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Méditerranée, F-13916 Marseille, France
*Corresponding authors: Michèle Darmon,
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By analogy to other axonal proteins, transcytotic delivery
following spontaneous endocytosis from the somatoden-
dritic membrane is expected to be essential for polar-
ized distribution of axonal G-protein coupled receptors
(GPCRs). However, possible contribution from constitu-
tive activation, which may also result in constitutive
GPCR endocytosis, is poorly known. Using two closely
related but differentially distributed serotonin receptors,
here we demonstrate higher constitutive activation and
spontaneous endocytosis for the axonal 5-HT1BR, as
compared to the somatodendritic 5-HT1AR, both in non-
neuronal cells and neurons. Activation-dependent consti-
tutive endocytosis is crucial for axonal targeting, because
inverse-agonist treatment, which prevents constitutive
activation, leads to atypical accumulation of newly syn-
thesized 5-HT1BRs on the somatodendritic plasma mem-
brane. Using receptor chimeras composed of different
domains from 5-HT1AR and 5-HT1BR, we show that the
complete third intracellular loop of 5-HT1BR is neces-
sary and sufficient for constitutive activation and efficient
axonal targeting, both sensitive to inverse-agonist treat-
ment. These results suggest that activation and targeting
of 5-HT1BRs are intimately interconnected in neurons.

Key words: axon, constitutive activity, polarized distribu-
tion, targeting, third intracellular loop, 7-transmembrane
receptor, p11
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The highly polarized neuronal plasma membrane is divided
by the axon initial segment, acting as a diffusion barrier,

into two functionally different main sub-domains, the
axonal and somatodendritic compartments (1,2). Polarized
sorting mechanisms to the axonal and somatodendritic
surface have been studied using model proteins, mainly
cell adhesion molecules (3–7). Axonal targeting of these
proteins relies either on trans-Golgi network (TGN)-based
sorting via still poorly understood signals and machinery,
or on endocytic removal of misplaced proteins from the
somatodendritic plasma membrane, followed by degra-
dation or by signal-mediated recycling to the axon from
somatodendritic endosomes (reviewed in 8).

The superfamily of G-protein coupled receptors (GPCRs)
regroups hundreds of sensory proteins, which regulate
vital physiological functions and represent eminent thera-
peutic targets. GPCRs are highly dynamic, composed of a
core of relatively rigid transmembrane alpha helices con-
nected by flexible loops, and display a conformational equi-
librium at the plasma membrane at steady state. Evidence
from both functional and biophysical studies suggests that
GPCRs permanently sample multiple conformations but
most are held in a basal conformational equilibrium by
intervening loops and non-covalent intramolecular inter-
actions (9). Agonist and partial agonist ligands shift the
equilibrium toward activated states, whereas inverse ago-
nists shift the equilibrium toward the inactive states.
Adoption of an activated state leads to the rearrangement
of the cytoplasmic side of the receptor, leading to mobi-
lization of intracellular signaling pathways mainly through
a cognate heterotrimeric G-protein and also to interac-
tion with different other protein partners, resulting in
phosphorylation-dependent desensitization and ultimately
in clathrin-mediated endocytosis (10).

Numerous GPCRs exhibit polarized distribution on the
neuronal plasma membrane. This polarization critically
determines the physiological effects that follow their
activation. While several determinants of dendritic local-
ization have been recently identified, the mechanisms
responsible for axonal GPCR targeting and localization
remain for the most part unknown (8). We recently pro-
posed constitutive somatodendritic endocytosis followed
by transcytotic delivery to the axonal plasma membrane
for an axonal GPCR, the type-1 cannabinoid receptor (11).
However, the involvement of steady-state receptor acti-
vation, an important regulator of constitutive GPCR
endocytosis (12–17), is still under debate (18); thus, the
relation between axonal targeting and receptor conforma-
tions triggering activation-dependent endocytosis is poorly
known.

Serotonin (5-HT) receptors play key roles in cognition,
mood and pathological situations such as psychosis
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Constitutive Endocytosis Targets 5-HT1BR to Axons

by regulating transmitter release, synaptic integrity and
neural plasticity (19,20). The 5-HT1A and 5-HT1B serotonin
receptors are two closely related GPCRs, which are
coupled to Gi/o proteins and mobilize similar signaling
pathways (21). In neurons, both have autoreceptor func-
tions but differ in the mechanism by which they control
serotonin release. Whereas 5-HT1AR modulates the fir-
ing of serotonergic neurons in the raphe nuclei (22), the
5-HT1BR participates in a local control of serotonin release
from axon terminals in their projection areas (19). This
functional difference is governed by differential subcellular
distribution of these two receptors in neurons. Investiga-
tion by specific radioligand binding, in situ hybridization,
immunohistochemistry and immuno-electron microscopy
showed that 5-HT1AR is mainly localized on the soma-
todendritic plasma membrane, whereas the 5-HT1BR
is located in the plasma membrane of unmyelinated
axons, mostly outside of terminals and synaptic differ-
entiations, and is also found in cytoplasmic vesicles in
the somatodendritic region (23–27). Previously, a com-
parative study of 5-HT1BR and 5-HT1AR targeting using
chimeras of the two serotonin receptors showed that the
third intracellular loop (I3) is important for the axonal tar-
geting of 5-HT1BR (28,29). However, the mechanism by
which the third intracellular loop regulates axonal target-
ing of 5HT1BR remain unknown. More generally, it is not
known whether 5HT1BR is targeted to the axonal surface
through a direct, post-TGN sorting mechanism or by the
indirect, somatodendritic-endocytosis-driven transcytotic
targeting pathway. Given the paucity of data regarding
axonal GPCR targeting, answering these questions may
yield important insights into general features of axonal
targeting and also help to understand the mechanisms
of a key functional feature, physiologically relevant sub-
neuronal distribution, for the therapeutically important
GPCR family.

In this study, we compared plasma membrane targeting
of the 5-HT1BR and the closely related 5-HT1AR in cultured
hippocampal neurons, the established a model system to
study sub-neuronal targeting. By using receptor chimeras

composed of different domains of 5-HT1AR and 5-HT1BR,
we have focused our investigation on the specific role of
the third intracellular loop of 5-HT1BR.

Results

Axonal localization of 5-HT1BR is a result
of constitutive somatodendritic endocytosis
In neurons, both in vitro and in vivo data indicate
that 5-HT1BRs are localized at the axonal plasma mem-
brane, whereas 5-HT1AR are mainly localized at plasma
membrane of soma and dendrites (27,29). We have
directly compared the surface localization of transfected
5-HT1AR and 5-HT1BR, tagged with a short, eight-amino-
acid-long Flag-epitope at the extracellular N-terminus, in
low-density primary cultures of living hippocampal neu-
rons (Figure 1A–D). Receptor surface localization was
analyzed using two quantification methods. First, the
ratio of axonal versus somatodendritic surface label-
ing (A/D ratio) was measured for individual transfected
neurons. In addition, transfected neurons were system-
atically searched and classified according to the distribu-
tion of surface receptor by an investigator blind to the
experimental condition (see Materials and Methods for
details). Both approaches clearly showed that while there
is a constant proportion of uniformly labeled neurons,
5-HT1BR is predominantly localized to the axonal surface,
whereas 5-HT1AR is mostly restricted to the surface of
the soma and dendrites (Figures 1E,F and S1), indicating
that correct sub-neuronal targeting is a cell-autonomous
feature which is well conserved in this classical model
system.

Next, we investigated whether 5-HT1BRs reach the axonal
plasma membrane by the indirect, transcytotic targeting
pathway. This pathway was previously described for a
handful of axonal proteins such as the NgCAM adhe-
sion molecule, the GPCR CB1 cannabinoid receptor, the
TrkA neurotrophin receptor or the Caspr2 protein (6,11,
18,30,31). The common hallmark of this addressing

