C). Collectively, these results demonstrate
the importance of the PXXP motif of 5-HT7 receptor C termi-
nus in mediating Serodolin-induced signaling.
Previous studies have demonstrated that GPCRs can trigger

non-G protein–mediated signaling events and in particular the
activation of ERK1/2 by scaffolding complexes composed of
c-SRC and β-arrestins. Considering the importance of c-SRC
activation in Serodolin-mediated effect, we decided to deter-
mine whether β-arrestins are required for Serodolin-stimulated
c-SRC–dependent ERK activation. Wild-type HEK-293 cells
and β-arrestin–deficient cells generated by using CRISPR-Cas9
gene editing were transfected with HA-5-HT7R (Fig. 3D).
Serodolin-induced ERK and c-SRC phosphorylation were abol-
ished in β-arrestin knockout (KO) cells, whereas absence of
β-arrestins has no effect on 5-CT–induced ERK and SRC
responses analyzed by AlphaScreen assays (Fig. 3D). A siRNA
knockdown approach was then employed to confirm the role of
β-arrestins. The siRNA-mediated depletion of β-arrestins
completely abrogated Serodolin-stimulated ERK and c-SRC
phosphorylation, whereas it did not affect 5-CT–induced ERK
phosphorylation (SI Appendix, Fig. S9).
We then investigated whether the Serodolin-induced β-arrestin

recruitment using an intramolecular fluorescent BRET biosensor
RLuc-arrestin-2-YPET (31). Interestingly, in contrast to 5-CT,

Serodolin was able to induce a concentration-dependent increase
of BRET signal. BRET signal may reflect changes of the confor-
mational states of β-arrestin induced by 5-HT7R activation or
may be due to steric interference of the donor and acceptor by
recruitment of other binding partners as well as changes in the
subcellular environment of the biosensor (Fig. 3E). However, cor-
roborating results obtained with silencing β-arrestins, this BRET
analysis supports a critical role of β-arrestin in mediating Serodo-
lin signaling.

Altogether, we showed that, in contrast to both reference
agonists (E55888 and 5-CT), the Serodolin-induced ERK acti-
vation involves c-SRC activation, underlying the specific phar-
macological profile of Serodolin. Considering that E55888 is a
more selective ligand compared to 5-CT (32), we then used
E55888 as a reference agonist for in vivo studies.

Serodolin Has Antinociceptive Effects in Several Pain Models.
Several studies have suggested that systemic administration of
5-HT7R agonists, such as E55888, resulted in antiallodynic
and antihyperalgesic effects in pain conditions involving central
sensitization (32). In line with these data, spinal blockade of
5-HT7R has been reported to inhibit the antinociceptive effect
of opioids, supporting the idea that 5-HT7R plays an impor-
tant role in physiological mechanisms controlling nociception
and pain (7). Therefore we aimed at evaluating the antinocicep-
tive profile of Serodolin in different types of pain models.

Analgesic activity was first evaluated using the acetic acid
abdominal constriction test (writhing test), a chemical model of
visceral pain. We evaluated the dose–response effect of Serodo-
lin following single oral, intravenous, and subcutaneous admin-
istration of the compound 1 h before injection of acetic acid
(Fig. 4A and SI Appendix, Fig. S10). Pretreatment of the mice
with Serodolin produced a dose-dependent decrease of the ace-
tic acid-induced writhing with a significant effect, even at the
lower dosage tested, i.e., 0.1 mg/kg subcutaneous (s.c.). Inter-
estingly, we demonstrated that at the highest dosage, Serodolin
was able to inhibit by up to 87% the writhing assay response as
compared to the full inhibition produced by morphine (3 mg/kg,
s.c.), supporting the therapeutic interest of Serodolin.

We then used three other pain models to investigate the mecha-
nisms involved in the antinociceptive actions of Serodolin in com-
parison with E55888. First, we evaluated the pharmacokinetics
profile of both compounds (SI Appendix, Fig. S11). We used the
liquid chromatography tandem mass spectrometry (UPLC-MS/
MS) method to perform a PK study and measure Serodolin versus
E55888 levels in vivo. The kinetics demonstrate the presence of
both compounds for the same time period during experiments and
their ability to pass the brain blood barrier. They show a maximum
of detection at 15 to 30 min both in plasma and brain (2.9 ±
0.8 μg/mL for Serodolin and 6.1 ± 0.5 μg/mL for E55888 in
plasma and 0.4 ± 0.8 μg/mL for Serodolin and 1.4 ± 0.2 μg/mL
for E55888 in brain). However, whereas E55888 is eliminated after
120 min in both plasma and brain, Serodolin is still detected at this
time and becomes undetectable after 240 min in plasma and brain.