Figure 1: 5-HT1A and 5-HT1B receptors display different subcellular localization and spontaneous endocytosis in cultured
hippocampal neurons. A–D) Flag-5-HT1A or Flag-5-HT1B receptors were co-transfected with soluble DsRed (red), and surface-localized
5-HT receptors (green) were detected in live cells with M2 anti-Flag antibody after 24 h of expression. Flag-5-HT1A (A and B) is
mainly localized at the somatodendritic surface, whereas Flag-5-HT1B (C and D) is mainly localized at the axonal surface of neurons. E)
Quantification of the normalized A/D ratio (labeling intensities in axons over dendrites for surface receptor, after background correction;
green channel) for individual neurons in each condition (n = 67 neurons pooled from three independent experiments). Values are
mean ± SEM. F) Quantification of surface distribution of Flag-5-HT1A and Flag-5-HT1B receptors after 24 h of expression in transfected
neurons. The proportion of each category was determined for each condition as described in the experimental procedures. Flag-5-HT1A
shows a predominantly somatodendritic distribution, whereas Flag-5-HT1B is mainly axonal. Results are mean ± SEM per category
and represent data from four pooled independent experiments. The p-value for the significance of the difference between the two
surface distributions was computed using Pearson’s χ2 homogeneity test. G–J) DIV8 neurons expressing Flag-5-HT1A or Flag-5-HT1B
were fed for 1 h at 37◦C (permissive for endocytosis) with anti-Flag M2 antibody pre-coupled with goat anti-mouse antibody (green) and
incubated for 1 h at 4◦C (non-permissive for endocytosis) with anti-goat antibody (red). Using this method, internalized receptors are
labeled in green and surface-localized receptors are labeled in yellow on the overlay image (see Materials and Methods for details). After
fixation, green labeling shows that Flag-5-HT1B (I and J panels), but not Flag-5-HT1A (G and H panels) is constitutively endocytosed in the
somatodendritic compartment. K) Quantification of Flag-5-HT1Aand Flag-5-HT1B receptors endocytosis. Values are presented as boxplots
and represent data from at least three pooled independent experiments. On overlay images, blue represents nuclei. ***p < 0.001. A,
C, G, I, scale bar: 50 µm; B, D, H, J, scale bar: 20 µm.
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mechanism is a constitutive somatodendritic endocytosis
at steady state, which is followed by anterograde axonal
transport of recycled proteins. We thus monitored consti-
tutive endocytosis of Flag-tagged 5-HT1AR and 5-HT1BR
during 1 h by incubating living hippocampal neurons suc-
cessively with the anti-Flag antibody pre-coupled with an
Alexa488-labeled secondary antibody at 37◦C and then
with anti-goat Alexa568 antibody at 4◦C for 1 h before
fixation. Using this approach, receptors which were acces-
sible at the cell surface during the first 1-h incubation
period at 37◦C were labeled in green. Therefore, the
green label identifies two receptor populations, those that
were endocytosed and those that remained at the cell
surface, while only receptors remaining at the cell surface
are co-labeled in red (resulting in yellow on the overlay
image) during the second incubation period at 4◦C, a non-
permissive temperature for endocytosis. The ratio of the
red and green labels indicates the relative level of receptor
endocytosis (see Materials and Methods for details). We
found prominent green labeling of intracellular vesicles
in the somatodendritic compartment of neurons trans-
fected with 5-HT1BR (Figure 1I,J) but not in the neurons
transfected with 5-HT1AR (Figure 1G,H), as confirmed by
quantification (Figure 1K). The extent of internalization was
independent of the expression level (r2 = 0.06 for 5-HT1AR
and 0.09 for 5-HT1BR; Figure S1C). These results indicate
significant constitutive endocytosis for 5-HT1BR but not
5-HT1AR.

To investigate the role of this steady-state endocytosis
in axonal targeting of 5-HT1BR, we then coexpressed
the receptor with wild-type (WT) and dominant-negative
mutants of endocytic proteins, and measured the A/D ratio
of surface receptors. We studied the effects of dominant-
negative mutants of eps15 and dynamin-2 (Figures 2 and
S2). Eps15 is an AP-2 binding protein that is involved
in clathrin-mediated endocytosis (32), whereas dynamin-2
GTPase participates in the last step of endocytosis by
pinching the vesicle from the plasma membrane (33).
Coexpression of enhanced cyan fluorescent protein
(eCFP)-labeled control constructs (eps15(DIII!2) and
dyn2(WT), Figure S2A,C) did not modify the distribution
of surface 5-HT1BR (Figure 2F) compared to transfec-
tion of 5-HT1BR alone. Contrastingly, in the presence of
dominant-negative forms of eps15 or dynamin-2, the sur-
face expression of 5-HT1BR was increased in dendrites and
reduced in axons, leading to a significant decrease of the
A/D surface labeling ratio and to a pronounced somato-
dendritic distribution of 5-HT1BR (Figures 2A,D′,E′,F and
S2B,D), leading to a distribution very similar to that
of 5-HT1AR (Figures 1A and 2F). A striking example
is shown in Figure 2, where two neighboring neurons
on the same coverslip show a fortuitous difference of
co-transfection efficiency with eCFP-labeled dominant-
negative eps15. The neuron expressing a relatively high
level of eps15(!95-295)-eCFP (zoomed in Figure 2B′ –E′)
shows a complete reversal of distribution polarity. These
results indicate a crucial role for constitutive somatoden-
dritic endocytosis in the axonal targeting of 5-HT1BR.

5-HT1BRs but not 5-HT1ARs are constitutively
internalized also in non-neuronal cells as a result
of constitutive activation
To investigate whether the above-described differences
in constitutive endocytosis of 5-HT1AR and 5-HT1BR are
characteristic to neurons or are a general feature of
these two receptors independent of the precise cellu-
lar context, we analyzed their subcellular localization in
transfected LLC-PK1 cells. To directly visualize and quan-
tify the subcellular distribution of 5-HT1AR and 5-HT1BR,
we fused the fluorescent protein eGFP (enhanced green
fluorescent protein) to the intracellular C terminus of both
receptors. We tested the functional parameters of eGFP-
tagged and -untagged receptors in transfected LLC-PK1
cells (Figure S3). First, we observed that agonist 5-CT effi-
ciently stimulated [35S]GTPγS binding to both native and
eGFP-tagged receptors, but that addition of eGFP modi-
fied to some extent the amplitude of the responses, which
was decreased for 5-HT1AR (p < 0.001) and increased for
5-HT1BR (p = 0.0024, Figure S3B), suggesting that the
eGFP tag may interfere with the coupling efficacy of G-
proteins. However, addition of eGFP to the receptors did
not modify ligand-binding affinity (Figure S3A) and pre-
served the qualitative profile (Figure S3B) of the response
of both receptors to agonist and inverse-agonist treat-
ments (see below), suggesting that the eGFP tag at the
C-terminal does not change qualitatively the steady-state
conformational state of the receptors.

As we previously observed using Flag-tagged recep-
tors (34), 5-HT1A-eGFP was predominantly localized to the
plasma membrane, whereas 5-HT1B-eGFP presented a
prominent intracellular localization (Figure 3A). In these
experiments, cells were treated with the protein synthe-
sis inhibitor cycloheximide; thus, it is improbable that the
high level of intracellular labeling is due to receptors in
the neo-synthetic pathway. To investigate if intracellular
receptors are of endocytic origin, we used acute depletion
of plasma membrane cholesterol using methyl-β-cyclo-
dextrin (MβCD), a method which was shown to efficiently
inhibit clathrin-dependent endocytosis, but not recycling of
the transferrin receptor (35), the cannabinoid CB1 recep-
tor (11,13) and the amyloid precursor protein (36). After
incubation with 10 mM MβCD for 1 h, 5-HT1B-eGFP was
accumulated at the plasma membrane of transfected LLC-
PK1 cells (Figure 3A,B). In contrast, the same treatment
did not significantly modify the localization of 5-HT1A-
eGFP, as confirmed by quantification of the membrane
fluorescence ratio (MFR). These data support the idea
that intracellular localization of 5-HT1BR depends on con-
stitutive endocytosis also in non-neuronal cells.

Because 5-HT1BR shows constitutive activation of signal-
ing pathways in the absence of agonist in transfected
cell lines (37,38), we investigated the potential correlation
of this particular feature with constitutive endocytosis
of 5-HT1BR. We first investigated the constitutive G-
protein activation capacity of native and eGFP-tagged
receptors stably expressed in LLC-PK1 cells by the
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Figure 2: Inhibition of neuronal endocytosis shifts surface expression of 5-HT1BR from the axon to the soma and dendrites.
Hippocampal neurons at DIV7 were co-transfected with soluble DsRed, Flag-5-HT1B and a fusion of eCFP (blue) with various proteins:
inactive mutant eps15(III!2) or dominant-negative eps15(!95–295), wild-type dynamin2(WT) or dominant-negative dynamin2(K44A).
Twenty-four hours later, they were stained for surface 5-HT1BR (green) and fixed. WT or inactive proteins did not change polarization of
5-HT1BR surface expression (green labeling, F), whereas dominant-negative mutants of eps15 and dyn2 strongly upregulated expression
of 5-HT1BR at the somatodendritic surface (F). In A–E′ are shown two neighboring neurons from the same coverslip. The neuron at
the top has been successfully co-transfected with Flag-5-HT1BR and the dominant-negative eps15(!95–295) (as shown by the CFP
expression – C′) and presents a strong somatodendritic surface labeling (D’ and E’) coupled to a barely observable axonal surface
labeling (arrows). On the other hand, the neuron at the bottom, because of the variability of co-transfection efficiency, does not express
dominant-negative eps15(!95–295) (C) and shows a correct localization of the receptors at the axonal surface (arrowheads, A, D, E). F)
Quantification of the normalized A/D ratio as described in Figure 1 and Materials and methods (n = 41–67 neurons pooled from three
independent experiments). Values of Flag-5-HT1A and Flag-5-HT1B are a reminder of Figure 1E. Values are mean ± SEM; ***p < 0.001.
A, scale bar: 50 µm; B–E’, scale bar: 20 µm.