In the thermal pain model, the mean pooled baseline tail-
immersion latency of all the treatment groups was 3.6 ± 0.4 s.
Systemic administration of Serodolin (1 and 5 mg/kg, s.c.) pro-
duced a significant dose-dependent increase in the tail-immersion
latencies (SI Appendix, Fig. S12A). The effect of Serodolin begun
within 10 min postadministration (T0) (SI Appendix, Fig. S12B)
and lasted beyond 70 min (T60) when given in the dose of
5 mg/kg. In comparison with the effect of E55888, Serodolin
displayed almost identical behavior on the hot-water immersion
tail-flick latencies (Fig. 4B and SI Appendix, Fig. S12B). To
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validate the specificity of action of both compounds on 5-HT7R,
we evaluated whether SB269-970, the selective and potent 5-HT7

antagonist could reverse their antinociceptive properties. While
SB269-970 administrated alone did not exert any significant effect
on acute thermal nociception, it reversed the analgesia induced by
either E55888 or Serodolin at both times tested (Fig. 4B and SI
Appendix, Fig. S12C). To reinforce the role played by 5-HT7R in
Serodolin-mediating analgesia, we tested its effect in homozygous
mice carrying a deletion in the 5-HT7R gene (5-HT7R KO
mice). The subcutaneous administration of E55888 and Serodolin
did not exert any antinociceptive effect in 5-HT7R KO mice (SI
Appendix, Fig. S13). These finding clearly establish that systemic
administration of Serodolin, a β-arrestin–biased 5-HT7R ligand
can generate behavioral antinociception through biased 5-HT7R
activation.
We further explored the antinociceptive activity of Serodolin

in vivo by evaluating its effect in the control of hypersensitivity

following complete Freund’s adjuvant (CFA) sensitization.
Mice injected with CFA into the midplantar surface of the left
hindpaw (ipsilateral paw) developed mechanical hypersensitiv-
ity, evidenced by a reduction (>50%) of the mechanical thresh-
old triggering withdrawal of the ipsilateral paw in the Von Frey
test, 30 min after injection (Fig. 4C). We wanted to evaluate
the effect of Serodolin on mechanical hypersensitivity in com-
parison with E55888 after CFA injection. As expected, subcu-
taneous administration of E55888 30 min after CFA injection
reversed the CFA-induced mechanical hypersensitivity. Signifi-
cantly decreased paw withdrawal thresholds (antiallodynia) in
mice treated with Serodolin were also observed 30 min after
administration of 5 mg/kg compared to vehicle-treated mice.
Interestingly, when tested 24 h later after administration of
5-HT7R ligands, the antiallodynic effect of Serodolin on CFA-
induced hypersensitivity was still significant (Fig. 4C). Impor-
tantly, pretreatment of animals with SB269-970 30 min before

Fig. 4. Analgesic and antinociceptive effect of Serodolin. (A) Analgesic effect of Serodolin in the acetic acid–induced writhing test. In this test, nociception
was induced by an intraperitoneal injection (i.p.) of 0.1 mL/10 g acetic acid solution (10 mL/kg). Serodolin at increasing dosage was administrated by s.c.
route before acetic acid injection (Upper). Positive control animals were pretreated with morphine (3 mg/kg, s.c.) 10 min before acetic acid. Five minutes after
injection of acetic acid, the number of writhing responses was recorded for 10 min. Data are mean ± SEM of values obtained from a representative experi-
ment (n = 10 animals/group). ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 as compared with the control group. (B) Antinociceptive effect of the
5-HT7R agonist Serodolin on the tail immersion test. Mice were s.c. injected with two 5-HT7 receptor agonists (Serodolin or E55888 at 5 mg/kg) and 10 min
later their tail extremity was immersed in water heated to 50 °C. The effect of injections (Serodolin or E55888) was evaluated at T30 corresponding to
40 min after compound injections. ****P < 0,0001 versus vehicle or as indicated. (C) Mechanical hypersensitivity was evaluated after CFA intraplantar injec-
tion by using the Von Frey test. Mechanical hypersensitivity was performed 30 min after (pretreatment) CFA intraplantar injection into the left hindpaw (ipsi-
lateral paw). Mice were intraperitoneally injected (+) or not (�) with the 5-HT7R antagonist SB269-970, 20 min before agonist subcutaneous injections
(E55888 or Serodolin at 5 mg/kg). The ligand effects (E55888 or Serodolin) were evaluated 30 min and 24 h after injection in the ipsilateral paw and reported
at 100% allodynia of each mouse. Data are means ± SEM of values obtained in two independent experiments (n = 8 to 10 per group). ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05. Statistical analysis was done using the Kruskal–Wallis test. (D) Effect of the administration of Serodolin (10 mg/kg, s.c.)
in the formalin test in rats. Results are expressed as mean ± SEM. Percentages are expressed as decreased as compared to the vehicle-treated group.
***P < 0.001 as compared to the vehicle-treated group; Bonferroni’s test after significant two-way repeated measures ANOVA.
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Serodolin or E55888 administration fully blocked their effect
on allodynia (Fig. 4C).
Finally, we evaluated the effect of Serodolin in rats in the