use of inverse agonists, which promote the adoption
of inactive receptor states. Addition of the inverse ago-
nist SB224289 (38) significantly reduced basal [35S]GTPγS
binding for 5-HT1B and 5-HT1B-eGFP receptors (Figure
S3B), indicating that both constructs have an elevated
constitutive activity. In comparison, the 5-HT1AR inverse
agonist methiothepin led to a moderate but non-significant
reduction of basal [35S]GTPγS binding for native 5-HT1A
receptors [p > 0.05 versus vehicle by Newman–Keuls
post-test following one-way analysis of variance (ANOVA)]
and no reduction was observed for 5-HT1A-eGFP. We
next examined the effects of respective inverse agonists

on subcellular localization of eGFP-tagged receptors in
the same stably transfected LLC-PK1 cells (Figure 3A,B).
Figure 3B shows that SB224289 was able to significantly
externalize 5-HT1B-eGFP at the plasma membrane, similar
to the endocytosis inhibitor MβCD, as reported above.
In contrast, 5-HT1A-eGFP localization was not modified
after incubation with methiothepin (Figure 3B) or spiper-
one, another 5-HT1AR inverse agonist (data not shown).
Collectively, these results show that constitutive endocy-
tosis of 5-HT1BR results from spontaneous adoption of the
active receptor conformation, which also leads to parallel
constitutive activation of G-proteins in non-neuronal cells.
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Constitutive Endocytosis Targets 5-HT1BR to Axons

Constitutive-activation-dependent endocytosis
is necessary for the axonal targeting of 5-HT1BR
To investigate the role of the above-described constitutive-
activation-dependent endocytosis in axonal targeting, we
followed the kinetics of plasma membrane insertion of
5-HT1BRs in the absence or the presence of the inverse
agonist SB224289 by using a Brefeldin A (BFA) release pro-
tocol (6). BFA reversibly inhibits Arf1-dependent intracel-
lular transport, blocking export of membrane proteins that
accumulate in a mixed endoplasmic reticulum (ER)/Golgi
compartment. After washout of BFA, protein trafficking
resumes in a synchronized manner, inducing a ’pulse’
of protein export and targeting to their functional sub-
cellular compartments. Neurons were transfected with
Flag-5-HT1B for 3 h, treated overnight with BFA, then
allowed to resume protein trafficking by washing out BFA
in the presence of vehicle or inverse agonist SB224289
and fixed at different times after washout (0, 1, 2, 4,
8 or 24 h, Figure 3C). Live staining of surface receptors
was performed by rapid incubation with anti-Flag antibody
preceding fixation and staining with secondary antibody.
Transfected neurons were then classified according to the
distribution of surface 5-HT1BR. In control cells with no
BFA block, 78.3 ± 1.5% of transfected neurons exhibited
axonal distribution of 5-HT1BR (Figure 3F). Immediately
after BFA washout, no surface 5-HT1BR was observed.
However, 1 h after BFA washout, a significant propor-
tion of neurons showed somatodendritic surface staining
(27.9 ± 1.9%) or a very particular staining restricted to
the surface of the proximal axon segment (8.4 ± 5.6%).

This latter localization pattern disappeared after 2 h, while
somatodendritic surface staining reached a peak with
47.9 ± 4.4% of neurons displaying somatodendritic sur-
face staining at that time. This proportion then decreased
as the proportion of neurons showing axonal surface
staining increased to reach the pattern observed in the
untreated neurons 24 h after washout, with a majority of
neurons now displaying a predominantly axonal distribu-
tion (70.4 ± 0.6%, Figure 3D,F). The transient appearance
of 5-HT1BR at the somatodendritic surface suggests that
these receptors are not directly targeted to axons but
are rather non-specifically sent toward the entire neuronal
plasma membrane. Thus, most of them appear first on the
somatodendritic membrane from where they are subse-
quently removed by constitutive endocytosis, whereas
receptors reaching the axonal surface are maintained
on this plasma membrane sub-compartment. Strikingly,
when BFA washout was followed by incubation with the
inverse agonist SB224289, which stabilizes the inactive
receptor conformation, the final surface distribution of 5-
HT1BR was substantially modified (Figure 3E,F). Although
the receptor appeared 1 h after washout on the soma-
todendritic surface, subsequent polarization of receptor
distribution was impaired by SB224289, leading to neu-
rons displaying mostly uniform distribution at 24 h after
washout (83.1 ± 3.7%). The difference in surface inser-
tion of 5-HT1BR during vehicle and SB224289 treatments
was analyzed by principal component analysis (PCA) of
the receptor surface distribution. PCA is an unsupervised
method for the analysis of multidimensional data that

Figure 3: 5-HT1BR targeting to the axonal plasma membrane relies on constitutive activity-dependent constitutive endocytosis.
A and B) Subcellular distribution of 5-HT1BR but not 5-HT1AR is modified by inhibition of endocytosis through acute depletion of plasma
membrane cholesterol or by inhibition of constitutive activity by treatment with an inverse agonist. A) Confocal images of equatorial
sections of morphologically standardized near-spherical LLC-PK1 cells expressing 5-HT1A-eGFP or 5-HT1B-eGFP, and fixed after incubation
at 37◦C with vehicle, 10 mM MβCD for acute depletion of plasma membrane cholesterol, 1 µM inverse agonist methiothepin (5-HT1A)

or SB224289 (5-HT1B). Arrowheads show the endosomal localization of vehicle-treated 5-HT1B-eGFP. ‘n’ – nucleus. Scale bar, 5 µm.
B) Quantification of the MFR (ratio of the corrected total fluorescence of surface versus cytoplasm, as described under Materials and
Methods) for both receptors after treatment with vehicle, MβCD or inverse agonist. Results are mean ± SEM and represent data
from at least two pooled independent experiments (n = 32–48 cells per condition). ##p < 0.01 for significance of difference between
5-HT1AR and 5-HT1BR after vehicle treatment. **p < 0.01 for significance between MβCD or inverse-agonist treatment and vehicle;
ns, non-significant. C–G) Time–course of 5-HT1BR insertion into the neuronal plasma membrane. C) Diagram of the time–course
experiment. DIV8 neurons were co-transfected with Flag-5-HT1B and DsRed for a 3-h incubation in transfection medium. They were
then incubated overnight with 0.75 µg/mL BFA to block protein export from the Golgi apparatus. After extensive washes (BFA washout),
neurons were incubated in either regular medium or in the presence or 5 µM inverse agonist SB224289 for 0, 1, 2, 4, 8 and 24 h. At these
time-points, neurons were labeled for surface Flag-5-HT1B receptors and fixed. The proportion of each category was determined for each
condition and time-point as described in the experimental procedures. D–D’’) Flag-5-HT1B labeling 24 h after BFA washout in control
condition. Flag-5-HT1B is correctly localized at the surface of axons. E–E’’) Flag-5-HT1B labeling 24 h after BFA washout in the presence
of 5 µM SB224289. Flag-5-HT1B is present as a uniform surface labeling. F) Time–course of Flag-5-HT1B surface targeting in control
and treated conditions. Right after BFA washout (0 h), no Flag-5-HT1B labeling is present at the neuronal plasma membrane. Then,
for both treatment conditions, Flag-5-HT1B receptors transiently appear on the somatodendritic and proximal axon segment surface
(at 1 and 2 h). This precedes establishment of the proper axonal distribution (after 24 h, illustrated in D–D’’) for untreated neurons,
whereas inverse-agonist treatment (SB224289, 5 µM) inhibits the emergence of the axonal surface distribution of Flag-5-HT1B (majority
of ‘uniform’ phenotype 24 h after BFA washout in the presence of SB224289, illustrated in E–E’’). In the absence of incubation with
BFA (two bars on the left), treatment with SB224289 for 8 h does not alter the distribution of Flag-5-HT1B in comparison with vehicle
treatment. Results are mean ± SEM per category and represent data from two pooled independent experiments (n = 85–160 neurons
per condition). The p-value for the significance of the difference between couples of surface distributions was computed using Pearson’s
χ2 homogeneity test. G) PCA plot of the surface distribution of 5-HT1B receptors for each time-point of both treatment conditions and
for vehicle treatment in the absence of incubation with BFA (control). Tendency curves show distribution kinetics for both treatment
conditions. On overlay images, blue represents nuclei. ***p < 0.001; ns, non-significant. D, E: scale bar: 50 µm. D’, D’’, E’, E’’: scale
bar: 20 µm.
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identifies the directions of the description space (here the
distribution among the four surface distribution categories)
accounting for the largest part of the data variance, called
principal components. As shown in Figure 3G, which dis-
plays the projection of the data onto the subspace spanned
by the two first principal components, starting from 2 h
after the BFA release, the distribution converges clearly
toward the natural receptor distribution pattern (mea-
sured in the absence of BFA block) in vehicle-treated
controls, while it diverges from this control distribution
during SB224289 treatment. These results suggest that
adoption of an active receptor conformation is necessary
for endocytic elimination of 5-HT1BR from the somato-
dendritic plasma membrane and for the establishment of
axonal polarity.