formalin test, an acute and tonic pain model based on the use
of a chemical stimulus. Subcutaneous injection of formalin into
the right hindpaw produces a biphasic painful response of
increasing and decreasing intensity for about 30 min after the
injection. The initial phase of the response (early phase), likely
caused by a burst of activity from C fibers, begins immediately
after the formalin injection and lasts about 5 min. Although
not significant, Serodolin and morphine have an inhibitory
effect (�40% and �57%, respectively) during the early phase.
Interestingly Serodolin significantly inhibited licking (�80%)
and to the same extent as morphine (�64%) during the late
phase of formalin-induced behaviors (Fig. 4D). These results
strongly suggest the potential analgesic effects of Serodolin for
states of persistent pain in which tissue damage occurs.
Overall, our results conducted in HEK cells show that serodo-

lin is an antagonist/inverse agonist of G protein signaling, whereas
it behaves as an agonist on arrestin signaling. While E55888 and
serodolin have opposite effects on the Gs pathway, the first one
acting as a full agonist and the second as an inverse agonist, both
molecules produce the same effect in three pain models. These
results suggest that the arrestin pathway is involved in the effect
of Serodolin to alleviate pain-related behaviors.

Discussion

In the present study, we demonstrated that Serodolin behaves
as a 5-HT7R–biased ligand with dual efficacy. Indeed, a
detailed pharmacological characterization revealed that Serodo-
lin acts as a potent inverse agonist for Gs signaling while induc-
ing an agonistic response on the ERK pathway. In agreement
with previous studies obtained showing stimulation of 5-HT7R
with the natural ligand 5-HT (3, 4, 33), we reported that the
5-CT–induced ERK activation requires Gs/cAMP/PKA/Ras
signaling. In contrast, the Serodolin-induced ERK activation
does not requires G protein activation. Rather, Serodolin
reduces 5-HT7R basal AC activity and inhibits its constitutive
interaction with Gs protein, revealing a robust inverse agonist
property. Of particular interest is the finding that other 5-HT7

ligands defined as inverse agonists by their ability to decrease
basal AC activity, were not able to induce ERK phosphoryla-
tion. Therefore, among 5-HT7R ligands, the pharmacological
profile of Serodolin is unique. Our results are in agreement
with a multistate model of receptor activation in which ligand-
specific conformations are capable of differentially activating
distinct signaling partners, as demonstrated initially with the β2
adrenergic receptor (34). In this concept, whereas balanced ago-
nists are able to activate all aspects of GPCR signaling, biased
ligands are capable of stabilizing only the subset of conforma-
tions, which selectively activate part of the signaling pathway
repertoire. For example, ligands can display bias toward either
G protein (G protein–biased ligand)– or β-arrestin (β-arrestin–
biased ligand)–mediated signaling (15, 35, 36).
Because both G proteins (4) and β-arrestins (33) have been

shown to contribute to the 5-HT7R–dependent ERK signaling
in response to the natural ligand serotonin, we sought to deter-
mine the contribution of each pathways in Serodolin-induced
ERK signaling. Consistent with previous studies (3, 4, 33), we
demonstrated that stimulation of 5-HT7R by the conventional
agonist 5-CT depends on Gs/cAMP/PKA signaling as con-
firmed by the inhibitory effect of H-89 and FTI277, a PKA
and a Ras inhibitor, respectively. However, we found no

implication of PKA in the Serodolin-induced ERK activation,
suggesting a different molecular mechanism for both ligands.
As Serodolin is sensitive to β-arrestin knockdown while 5-CT
is not, we hypothesized that the 5-HT7R conformation induced
by Serodolin might be different from the one induced by 5-CT
and allow β-arrestin signaling.

To date, only one compound has been characterized as a
β-arrestin–biased ligand at 5-HT7R; however, it displays a sub-
micromolar potency on the Gs pathway and a low efficacy on
β-arrestin signaling (11). In addition, whereas some authors
reported β-arrestin recruitment upon 5-HT stimulation using
the NanoBiT assays (33) or the TANGO reporter system (11),
others failed to observe such interaction (37). While our data
demonstrated that β-arrestins are required for Serodolin-
induced biased signaling at the 5-HT7R, it remains to be deter-
mined whether β-arrestin is recruited to the Serodolin-occupied
5-HT7R. It has traditionally been considered that β-arrestin has
to interact with GPCR in order to shift into an active confor-
mation, which is capable of recruiting scaffolding proteins such
as ERK cascade members (14). However, using different meth-
odologies, such as confocal microscopy or bioluminescence
energy transfer, we were unable to detect Serodolin-induced
β-arrestin recruitment to 5-HT7R. This lack of effect may be
due to the low affinity of the 5-HT7R to β arrestin or a tran-
sient and rapid interaction of β-arrestin with the receptor that
is undetectable by experimental conditions. If β-arrestin
remains in the active conformations after receptor dissociation,
this would allow β-arrestin coupling to its effectors at a site dis-
tinct from the cellular localization of the receptor, thus mediat-
ing distant β-arrestin–mediated signaling as proposed for the
β2-AR (38). This hypothesis is consistent with a recent report
showing that the ligand-activated GPCR acts catalytically to
activate β-arrestin trafficking (39).