The third intracellular loop of 5-HT1BR is necessary
and sufficient for constitutive endocytosis
in non-polarized cells
5-HT1AR and 5-HT1BR show 43% identity in their amino-
acid sequences (39). However, 5-HT1A-eGFP receptor
did not show the constitutive endocytosis and activity
observed for 5-HT1B-eGFP receptor. We thus used 5-HT1A/
5-HT1B chimeras to determine which region of 5-HT1BR

is responsible for constitutive endocytosis. The structures
of the six chimeras used are represented in Figures 4
and S4B. The chimeras are designated by a three-letter
code. The first letter indicates the origin of the N-terminal
portion up to the third intracellular loop (I3), the second
letter is for the origin of I3 and the third letter for the origin
of the C-terminal portion downstream I3. For example,
the native 5-HT1A receptor would read Aaa, whereas the
chimera where the I3 of 5-HT1B is replaced by the I3
of 5-HT1A would read Bab. These chimeras were fused
to eGFP at their C terminus and we analyzed their sub-
cellular localization in transfected LLC-PK1 cells in the
presence or absence of MβCD treatment, which inhibits
spontaneous endocytosis. First, chimeras Aab and Abb
did not reach plasma membrane in any condition, and
were sequestrated in a perinuclear compartment (data
not shown), similar to the localization previously reported
for non-tagged identical chimeras, suggesting that these
constructs were probably incorrectly folded (28). Chimeras
Baa and Bab were localized at the plasma membrane and
their MFR was not modified by the addition of MβCD
(Figure 4A,B,E). In contrast, chimeras Aba and Bba were
mostly intracellular and were significantly externalized
after incubation with MβCD, indicating that both con-
structs were constitutively endocytosed (Figure 4C,D,E).

A D

E F

B

C

Figure 4: The third intracellular loop of 5-HT1BR induces a constitutive endocytosis of chimeric receptors that is dependent
on constitutive activation, without constitutive interaction with Gα protein. A–D) Confocal images of equatorial sections of
morphologically standardized near-spherical LLC-PK1 cells, transfected with chimera Baa-eGFP (A), Bab-eGFP (B), Bba-eGFP (C) or
Aba-eGFP (D) and fixed after incubation at 37◦C with vehicle (90 min), 1 µM of inverse agonist methiothepin (90 min) or 10 mM MβCD
(60 min) for acute depletion of plasma membrane cholesterol. The amino-acid sequence of each chimera is represented schematically,
with 5-HT1AR parts in gray and 5-HT1BR parts in black. Arrowheads show the endosomal localization of vehicle-treated Bba-eGFP
and Aba-eGFP chimeras. ’n’ – nucleus. Scale bar, 5 µm. E) Quantification of the MFR for each chimera after treatment with vehicle,
methiothepin or MβCD. Results are mean ± SEM and represent data from at least two pooled independent experiments (n = 32–48
cells for each condition). *p < 0.5 and ***p < 0.001 for significance versus vehicle treatment; ns, non-significant. F) [35S]GTPγS
binding to membranes from LLC-PK1 cells expressing Aba-eGFP. Binding was determined in the presence of the agonist 5-CT or the
inverse agonist methiothepin. Basal binding determined in the absence of ligand was set to 100%. Results are mean ± SEM of three
independent experiments performed in triplicate. ***p < 0.001 for significance of difference between basal and 5-CT treatment.
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These results suggest that the third intracellular loop of
the receptor plays a crucial role in constitutive endocyto-
sis. In particular, the Aba chimera obtained by replacement
of 5-HT1AR I3 loop by that of 5-HT1BR presents the same
level of constitutive endocytosis as 5-HT1BR.

We next investigated whether constitutive endocytosis
of the Aba chimera was also due to spontaneous
adoption of active receptor conformation. Previous
studies showed that the Aba chimera is functional
and presents a ligand-binding pattern similar to that
of 5-HT1AR (28), indicating that exchange of the I3
does not abolish ligand-binding specificity, which is
determined by transmembrane domain residues in
monoamine receptors. Strikingly, we observed that
blocking constitutive activity by the 5-HT1AR inverse
agonist methiothepin led to an externalization of Aba
to the plasma membrane (Figure 4D,E), showing that 5-
HT1BR I3 loop confers constitutive endocytosis capacity
to 5-HT1AR by promoting the adoption of active
receptor conformation. We also tested [35S]GTPγS binding
characteristics of membranes from LLC-PK1 expressing
Aba chimera. [35S]GTPγS binding could be increased
significantly by the agonist 5-CT, but methiothepin
treatment did not decrease basal [35S]GTPγS binding for
the chimera (Figure 4F). Apparently, the active 5-HT1AR
conformation, which is induced by the presence of the
5-HT1BR I3 loop and which is reversed by the inverse
agonist methiothepin, is not fully identical to the G-protein
mobilizing active conformation of 5-HT1AR, typically
produced through activation by 5-HT1AR-specific agonists.

The third intracellular loop of 5-HT1BR is responsible
for constitutive-endocytosis-driven axonal targeting
Next we investigated the role of the third intracellular loop
of the 5-HT1BR in axonal targeting. For this, we evaluated
surface distribution of the Flag-tagged Aba chimera in neu-
rons. We found that the Flag-Aba chimera is mostly polar-
ized to the axonal surface (Figure 5A,B), similar to 5-HT1BR
(see Figure 1C,D), displaying an A/D ratio of 1.5 ± 0.1
(n = 23) and a predominantly axonal surface distribution
in 79.1 ± 3.6% neurons (both results pooled from at least
two independent experiments, not significantly different
from 5-HT1BR). Thus, the replacement of the third intracel-
lular loop of 5-HT1AR with that of 5-HT1BR is sufficient to
alter the surface repartition of the receptor from the soma-
todendritic compartment, typical of 5-HT1AR (Figure 1A,B),
to the axon, characteristic of 5-HT1BR (Figure 1C,D). This
suggests that the third intracellular loop is a critical region
for axonal distribution of 5-HT1BR. We verified this predic-
tion by transfecting neurons with the Bab chimera, where
the third intracellular loop of 5-HT1BR is replaced with
that of 5-HT1AR. Strikingly, the Bab chimera showed a
mostly somatodendritic surface distribution, similar to the
WT 5-HT1AR (Figure S4C,D). Thus, the third intracellular
loop of 5-HT1BR is both necessary and sufficient to target
these constructs to the axonal surface, confirming and
extending the previous observation (29).

As we have shown above, in non-neuronal cells, that
replacement of the third intracellular loop of 5-HT1AR with
that of 5-HT1BR confers spontaneous adoption of an active
receptor conformation, which results in methiothepin-
sensitive constitutive endocytosis, we examined whether
a similar mechanism is responsible for the axonal targeting
of the Aba chimera in neurons. First, we found that Aba
shows a high rate of constitutive endocytosis in neurons,
not significantly different from 5-HT1BR (70.0 ± 1.9%,
Figure 5C,D). Next, we examined the targeting kinetics of
newly synthesized Aba receptors, following BFA washout
in the presence or absence of the inverse agonist methio-
thepin, which inhibits activation-dependent endocytosis
of Aba receptors, as shown above. In the vehicle-treated
controls, the Aba chimera followed the kinetics of 5-HT1BR
targeting, by displaying first a predominantly somatoden-
dritic and uniform distribution on the neuronal surface,
which was transformed to a predominantly axonal dis-
tribution pattern starting at 4–8 h after BFA washout
(Figure 5E,G,H). Strikingly, methiothepin treatment inhib-
ited efficient axonal targeting of Aba receptors, leading to
a predominantly uniform labeling at 24 h following BFA
washout (Figure 5F,G,H). The significant effect of methio-
thepin on Aba targeting kinetics was confirmed by the
trajectory observed on the PCA plot (Figure S5). Thus, an
inverse agonist was able to rescue, at least partially, the
distribution phenotype of the Aba chimera toward 5-HT1AR
phenotype, suggesting that grafting the third intracellu-
lar loop of 5-HT1BR to 5-HT1AR results in an elevated
predisposition to constitutively adopt an active recep-
tor conformation, which ultimately results in constitutive
somatodendritic-endocytosis-driven axonal targeting.

5-HT1BR localization is not affected by p11 protein
Because of the role of the third intracellular domain in con-
stitutive endocytosis and axonal targeting of 5-HT1BR, we
wondered whether the p11 protein [also called S100A10,
42C, calpactin I light chain and annexin II light chain (40)],
which was previously reported to interact with the third
intracellular loop of 5-HT1BR, to colocalize with 5-HT1BR
at the plasma membrane in HeLa cells and to increase
surface localization of co-transfected 5-HT1BR in COS-7
cells (41), could also play also a role in targeting 5-HT1BRs
to the axonal plasma membrane. We have co-transfected
neurons with Flag-5-HT1BR and p11-eYFP and measured
the A/D ratio of surface-localized 5-HT1BR. The result was
not significantly different from the controls expressing
eYFP instead of p11-eYFP (Figure 6).

Surprisingly, when we co-transfected HeLa and COS-7
cells with p11-eYFP and 5-HT1B-HcRed, we did not find
colocalization of the two proteins, because p11 was
mostly localized at the plasma membrane while 5-HT1B
was localized mostly in cytoplasmic vesicle-like structures
(Figure S6B), similar to the above-reported findings in LLC-
PK1 cells but in variance with the previously reported
data (41). Furthermore, we measured the MFR of both pro-
teins and we found that coexpression of p11 and 5-HT1BR
did not alter the distribution of each protein in HeLa cells
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Figure 5: Legend on next page.

1510 Traffic 2011; 12: 1501–1520



Constitutive Endocytosis Targets 5-HT1BR to Axons

and actually decreased their membrane localization in
COS-7 cells (Figure S6). Accordingly, in our experimental
conditions, we could not detect significant colocalization of
p11 and 5-HT1BR, and coexpression of p11 does not seem
to enhance the targeting of 5-HT1BR to the membrane of
HeLa and COS-7 cells or to the axonal surface in neurons.

The complete sequence of the third intracellular loop
of 5-HT1BR is necessary for efficient
constitutive-endocytosis-driven axonal targeting
To determine whether we could delimit a region respon-
sible for constitutive endocytosis and axonal targeting
inside the 5-HT1BR I3 loop, we compared the amino-
acid sequence of the 5-HT1AR and 5-HT1BR I3 loops
(Figure 7A). The alignment of the two sequences indi-
cated that the 5-HT1BR I3 loop can be divided into two
regions (I3b1 and I3b2) and the 5-HT1AR I3 loop into three
regions (I3a1, I3a2 and I3a3). A relatively high homology
is found between I3b1 and I3a1 and between I3b2 and
I3a3 (38 and 42% identity, respectively, comparable with
the overall 43% identity between 5-TH1AR and 5-HT1BR),
while the 44-amino-acid middle region of the 5-HT1AR
I3 loop (I3a2) is absent from the 5-HT1BR I3 loop. On
the basis of these comparisons, we designed chimeric I3
loops containing a combination of the homologous regions
(I3ab and I3ba loops, Figure 7B) to study the specific role
of the two regions of the 5-HT1BR I3 loop in endocytosis
and targeting. In addition, to analyze the role of the middle
region of the 5-HT1AR I3 loop, we deleted this region from
the 5-HT1AR I3 loop or inserted it in the 5-HT1B I3 loop
(I3aa and I3bab loops, respectively, Figure 7B). The four
chimeric loops were grafted to replace the I3 loop on the
5-HT1A and 5-HT1B receptor backbones, the obtained con-
structs were transfected in neurons, and the distribution of
the resulting sub-I3 chimeras at the neuronal surface was
measured (Figure 7D). PCA and K-means analysis were

then performed to compare the distribution of these con-
structs with that of 5-HT1AR, 5-HT1BR, as well as Aba, Baa,
Bab and Bba chimeras (Figure S4D). First, we observed
that all tested constructs segregated in three well-defined
clusters (Figure 7E, inset, as confirmed by silhouette value
analysis). As expected, the receptors and chimeras previ-
ously described as mainly somatodendritic (5-HT1AR and
Bab) or mainly axonal (5-HT1BR and Aba) segregated in the
two most distant clusters. However, more interestingly,
the constructs belonging to each cluster could be defined
by the composition of their I3 loop: all constructs contain-
ing the N-terminal and C-terminal regions of the 5-HT1AR
I3 loop, including those containing the I3aa chimeric loop,
were found in the ’somatodendritic’ cluster; all constructs
containing the full 5-HT1BR I3 loop, including those con-
taining the I3bab chimeric loop, were found in the ’axonal’
cluster; and the constructs containing a combination of
the homologous regions of the 5-HT1AR and 5-HT1BR I3
loop were found in the third cluster, characterized by an
intermediate distribution between the two other clusters.
Overall, this repartition suggests that both regions of the
5-HT1BR I3 loop are implicated in axonal targeting and that
the entire I3 loop is necessary for an efficient axonal target-
ing. Conversely, somatodendritic localization of 5-HT1AR
does not seem to be defined by a single targeting motif.

These results have further confirmed the notion that
I3-mediated axonal targeting of 5-HT1BR is not regu-
lated by a single targeting motif but rather by an overall
effect on receptor conformation, translated through the
level of spontaneous endocytosis. To verify the validity
of this model, we measured the constitutive endocyto-
sis of each I3 loop chimera (Figure 7F) and observed
intermediate values between the values obtained for
5-HT1A and 5-HT1B receptors. We then used these data
to investigate whether there is a strong correlation

Figure 5: Aba chimera is targeted to the surface of axons in a similar way as 5-HT1B receptor. A and B) Flag-Aba chimera was
co-transfected with soluble DsRed (red), and surface-localized chimeras (green) were detected in live cells with M2 anti-FLAG antibody.
The chimera is mainly localized at the axonal surface of neurons (arrows). C and D) DIV8 neurons expressing Flag-Aba chimera were fed
for 1 h at 37◦C with anti-Flag M2 antibody pre-coupled with goat anti-mouse antibody (green) and incubated for 1 h at 4◦C with anti-goat
antibody (red). After fixation, green labeling shows that Flag-Aba (C and D panels) is constitutively endocytosed in the somatodendritic
compartment. E–H) Time–course of Aba chimera insertion into the neuronal plasma membrane. DIV7 neurons were co-transfected with
Flag-Aba and DsRed for a 3-h incubation in transfection medium. They were then incubated overnight with 0.75 µg/mL BFA to block
protein export from the Golgi apparatus. After extensive washes (BFA washout), neurons were incubated in either regular medium or
in the presence of 5 µM inverse agonist methiothepin for 0, 1, 2, 4, 8 and 24 h. At these time-points, neurons were labeled for surface
Flag-Aba chimera and fixed. The proportion of each category was determined for each condition and time-point as described in the
experimental procedures. E, G top) Flag-Aba labeling 24 h after BFA washout in control condition. Flag-Aba is correctly localized at the
surface of axons. F, G bottom) Flag-Aba labeling 24 h after BFA washout in the presence of 5 µM methiothepin. Flag-Aba is present as a
uniform surface labeling. H) Time–course of Flag-Aba surface targeting in control and treated conditions. Right after BFA washout (0 h),
no Flag-Aba labeling is present at the neuronal plasma membrane. Then, for both treatment conditions, Flag-Aba chimeras transiently
appear on the somatodendritic and proximal axon segment surface (at 1 and 2 h). This precedes establishment of the proper axonal
distribution (after 24 h, illustrated in E and G top) for untreated neurons, whereas inverse-agonist treatment inhibited the emergence of
the axonal surface distribution of Flag-Aba (majority of ‘uniform’ phenotype 24 h after BFA washout in the presence of methiothepin,
illustrated in F and G bottom). In the absence of incubation with BFA (two bars on the left), treatment with methiothepin for 8 h
does not alter the distribution of Flag-Aba in comparison with vehicle treatment. Results are mean ± SEM per category and represent
data from two pooled independent experiments (n = 70–135 neurons per condition). The p-value for the significance of the difference
between couples of surface distributions was computed using Pearson’s χ2 homogeneity test. On overlay images, blue represents
nuclei. ***p < 0.001. A, C, E, F, scale bar: 50 µm; b, d, g, scale bar: 20 µm.
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Figure 6: p11 overexpression does not modify plasma membrane targeting of 5-HT1BR receptors in hippocampal neurons.
DIV8 neurons were co-transfected with Flag-5-HT1B and soluble eYFP (A) or p11-eYFP protein (A’) and labeled for the surface 5-HT1BR
population (B, B’, C, C’). D) Quantification of the A/D ratio for the surface labeling of 5-HT1BR. Results were not significantly different
whether neurons were transfected with eYFP or p11-eYFP. Each bar is the mean ± SEM from 30 to 50 neurons (in two pooled
independent experiments). ns, non-significant. Scale bar: 50 µm.
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Figure 7: Legend on next page.
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between the level of constitutive endocytosis and neu-
ronal distribution of all tested receptors and chimeras.
A regression approach allowed us to find a high lin-
ear correlation between endocytosis and neuronal dis-
tribution (r = 0.92, Figure 7G), confirming our model of
conformation-dependant constitutive-endocytosis-driven
axonal targeting.

Discussion

Here, we have investigated the mechanism responsi-
ble for the localization of 5-HT1BR on the axonal surface
and our results clearly show that active-conformation-
dependent constitutive somatodendritic endocytosis is a
key mechanism for this process. Blockade of endocytosis
either by co-transfection with dominant-negative mutants
of endocytic proteins or by treatment with an inverse
agonist yielded a non-polarized distribution of newly syn-
thesized 5-HT1BR. Comparison of endocytosis of various
5-HT1A and 5-HT1B chimeras showed that the presence of
the complete third intracellular loop of 5-HT1BR is neces-
sary and sufficient for this active-conformation-dependent
constitutive endocytosis. Thus, in neurons, replacement
of the third intracellular loop of 5-HT1AR by that of the
5-HT1BR (Aba chimera) is sufficient to change the distri-
bution of 5-HT1AR from somatodendritic to axonal. We
were able to partially restore the 5-HT1AR phenotype by
treating neurons expressing the newly synthesized Aba
chimera with the inverse agonist methiothepin, showing
the importance of the active receptor conformation state
in the axonal targeting process.

Differential targeting of 5-HT1A and 5-HT1B receptors
5-HT1AR and 5-HT1BR are two GPCRs that exhibit high
homology in their amino-acid sequences and share many
common features (21), but their distribution throughout
the rat central nervous system (CNS) shows major dif-
ferences, in line with their respective functions: the
5-HT1AR is localized on the somas and dendrites of neu-
rons where it modulates nerve impulse flow (22,25,27),
whereas the 5-HT1BR is found in preterminal unmyeli-
nated axons where it participates in a local control of the

release of serotonin or other neurotransmitters (26,27).
Previously, we identified amino-acid sequence domains
important for the respective localization of 5-HT1AR and
5-HT1BR in epithelial cells and in neurons and showed that
the short cytosolic C-terminal tail of both receptors plays
a crucial role in their initial plasma membrane targeting
and that the third intracellular loop was important for the
axonal targeting of the 5-HT1BR (28,29,34,42).