The role of G proteins in β-arrestin–mediated ERK activation
has recently led to controversy. Some mutants of β2AR or
AT1AR receptors, which lost the capacity to couple to G proteins,
however, retained the ability to activate ERK1/2, underlying the
functional role of β-arrestin1/2 in ERK signaling (40, 41). In con-
trast, other studies revealed that these two GPCRs do not activate
ERK when G proteins were depleted by CRISPR-Cas9 technol-
ogy. Furthermore, depletion of β-arrestin1/2 has no impact on
the agonist-induced ERK activation, implying that β-arrestins
are dispensable for the GPCR-driven ERK activation (42, 43).
In a more recent study, the role of β-arrestins in overall ERK
activation by GPCR operating through a G-dependent or
G-independent signaling, even in CRISPR-Cas9 knockout cell
lines, was reaffirmed (44). In particular, it was shown that the use
of β-arrestin–biased ligands was helpful to avoid misinterpretation
associated with the rewiring of signaling networks encountered in
these knockout cells. In agreement with these observations, our
results underscore the role played by β-arrestin in Serodolin-
induced ERK activation, which occurs in the absence of G pro-
tein signaling. Interestingly, as the responses of ERK to 5-CT
only depend on G protein signaling, we can speculate that G pro-
teins and β-arrestins compete for binding sites on 5-HT7R.
Because 5-HT7R is preassociated to G protein (45), this may ste-
rically hinder β-arrestin binding to the receptor. Alternatively,
5-CT and Serodolin, by stabilizing different active conformations,
may lead to differential phosphorylations of the receptor hence
modifying its “barcodes” that can trigger or not β-arrestin–
dependent signaling (13, 46).

Consistent with what we show here, it has been previously
demonstrated that pertussis toxin did not affect 5-HT7R–mediated
ERK signaling (2, 33). However, additional G protein–dependent

8 of 12 https://doi.org/10.1073/pnas.2118847119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
IN

R
A

E
, I

N
ST

IT
U

T
 N

A
T

IO
N

A
L

 D
E

 L
A

 R
E

C
H

E
R

C
H

E
 P

O
U

R
 L

'A
G

R
IC

U
L

T
U

R
E

, L
'A

L
IM

E
N

T
A

T
IO

N
 E

T
" 

on
 J

ul
y 

28
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

14
7.

10
0.

17
9.

23
3.



signaling via ERK, cannot be ruled out since it was recently
shown that receptors known to be positively coupled to adenyl-
ate cyclase by Gαs could activate the ERK pathway by direct
coupling between Gαi and β-arrestin (47). Furthermore, the
authors specify that this coupling between Gαi and β-arrestin is
only partially sensitive to pertussis toxin, suggesting that there
are different ways to activate ERK: A G protein–independent
pathway and a Gi-dependent one (47).
It is known that β-arrestins may function as a scaffold for

c-SRC–mediated activation of ERK, as previously demon-
strated (29). Alternatively, some GPCRs can interact directly
with the tyrosine kinase c-SRC in the absence of β-arrestin
(30). In order to explore the role of c-SRC in 5-HT7–mediated
signaling, we used pharmacological inhibitors of this tyrosine
kinase. We identified c-SRC as a molecule that is actually acti-
vated after Serodolin stimulation but is not involved in the
5-CT– and E55888-mediated ERK activation, again demon-
strating differences in the molecular events implicated in the
effect of both ligands. Furthermore, our results clearly demon-
strated a critical role of a proline-rich motif in the 5-HT7R dis-
tal C terminus in Serodolin-induced ERK and c-SRC signaling,
as mutations or deletion in this motif resulted in complete loss
of both c-SRC and ERK activation. These results indicate that
the binding of Serodolin to the receptor stabilizes a conforma-
tion allowing β-arrestin/c-SRC scaffolding, both required to
trigger the ERK pathway. As proposed for others GPCRs (27),
the interaction of SH3 domains of c-SRC with the PXXP
motif in the 5-HT7R C-tail may appear concomitantly with
β-arrestin binding, ensuring reciprocal stabilization of the
receptor β-arrestin–c-SRC complex. Alternatively, rearrange-
ment of the proline rich motif in the 5-HT7R C tail in
response to Serodolin binding may allow interaction with
β-arrestin, thereby promoting conformational changes of
β-arrestin allowing the PR regions of β-arrestin to interact with
the SH3 domains of c-SRC, as proposed for the β2-AR (29).
Over the last few years, an increasing number of studies