Here, we showed that both 5-HT1AR and 5-HT1BR exhibit
constitutive G-protein activation although to a different
degree. The 18% basal activation of the 5-HT1AR is
in agreement with that already reported for both the
native receptor in rat hippocampal membranes (43) and
the receptor expressed in transfected cell lines (44). For
the rat 5-HT1BR, the inverse agonist SB224289 inhibits the
basal [35S]GTPγS binding to a larger extent, indicating a
constitutive activation reaching 40%, in the same range as
that found previously for human 5-HT1BR stably expressed
in transfected CHO cells (37,38). This constitutive activa-
tion was well correlated with 5-HT1BR endocytosis in cell
lines and was a result of spontaneous adoption of activated
receptor conformation since the inverse agonist blocked
it, as previously shown for several other constitutively
active GPCRs (12–17).

Somatodendritic endocytosis
The differences between 5-HT1AR and 5-HT1BR localiza-
tion in neurons appeared to be correlated with their level
of constitutive somatodendritic endocytosis. The 5-HT1AR
is confined to the somatodendritic plasma membrane
without significant spontaneous endocytosis in this com-
partment, whereas the 5-HT1BR is endocytosed in soma
and dendrites, and accumulates on the axonal plasma
membrane (Figure 1). Comparison between these two
closely related receptors that display a differential localiza-
tion and a markedly different constitutive somatodendritic
endocytosis emphasizes the role of constitutive endocy-
tosis for the axonal localization, as previously described
for NgCAM (6) and the CB1 cannabinoid receptor (11,18).
Indeed, the kinetics of 5-HT1BR membrane insertion, fol-
lowing a BFA blockade, showed that the receptor was
first delivered to the somatodendritic compartment before

Figure 7: Sub-I3 chimeras indicate lack of dominant targeting motifs and show that the complete I3 loop of 5-HT1BR is
necessary and sufficient for efficient axonal targeting. A) Alignment of the amino-acid sequences of the rat 5-HT1AR and 5-HT1BR I3
loops highlighting the homologous regions (I3a1 with I3b1 and I3a3 with I3b2) and the specific middle region of the 5-HT1AR I3 loop
(I3a2). * indicates a position with identical residues, : and . indicates positions with conservation of a ‘strong’ and ‘weak’ homology
group, respectively, according to CLUSTAL W Alignment program (69). B) Schematic representation of the chimeric loops combining the
regions determined in A. C) Schematic representation of 5-HT1AR- and 5-HT1BR-based constructs containing the chimeric I3 loops. D)
Quantification of surface distribution of Flag-tagged versions of the constructs described in C after 24 h of expression in DIV7-transfected
neurons (distribution of Flag-5-HT1A and Flag-5-HT1B receptors as well as Flag-Aba are reminded from Figures 1 and S4). E) PCA plot
of the distribution of Flag-5-HT1A, Flag-5HT1B receptors and of the 12 chimeras used in the study, showing the clusters generated
by K-means for K = 3. Inset: Silhouette plot showing the compactness of each individual cluster. The horizontal axis represents the
silhouette value of each individual receptor. Their large positive values show that each receptor points toward its own cluster, and not to
a neighbor cluster. F) Quantification of endocytosis of Flag-tagged versions of the constructs described in C (endocytosis of Flag-5-HT1A
and Flag-5-HT1B receptors as well as Flag-Aba are reminded from Figure S4). G) Graph plotting the observed constitutive endocytosis
rate of 5-HT1AR, 5HT1BR and the 12 chimeras used in the study versus their predicted constitutive endocytosis rate as determined by
linear regression.
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being targeted to the axonal membrane. Such kinetic
characteristics are compatible with a transcytotic model
implicating specific somatodendritic endosomes that can
serve to redistribute a distinct set of membrane proteins
from dendrites to axons (7).

Key role of the third intracellular loop of 5-HT1BR
in receptor endocytosis
The Aba chimera, obtained by replacement of the third
intracellular loop of 5-HT1AR with that of 5-HT1BR, is
efficiently targeted to the axonal plasma membrane,
confirming the role of this specific domain in axonal
localization (29). Our present results elucidate the mech-
anism of this targeting by showing that I3 is responsible
for the constitutive-activation-driven endocytosis which
drives axonal targeting of 5-HT1BR. At steady state, most
GPCRs are held in the basal, relatively inactive conforma-
tional state by non-covalent intramolecular interactions (9).
Two such interactions, the ’rotamer toggle switch’ and
the ’ionic lock’, both between the third and sixth trans-
membrane helices, are critical to stabilize the inactive
state of model GPCRs. Correspondingly, the I3 loop,
which is contiguous with the cytoplasmic extremity of
the sixth transmembrane helix, plays an important role
in the regulation of the conformational state as well as
the endocytosis of several GPCRs (45–49). Mutations in
the C-terminal region of the I3 loop of several GPCRs can
lead to increased constitutive activity, therefore indicating
that the I3 loop contains elements stabilizing the inactive
form (46). Our results suggest that in the Aba chimera,
replacement of the third intracellular loop of 5-HT1AR with
that of 5-HT1BR confers spontaneous adoption of an active
conformation, which is reversible by the binding of the
inverse agonist methiothepin. Results derived from site-
directed mutagenesis studies and from three-dimensional
models based on the high-resolution structure of bac-
teriorhodopsin indicate that methiothepin binds to a
pocket formed by the transmembrane regions to induce
conformational changes within the transmembrane bun-
dle (50,51). Consequently, methiothepin-mediated rescue
of the Aba phenotype further advocates that the pri-
mary effect of grafting the I3 of 5-HT1BR on 5-HT1AR
is a conformational shift toward a more active receptor
state. Conversely, grafting the I3 of 5-HT1AR into the
5-HT1BR (Bab chimera) abolishes constitutive internaliza-
tion of 5-HT1BR, showing that the I3 of 5-HT1BR is both
necessary and sufficient to induce spontaneous receptor
activation. Interestingly, while the cytoplasmic surface of
the Aba chimera is recognized as activated by the endo-
cytic machinery of both LLC-PK1 cells and hippocampal
neurons leading to efficient endocytosis and axonal tar-
geting, the same cytoplasmic surface is not efficacious
to spontaneously mobilize appropriate G-proteins, further
confirming the notion that GPCR activation occurs through
different conformational intermediates, which may be dif-
ferently connected to downstream effectors (9,52–54).
Indeed, it was reported that the constitutive activity
generated by modification of the I3 loop can trigger dif-
ferent signaling pathways than those activated by agonist

stimulation (45,55). Another possibility is that G-protein
activation implicates the simultaneous presence of addi-
tional intracellular regions of the activated receptors, such
as the I1 and I2 loops or the C terminus.

Actually we do not know if the I3 of 5-HT1BR requires
protein partners to increase the portion of the receptor in
the active conformation state. Several proteins interacting
with GPCR I3 loops have been identified and some of
them have been implicated in receptor surface expres-
sion or internalization (56,57). In particular, the protein
p11 was recently reported to interact with the I3 loop of
5-HT1BR, and was proposed to be implicated in 5-HT1BR
targeting to the plasma membrane, based on the apparent
colocalization with 5-HT1BR at the plasma membrane in
HeLa cells (41). Expression of p11 was also suggested to
increase surface localization of the coexpressed receptor
in COS-7 cells (41). This suggestion was based on the intu-
itive assumption that in the absence of activating ligands,
5-HT1BRs should be localized to the plasma membrane.
However, our data (Figures 6 and S6), by showing different
subcellular distributions for 5-HT1BR and p11 both in HeLa
and COS-7 cells and a lack of plasma membrane targeting
effect for 5-HT1BR by co-transfected p11, do not support
such a role for p11 in 5-HT1BR targeting in neurons, nor in
non-polarized cells. Indeed, while p11 is mostly localized to
the plasma membrane in different cell types (our present
data and Ref. 58), the 5-HT1BR, because of its spon-
taneous constitutive activity, displays a predominantly
endosomal distribution in LLC-PK1, HeLa and COS-7 cells
(our present data) as well as in HEK-293 cells (unpublished
data). Therefore, if a partner of 5-HT1BR is responsible for
its constitutive internalization and targeting, such protein
likely remains to be discovered. However, our results
obtained by the sub-I3 chimeras do not suggest the pres-
ence of a single dominant axonal addressing motif, which
could be a putative targeting-protein binding site.

In conclusion, we propose that the mechanism underlying
differential targeting of 5-HT1AR and 5-HT1BR in neurons
is related to differences in steady-state receptor confor-
mational state, an important determinant of steady-state
somatodendritic endocytosis. The third intracellular loop
as well as pharmacological ligands are critical regulators of
type-1 serotonin receptor conformation. Accordingly, it is
likely that long-term neuropharmacological treatment may
also result in redistribution of these receptors in neurons.
It would be interesting to investigate the possible contri-
bution of such treatment-induced receptor redistribution
to both wanted and unwanted effects of therapeutic drugs
acting through 5-HT-related mechanisms.