demonstrated a role of 5-HT7 receptors in pain modulation
(7, 48). Here we provide a convergent set of results indicating
that Serodolin is able to reduce many aspects of pain-related
behaviors such as mechanical allodynia or thermal hyperalgesia.
Remarkably, in a peripheral inflammation murine model
induced by hindpaw intraplantar injection of CFA, the antiallo-
dynic effects of Serodolin were as efficient and long-lasting as
E55888, a reference agonist compound of 5-HT7R. This long-
lasting effect is consistent with the pharmacokinetics of Serodo-
lin, which remains detectable 2 h after its administration both
in blood and brain. We demonstrated the specific action of
Serodolin at 5-HT7R as its effects were fully blocked by
SB269-970, an antagonist of 5-HT7R. These data demon-
strated the interests of a biased 5-HT7R ligand in the inhibition
of the transmission of pain signal, suggesting that such a signal
could be mediated through β-arrestin–dependent and G
protein–independent signaling mechanism. Depending on the
neural circuits responsible for the analgesic effects, the role of
arrestins in the signaling of other receptors may also be
involved in the antinociceptive effect of Serodolin. Indeed, the
central role of β-arrestins on opioid analgesia and tolerance has
already been demonstrated in the case of the mu-opioid recep-
tor (16, 17, 49, 50). If the β-arrestin2 KO mice showed
enhanced and prolonged morphine-induced analgesia (17),
they also showed a limiting opioid-induced reward (16).
Although the role of β-arrestins in 5-HT7R–mediated analgesia
should be further investigated, this study revealed the interest
of β-arrestin–biased ligands as a therapeutic agent. Corroborating

these observations, previous studies have revealed the antinocicep-
tive effect of 5-HT7R activation; administration of 5-HT7R ago-
nists (E57431 and E55888) was found to inhibit the mechanical
hypersensitivity secondary to capsaicin injection or nerve injury
(32, 51). Spinal 5-HT7R was shown to play a significant
inhibitory role in descending serotoninergic modulation in pain
induced by inflammation (52) or thermal stimulation (8). There-
fore, the Serodolin-induced antinociceptive effects may involve
the activation of 5-HT7R at the spinal level and/or in brain
areas. Interestingly, it was shown by positron emmision tomog-
raphy imaging that biased ligands of 5-HT1AR can induce differ-
ential activation patterns in brain (53). It would be interesting to
investigate in future, which brain regions and which neuronal
circuits contribute to the therapeutic action of Serodolin.

Interestingly, it has been shown that the capacity of some
GPCR-biased ligands to activate specific signaling while block-
ing or decreasing unwanted actions might have therapeutic
benefit (15). As both E55888 and Serodolin induce ERK
activation, this suggests a potential role of ERK-mediating
signaling in the antinociceptive effects even if other signaling
pathways downstream of β-arrestins or G proteins may contrib-
ute to the therapeutic effects. The characterization of β-arrestin–
biased ligands would help to determine and decipher the respective
roles of G protein and β-arrestin signaling in regulation physiologi-
cal functions mediated by 5-HT7R. Finally, the present findings
not only demonstrate the interest of 5-HT7R–biased ligand to
reduce pain behavior but also point out the role of β-arrestin
signaling in this effect, which opens a potential for therapeutic
use of 5-HT7R β-arrestin–biased ligands in the field of analgesia.

Materials and Methods

Drugs, Antibodies, Reagents, and Medium. Coelenterazine was from Inter-
chim. The protease inhibitor mixture was from Roche. PP2, PP3, and PTX were
from Calbiochem. Polyvinylidene fluoride (PVDF) membrane and CL-X film were
from GE Healthcare. The Pierce SuperSignal West Dura Extended chemilumines-
cent substrates and medium for cell culture were from Thermo Fisher Scientific.
The rabbit anti-mouse (816720) and goat anti-rabbit (656120), IgG horseradish
peroxidase (HRP)-linked whole antibodies were from Life Technologies. All other
reagents and culture media were from Sigma-Aldrich. The GHSR fused to Renilla
luciferase was kindly provided by Jacques Pantel, Institut National de la Sant�e et
de la Recherche M�edicale, Unit�e Mixte de Recherche 1124, Paris, France. The
N-terminal 3× HA-tagged human 5-HT7bR was obtained from the cDNA Resource
Center (http://www.cdna.org).