Materials and Methods

Chemicals and antibodies
Radioactive ligands [3H]Lysergic acid diethylamide ([3H]LSD, 79.2
Ci/mmol) and (-)-3-[125I]Iodocyanopindolol (125I-CYP, 2000 Ci/mmol)
were from Amersham Bioscience. 5-carboxamido-tryptamine maleate
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(5-CT) and Isoproterenol were from Sigma. Naratriptan and 2′-methyl-
4′-(5-methyl-[1,2,4]oxadiazol-3-yl)-biphenyl-4-carboxylic acid [4-methoxy-3-
(4-methylpiperazine-1-yl) phenyl]amide (GR127935) were from Glaxo.
Pargyline hydrochloride was from Fluka Biochemika. SB224289 was from
Tocris Bioscience. BFA was from Invitrogen. MβCD, cycloheximide and
methiothepin were from Sigma. Mouse monoclonal anti-Flag M2 anti-
body was from Sigma. CY3-conjugated goat anti-mouse immunoglobulin G
(IgG) were from Jackson Immuno Research. Alexa-Fluor 488-conjugated
goat anti-mouse IgG and Alexa-Fluor 568-conjugated donkey anti-goat
were from Molecular Probes. Rabbit anti-MAP-2 antibody was from
Chemicon.

DNA constructs
The complete coding sequences of rat 5-HT1AR (59) and rat 5-HT1BR (60)
were subcloned into peGFP-N1 or pHcRedI expression vectors (Clontech)
to obtain constructs tagged with eGFP or HcRed at their C-termini. Soluble
DsRed plasmid was obtained by replacing the complete coding sequence
of eGFP of the peGFP-N1 vector by the coding sequence of DsRed.

To obtain C-terminally eGFP-tagged chimera of 5-HT1AR and 5-HT1BR, the
sequences of the receptors in peGFP-N1 vector were divided into three
compatible cassettes by the silent introduction of unique EcoRI and AclI
restriction sites using the QuikChange mutagenesis system (Agilent), at the
beginning and at the end of the sequence encoding the third intracellular (I3)
loop, respectively (Figure S4A). Flag-5-HT1A and Flag-5-HT1B constructs
were described previously (34), as well as WT and mutant eps15-eCFP and
dynamin-2-eCFP plasmids (11). Flag-Aba, Flag-Bab, Flag-Baa and Flag-Bba
constructs were obtained by subcloning the complete coding sequence
of according eGFP-tagged chimera into pFlag-CMV-6c expression vector
(Sigma). The sequences coding the four chimeric I3 loops (Table S1)
were synthesized by GenScript. N-terminally Flag-tagged I3 loop chimeras
were then obtained by replacing the I3 loop of Flag-Aba and Flag-Bab
by these sequences using EcoRI and AclI restriction sites. All constructs
were verified by full-length sequencing. eYFP-p11 construct was a kind
gift from Dr Ursula Rescher (Institute for Medical Biochemistry, Münster,
Germany).

Cell cultures
LLC-PK1 cells, HeLa cells (ATCC CCL-2) and COS-7 cells (ATCC CRL-1651)
were grown in DMEM (Invitrogen) supplemented with 4.5 g/L glucose,
GlutaMAX I (Invitrogen), 10% fetal bovine serum, 10 U/mL penicillin G and
10 mg/mL streptomycin.

Neuronal cultures were made as described previously (11). Hippocampi of
rat embryos were dissected at embryonic days 17–18. After trypsiniza-
tion, tissue dissociation was achieved with a Pasteur pipette. Cells were
counted and plated on poly-L-lysine-coated 15-mm-diameter coverslips,
at a density of 60 000–75 000 cells per 15-mm dish (300–375 cells per
square millimeter), in complete Neurobasal medium supplemented with
B27 (Invitrogen), containing 0.5 mM L-glutamine, 10 U/mL penicillin G
and 10 mg/mL streptomycin. Four to five hours after plating, the coverslips
were transferred to a 90-mm dish containing conditioned medium obtained
by incubating glial cultures (70–80% confluency) for 24 h in the complete
medium described above. Experiments were performed in agreement with
the institutional guidelines for use of animals and their care, in compliance
with national and international laws and policies (Council directives no.
87-848, 19 October 1987, Ministère de l’Agriculture et de la Forêt, Service
Vétérinaire de la Santé et de la Protection Animale, permission no. 75-974
to M. D.).

Cell transfections
LLC-PK1 cells were transfected by electroporation using Gene Pulser Xcell
electroporation system (Biorad; 135 V, 1800 µF in 200 µL of DMEM con-
taining 5 to 10 × 106 cells and 5–10 µg plasmid DNA; relaxation time:
∼40 milliseconds). Clones expressing the neomycin resistance marker
were selected in G418 (1.25 mg/mL)-containing medium (61). After two

passages, G4l8-resistant colonies were screened by observation of GFP
fluorescence, and stably transfected clones were maintained in 0.4 mg/mL
G418. Native 5-HT1A and 5-HT1B receptor-stable LLC-PK1 clones were
obtained previously in the laboratory (28).

HeLa and COS-7 cells were transfected in six-well plates with 1.2 µg of
plasmid DNA using Effectene reagent (Qiagen).

Hippocampal neurons were transfected on the 7th–8th day in vitro (DIV7-8)
as follows: for each coverslip, plasmid DNA (2 µg) and Lipofectamine 2000
(1.25 µL) in 100 µL Neurobasal medium were combined and incubated
for 30 min. After the addition of 150 µL of complete Neurobasal medium
containing B27 supplement, the mix was applied onto the neuronal culture
for 3 h at 37◦C. Receptor expression was allowed in growth medium for
24 h after transfection.

Preparation of membranes
Transfected LLC-PK1 cells were washed with D-PBS, scraped into Tris
buffer (10 mM Tris–HCl, pH 7.7, for [135I]-CYP binding experiments or
50 mM Tris–HCl, pH 7.4, for all other experiments) and homogenized with
a Polytron. After each of four successive washings in Tris buffer, the
membranes were collected by centrifugation at 31 000 × g for 20 min at
4◦C. An incubation for 10 min at 37◦C was performed after the first wash to
eliminate 5-HT (from the serum in the culture medium), and the final pellet
was suspended in the same Tris buffer to be stored at −80◦C until use.
Protein concentration was measured using BCA protein assay kit (Pierce).

Radioligand-binding assays
LSD competition binding assays were performed with 15–30 µg of
membrane proteins in 500 µL of 50 mM Tris–HCl (pH 7.4) supplemented
with 1.6 nM [3H]LSD (79.2 Ci/mmol) and various concentrations of 5-CT.
Incubations were performed for 90 min at 25◦C. Assays were stopped by
rapid filtration through Whatman GF/B filters that had been coated with
polyethylenimine (0.5% vol/vol).

I-CYP competition binding assays were performed with 15–30 µg of mem-
brane proteins in 250 µL of 10 mM Tris–HCl (pH 7.7) containing 10 µM

pargyline, 3 µM Isoproterenol, 4 mM MgCl2, 1 nM 125I-CYP (2000 Ci/mmol)
and various concentrations of agonist naratriptan or antagonist GR127935.
Incubations were performed for 60 min at 37◦C. Assays were stopped by
rapid filtration through Whatman GF/B filters.

For all radioligand binding experiments, non-specific binding was deter-
mined in the presence of 30 µM 5-HT. Subsequent washing, counting of
entrapped radioactivity and calculations of relevant binding parameters
were as described (62).

[35S]GTPγS-binding assays
[35S]GTPγS binding onto membranes from transfected LLC-PK1 cells was
measured according to a procedure adapted from Alper and Nelson (63)
and Fabre et al. (64). Briefly, membranes (∼40–50 µg protein) were incu-
bated for 30 min at 37◦C in a final volume of 800 µL assay buffer (50 mM

Tris–HCl, pH 7.4, 3 mM MgCl2, 120 mM NaCl, 0.2 mM EGTA) containing
0.1 nM [35S]GTPγS (1000 Ci/mmol, Amersham Biosciences), 300 µM GDP
with or without addition of 5-HT1AR or 5-HT1BR ligands. The reaction was
terminated by addition of 3 mL ice-cold 50 mM Tris buffer and rapid vac-
uum filtration through Whatman GF/B filters. Each filter was then washed
twice with 3 mL ice-cold Tris buffer, placed into 4.5 mL scintillation fluid
and its entrapped radioactivity measured. Basal [35S]GTPγS binding was
determined from samples without drug.

Microscopy
Images were taken on a Leica TCS-400 laser-scanning confocal microscope
with an oil-immersion 100×, numerical aperture (NA) 1.4 objective, and
on a Leica TCS NT laser-scanning confocal microscope with dry 20×, NA
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0.7, oil-immersion 40×, NA 1.2, and oil-immersion 63×, NA 1.4 objectives.
Widefield images were taken on a Leica DM-R with dry 20×, NA 0.7, and
40×, NA 0.75, and oil-immersion 100×, NA 1.4 objectives. In all cases,
emission and excitation filters proper to each fluorophore were used
sequentially and the absence of cross-talk between different channels was
checked with selectively labeled preparations.