Plasmid Constructs. The human 5-HT7R fused at its C terminus with Renilla
Luciferase (5-HT7-RLuc) construct was obtained by NheI and EcoRI sites insertion
upstream and downstream, respectively, of the open reading frame (ORF) of the
human 5-HT7R in the pRLuc-N1 vector, that we had previously obtained (54). The
5-HT7R–NheI forward primer 50-CGACGTGCTAGCGCCACCATGTACCCATACGATGTTC
CAGAT-30 and the 5-HT7R–EcoRI reverse primer 50-CTGAGCGAATTCGTGATGAATCAT
GACCTTTTTTTCTACAG-30 were used for that purpose. The fragments obtained from
the BamH1 restriction of the PCR product were ligated into the pRLucN1 vector
linearized by digestion with NheI and EcoRI. Mutations in the PXXP motif were
performed by site-directed mutagenesis. All sequences obtained were verified by
direct DNA sequencing (MWG Eurofins and Cogenics).

Cell Cultures and Transfections. HEK-293 cells and HEK-293 cells stably
expressing 5-HT7bR were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (vol/vol) dialyzed fetal calf serum (FCS), 100 U/mL peni-
cillin, and 0.1 mg/mL streptomycin. The HEK-293 KO arrestin cell line was
mutated in the ARRB1 and the ARRB2 genes, using the CRISPR-Cas9 genome
editing technology as described elsewhere (42, 43, 55).

Cerebral cortexes from mice embryos (E15) were collected and mechanically disso-
ciated in 1 mL of Hanks’ balanced salt solution (HBSS) (�Ca2+) (Sigma) with Hepes
(H3375, Sigma). After addition of 1 mL of HBSS (+Ca+2) with Hepes and 1 mL of
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decomplemented FCS (12133C, Sigma), samples were centrifuged (1,000 rpm, 30
min) to collect cells in 1 mL of neurobasal medium (GIBCO, Thermo Fisher Scientific).
Neuronal differentiation was performed in 24-well plates, during 7 d with three
medium changes per week.

For BRET experiments cells were transfected with the calcium phosphate pre-
cipitation method. For cAMP determinations, cells were transiently transfected
with 10 μg of plasmid/100-mm dish with Lipofectamine 2000 (Invitrogen) and
Opti-MEM (Gibco), according to manufacturer’s recommendations. Experiments
were performed 24 h to 48 h after transfection. siRNA were transfected with Lipo-
fectamine 2000 (Invitrogen) in HEK-293 cells.

cAMP Accumulation and Functional Assays. cAMP accumulation was mea-
sured with a LANCE cAMP Detection Kit (Perkin-Elmer Life Sciences), according to
the manufacturer’s instructions and as previously described (54). Concentration/
response curves were analyzed using Prism 4 software.

Flow Cytometry. Cells were transfected with the different mutants of the recep-
tor fused to HA tag and grown until 70% confluence and washed using complete
phosphate buffered saline (PBS) (PBS with 1 mM of CaCl2 and 0.5 mM of
MgCl2). Cells were then detached and incubated with antihemagglutinin (HA)
from Roche Diagnostics for 60 min, followed by an additional incubation with
goat anti-rat (FITC) antibody (ab6840) for 60 min. Isotypic controls were done in
parallel by incubation with each corresponding immunoglobulin isotype. After
washing, stained cells were analyzed by flow cytometry using a BD LSR cytometer
(BD Biosciences) and results from 10,000 cells were analyzed by Cell Quest Pro
software. Results are presented as the difference in fluorescence relative intensity
between the cells labeled with the antibody versus the cells labeled with the cor-
responding isotype, and by the overlay histograms displaying the isotypic control
and the antibody labeling, for one representative experiment out of two.

SDS-PAGE and Western Blot. After lysis, samples were resolved by electropho-
resis on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred electrophoretically to PVDF membranes (GE Healthcare
Life Sciences). Membranes were washed in Tris-buffered saline (TBS; pH 7.4) con-
taining 0.1% Tween-20 (TBS-T) and blocked with 5% (wt/vol) dry milk TBS-T for
30 min. Blots were probed with anti-arrestin, antiphospho-ERK, or anti-ERK, anti-
phospho-SRC, anti-SRC, anti-HA, or anti-GFP, or anti-actin antibodies (1:2,000).
Horseradish-peroxidase–conjugated goat anti-rabbit, anti-mouse, or anti-rat anti-
bodies (1:33,000) were used as secondary antibodies. Immunoreactive bands
were detected using the Dura detection kit. Protein quantification on blots was
performed using Quantity One software (Bio-Rad).

AlphaScreen Assays. The AlphaScreen SureFire phospho-ERK and phospho-c-
SRC assays (PerkinElmer) were used to quantify p-ERK1/2 and p-c-SRC from HEK-
293 cell lysates according to the manufacturer’s instructions.

BRET Analyses. To evaluate Gαs, Gαq, and Gαi recruitment, cells were tran-
siently transfected with 5-HT7R(b) C terminally fused with donor Rluc (5-HT7R-
Rluc) and acceptor NES-Venus. mGs, or NES-Venus-mGsq, or NES-Venus-mGsi
(kindly provided by N. A. Lambert, Augusta University, Augusta, GA) (23) HEK-
293 cells were transfected with HA-5HT7(b)-Rluc and the appropriate BRET
acceptors, and then incubated with increasing doses of 5-CT, SB269-970, or
Serodolin (10�11 to 10�5 M). To evaluate the recruitment of mGi, mG12, and
mGq, cells were also transfected with a receptor described as positively coupled
to the G protein, the adenosine 2 receptor A2R, the histamine 3 receptor H3R, or
the ghrelin receptor GHSR and then stimulated with adenosine, imetit, or ghre-
lin, respectively. For the assessment of β-arrestin2 recruitment, HEK-293 cells
were transiently cotransfected with plasmids coding for 5-HT7R-Rluc and for Rluc-
β-arrestin2 yPET (kindly provided by M. G. Scott, Cochin Institute, Paris, France).
Forty-eight hours after transfection, BRET measurements were immediately per-
formed upon addition of a rising concentration of different ligands and 5 μM of
coelenterazine H. Signals were recorded for 30 min in a Mithras LB 940 Multi-
reader (Berthold), which allows the sequential integration of luminescence
signals detected with two filter settings (RLuc filter, 485 ± 10 nm; YFP filter,
530 ± 12 nm). Emission signals at 530 nm were divided by emission signals at
485 nm. The results were expressed as induced-BRET change corresponding to
the difference between the BRET ratio observed in control conditions (without
ligands) and those obtained after addition of 5-HT7R ligands. The results are
shown as mean ± SEM from three independent experiments. Data were plotted

and analyzed using GraphPad Prism 4 software for Windows (GraphPad Soft-
ware, Inc.). For normalization the value of all replicates was divided by the mean
of the agonist 5-CT–induced maximal responses and multiplied by 100 for any
given read out. Concentration/response curves were fitted by nonlinear regres-
sion and saturation curves by a hyperbolic one-binding site equation. The
method provided estimates for EC50 values and corresponding SEM.

Animals. C57BL/6 (Janvier) and 5-HTR7 knockout (5-HT7R
�/�) mice maintained

on a C57BL/6 background (56) as well as Sprague–Dawley rats (specific patho-
gen free status, Janvier) were used. For experiments, male animals (8 to 14 wk
old) were housed in a temperature (20 to 24 °C)- and relative humidity (45 to
65%)–controlled room and acclimated to a bright cycle (12/12 h). Ligands were
solubilized in 20% dimethyl sulfoxide (DMSO), 5% Tween 80 diluted in PBS
solution for injection in mice. All animal protocols were carried out according to
French government animal experiment regulations and approved by animal eth-
ical committees (Comit�e d’Ethique pour l’Exp�erimentation Animale Orl�eans
CE03 and Auvergne C2E2A) and accredited by the French Ministry of Education
and Research under national authorization Nos. 1195 and 11887. Animals used
in this study were treated according to the guidelines of the Committee for
Research and Ethical Issue of the International Association for the Study of Pain
(1983) and the European guidelines 2010/63/UE.

Pharmacokinetic Study in Mice. The pharmacokinetic study was undertaken
to evaluate and compare the quantity of Serodolin and E55888 in plasma and
brain samples from C57BL/6 mice (Janvier) at several time points. Seven-week-
old C57BL/6 mice (n = 4 animals per group) received by subcutaneous injection
a unique dose (5 mg/kg) of Serodolin or E55888 (U103013S, Achemblock). The
control group received vehicle (solution of 20% DMSO and 5% Tween 80 diluted
in NaCl). Mice were killed 15, 30, 60, 120, 240, or 480 min after injection. Blank
vehicle mouse brain homogenates and plasma were used to established stan-
dard curves of Serodolin or E55888. A reference agonist of the 5-HT7R, 5-CT
(0458, Tocris), was chosen as an internal standard and diluted at 0.025 mg/kg
in acetonitril. Study samples, brain homogenates, and plasma, were prepared
for protein precipitation by adding 85 μL of acetonitril + 5-CT to 20 μL of the
samples. Liquid chromatography–high resolution mass spectrometry analysis for
PK studies were performed on a maXis quadrupole time-of-flight mass spectrom-
eter (Bruker) coupled to an U3000 rapid separation liquid chromotagraphy ultra-
high–performance liquid chromatography system (Dionex). Separation was
obtained using an Acquity UPLC BEH C18 column (2.1 × 50 mm; 1.7 μm)
(Waters) thermostated at 40 °C with a gradient of water (solvent A) and acetoni-
trile (solvent B), both acidified with 0.1% formic acid at 500 μL/min. The gradient
was as follows: 2% B from 0 to 0.1 min, a linear gradient up to 98% B at 2.4
min, kept to 3.5 min and reconditioning of the column at 2% B from 3.6 to 5.8
min. The samples were randomized prior to the analysis; 1.25 μL was injected
into plasma and 8 μL into brains. Mass spectra were recorded in the 50 to 1,650
m/z range at a frequency of 4 Hz with positive electrospray ionization. Areas were
integrated from extracted ion chromatograms (EIC) of [M+H]+ ions using QuantA-
nalysis 4.4 software (Bruker) with a tolerance of± 0.005 unit.

Immunocytochemistry. Primary neuronal cells were fixed with 4% paraformal-
dehyde in PBS for 10 min and then washed with PBS. Cells were saturated with
0.3% Triton X-100 in 1% bovine serum albumin (BSA) in TBS-FCS 10% for 15
min, followed by three washes in TBS and incubated 2 h with rabbit anti-p-ERK
(9101 1/200, Cell Signaling) and mouse anti-MAP2 (119942 1/250, Sigma) in
TBS with 1% BSA, 10% FCS, and 0.3% Triton X-100. Then, cells were washed three
times with TBS and incubated with the corresponding secondary antibodies, sheep
anti-rabbit IgG FITC (F7512 1/500, Sigma) or goat anti-mouse IgG TRITC (T7657
1/100, Sigma) for 1 h in a wet and dark room. After three washes, cells were
stained with bisBenzimide H33258 (B1155, Sigma) for 10 min and washed and
mounted onto microscope slides with Fluoromount-G (0100-01, Southern Bio-
tech). The costainings were observed using an inverted Zeiss Cell Observer 27
microscope with a 40× EC Plan Neofluar 40/0.75 numerical aperture objective
(Carl Zeiss Co.). Images were processed with Zen software analyzed with ImageJ.

Nociception Assessments.
Writhing tests. Groups of mice (n = 10; 25 to 35 g) received Serodolin by oral,
subcutaneous, or intravenous route at different doses (0.1 to 10 mg/kg) 1 h
before intraperitoneal injection of 1% acetic acid in a volume of 10 mL/kg.
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The control group received vehicle (10 mL/kg, solution of 20% DMSO and 5%
Tween 80). The test was carried out 5 min later after acetic acid injection. The
characteristic writhing responses have been observed individually and counted
for 10 min. Measurements were performed by CERB.
Von Frey filament test. Before inducing inflammatory pain, each animal was
tested on the left hindpaw with Von Frey filament to determine its basal sensibility
level. Then, peripheral inflammation was induced by intraplantar injection of com-
plete Freund’s adjuvant (CFA-10 μL) (F5881, Sigma) in the left hindpaw (ipsilateral
paw) and mechanical allodynia was measure (pretreatment). Mice were divided into
two groups, one with E55888 (5 mg/kg) and the other with Serodolin (5 mg/kg)
subcutaneous injections in the ipsilateral paw, treated with (+) or without (-) the
5-HT7R antagonist SB269-960 (5 mg/kg), intraperitoneally injected 20 min before
the agonist injections (8 to 10 mice per group). The ligand effects on mechanical
allodynia were analyzed 30 min and 24 h after (posttreatment), and the results
were reported at 100% of mechanical paw withdrawal threshold of each mouse.
Tail immersion test. Nociception was assessed with the tail immersion test,
10 min and 40 min after E55888 (5 mg/kg) or Serodolin (5 mg/kg) tail subcuta-
neous injections, in water heated to 50 ± 2 °C. Vehicle (20% DMSO, 5% Tween
80 diluted in PBS solution) was used as a control group. These different groups
were intraperitoneally injected (+) or not (�) with the 5-HT7R antagonist SB269-
960 (5 mg/kg).
Formalin test. Unilateral injection of a 2.5% formalin solution (50 μL) was per-
formed into the plantar aspect of the hindpaw on testing day. Vehicle, Serodolin
(10 mg/kg, s.c.), or morphine (4 mg/kg, s.c.) was adminstered 30 min before a
2.5% formalin solution (50 μL) into the plantar aspect of the hindpaw of rats.
Hindpaw licking time was recorded in consecutive 5-min periods from 0 to
5 min (early phase) and 17 to 27 min (late phase) after formalin injection.

Statistical Analysis. All results are shown as mean ± SEM. For in vivo experi-
ments, statistical analysis was performed using the nonparametric Kruskal–Wallis
test followed by Dunn’s posttest or a two-way ANOVA with Tukey’s post hoc test.
The quantification of p-ERK fluorescence intensity on neuronal culture was ana-
lyzed using a two-way ANOVA with Tukey’s post hoc test.

Data Availability. All study data are included in the article and/or supporting
information.
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