For receptor distribution assays in cell lines, images of individual cells were
obtained by the use of a 100×, NA 1.4 oil-immersion objective and 2.5×
zoom, resulting in a pixel size of 39.06 nm for LLC-PK1 cells, or a 63×,
NA 1.4 oil-immersion objective and 4× zoom, resulting in a pixel size of
38.75 nm for HeLa and COS-7 cells. Cells were randomly chosen with
phenotypic consideration to avoid dead, dividing or highly GFP-receptor
over-expressing cells. In our protocol, cells were fixed 2.5 h after seeding,
when they displayed a near-spherical form that allowed precise equatorial
optical sectioning for reliable quantification.

Receptor distribution assays in cell lines
Transfected LLC-PK1, COS-7 and HeLa cells were transferred to 12-
mm-diameter coverslips and assayed as described previously (65) with
modifications. Briefly, after a 1-h preincubation with 70 µM cycloheximide,
cells were incubated with or without ligands for 90 min. MβCD treatments
were done only during the last 60 min of incubation. Cells were then
washed in D-PBS+ (D-PBS containing 0.1 mM CaCl2 and 0.1 mM MgCl2),
fixed with paraformaldehyde (3%) containing 4% sucrose, treated for
3 min with 1 µg/mL propidium iodide for nuclear staining and mounted in
Fluoromount-G solution (Clinisciences).

Quantification of the subcellular distribution of transfected constructs
was as described previously (13). We used in-house-developed macro-
algorithms (available on request), written for the public domain OBJECT IMAGE

software (available on the World Wide Web at simon.bio.uva.nl/object-
image.html). We measured mean fluorescence density values S, C and
N, corresponding to the surface (measured from the edge of the cell
to 300 nm inside), cytoplasm and nucleus of the cell, respectively. The
nuclear fluorescence N, corresponding to the background, was subtracted
from the S and C values, which, once multiplied by the respective areas,
yielded the S′ and C′ total specific fluorescence. The displayed result is
the S′/C′ ratio that we call the MFR.

Receptor distribution assays in hippocampal neurons
For surface detection of receptors, anti-Flag M2 antibody (2.5 µg/mL) was
added to living cells for 5 min. Cells were washed in D-PBS+, fixed
with paraformaldehyde (4%) containing 4% sucrose and incubated for
1 h with Alexa-Fluor 488-conjugated goat anti-mouse IgG. Quantifica-
tion of receptor polarization was done as described previously (11) with
some modifications. Briefly, 20× images (from the red and green chan-
nels – morphological marker and surface receptor labeling, respectively)
of transfected neurons were used. Previously, we have carefully ana-
lyzed the distribution of the somatodendritic marker MAP2 (Figure S1)
and the axonal marker Tau in our cultures, and now we are able to dif-
ferentiate between axons and dendrites by using morphological criteria
derived from these observations. Segments of neurons were traced along
morphologically identified axon and dendrites on soluble DsRed images
which show the entire neuronal structure, using the IMAGEJ plugin Neu-
ronJ (http://rsb.info.nih.gov/ij/). Then these segments were transferred
to the surface-labeled image, and the axon/dendrite ratio (A/D ratio) was
computed from the mean fluorescence of surface labeling along these seg-
ments after normalization by subtraction of background. Typically, axonal
proteins have a >1 A/D ratio, whereas a somatodendritic distribution leads
to a <1 A/D ratio (5).

Analysis of receptor distribution in transfected neuronal populations was
done by systematic classification of all transfected neurons, based on the
surface receptor distribution, into one of the three categories (in brackets
we show the corresponding normalized A/D ratio for each category,

mean ± SEM, pooled from three independent control experiments,
n = 262): (i) predominantly somatodendritic (0.49 ± 0.02), (ii) uniform
(0.67 ± 0.03) and (iii) axonal, without significant somatodendritic labeling
(1.93 ± 0.05). Classification was done blind by a researcher unaware of
the experimental condition, by counting all transfected neurons from a
coverslip (70–160 neurons) for each condition.

Measure of membrane insertion kinetics of newly
synthesized receptors
Neurons were co-transfected as described above with Flag-5-HT1B or Flag-
Aba and soluble DsRed. After 3 h, the transfection medium was removed
and BFA was added to a final concentration of 0.75 µg/mL. After 16–18 h,
coverslips were washed three times in conditioned medium and incubated
with conditioned medium, either with vehicle (0.2% DMSO) or inverse
agonist (SB224289 or methiothepin, respectively; 5 µM). Coverslips were
removed and fixed at indicated times, and stained for surface receptors
with anti-Flag M2 antibody as described above. Classification of the mem-
brane distribution of newly synthesized receptors was done as described
above.

Measure of constitutive endocytosis by live antibody
feeding
Anti-Flag M2 antibody (1 µg/mL) was first pre-coupled with goat anti-mouse
Alexa-Fluor 488 antibody (2 µg/mL) in serum-free neurobasal medium for
1 h at room temperature. Then, live transfected cells were fed for 1 h with
this mixture at 37◦C. After this first incubation, cells were washed three
times with cold D-PBS+ (4◦C) and incubated for 1 h at 4◦C with anti-goat
Alexa-Fluor 568 antibody before fixation. Using this approach, receptors
which were accessible at the cell surface during the first 1-h incubation
period at 37◦C were labeled in green. Therefore, the green label identifies
two receptor populations, those that were endocytosed and those that
remained at the cell surface, while only receptors remaining at the cell
surface are co-labeled in red (resulting in yellow on the overlay image) dur-
ing the second incubation period at 4◦C, a non-permissive temperature for
endocytosis. For quantification, widefield 20× images of 20–44 neurons
from at least two experiments were used. The somatodendritic compart-
ment was selected on the red channel and the integrated density of both
green and red channels in this compartment were measured using IMAGEJ.
To standardize results, the R/G ratio was normalized so that its maximum
theoretical value in each experiment is 1, corresponding to a hypothetical
0% internalization. The ratio of the red and green label indicates the relative
percentage of receptor endocytosis, obtained using the following formula:
100 × (1 − R/G).

Statistical analysis
Data were analyzed using GRAPHPAD PRISM and MATLAB (MathWorks)
softwares.

The significance of differences in mean was calculated using Student’s
t-test, or with one-way ANOVA followed by Newman–Keuls post-tests for
p-value adjustment, when appropriate. The comparison of neuronal sur-
face distribution for pairs of receptors or chimeras was performed using
Pearson’s χ2 homogeneity test on the corresponding 4 × 2 contingency
tables (there are four surface classes: uniform, axonal, somatodendritic,
no labeling), the χ2 statistic having hence three degrees of freedom. For
significance symbols, ‘ns’ means p > 0.05, one symbol means p < 0.05,
two means p < 0.01 and three means p < 0.001.

PCA was used to compare the surface distribution of larger sets of
receptors and chimeras and analyze the progression of distribution during
membrane insertion kinetics assays. The descriptors of the receptors
and chimeras were the percentages of the four surface classes, and the
principal components were computed on their covariance matrix (66). The
projection was made onto the subspace spanned by the first two principal
components, and the percentage of the total variance they account for
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was systematically computed and shown in parenthesis on the PCA plots.
The fact that their sum was always close to 100% indicates that only a
negligible amount of information was lost by using two components only.

The identification of clusters among the receptors and chimeras was done
using K-means analysis (66). Receptors and chimeras were again described
by the percentages of the four surface classes that were centered prior
to the computation of the distances. The distance used was the squared
Euclidean distance and the K-means algorithms were run five times with
initializations of the means on randomly chosen receptors. The choice of
K = 3 clusters was validated by a Silhouette value analysis (67). For each
sample, the silhouette value attributed to each sample is a measure of
his similarity with his own cluster as compared to the other clusters. Too
small (or even negative) silhouette negative values indicate that samples
resemble more a neighbor cluster than its own one, and hence K is either
too small or too large.

A linear relationship between the level of endocytosis and the surface
distribution was estimated on the set of the 14 receptors and chimeras by
linear regression. To account for the fact that the endocytosis variance was
different from one receptor to another (see Figure 7F), and that the mean
endocytosis values were obtained on with different numbers of cells for
each receptor, the parameter estimation was performed using weighted
least squares (68).
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Supporting Information
Additional Supporting Information may be found in the online version of
this article:

Figure S1: Morphological identification of axons and dendrites for
A/D quantification. Flag-5-HT1A (A) or Flag-5-HT1B (B) receptors were
co-transfected with soluble DsRed (red), and surface-localized 5-HT
receptors (green) were detected in live cells with M2 anti-Flag antibody
after 24 h of expression. MAP2 labeling (blue) performed after fixation
and permeabilization allowed us to distinguish the dendrites (MAP2
positive, arrowheads) from the axon (MAP2 negative, arrows). C) The
normalized percentage of endocytosis in the somatodendritic compartment
of individual neurons does not depend on the expression level of Flag-
5HT1A and 5-HT1B receptors in each particular neuron. Indeed, there is no
correlation between the value of total anti-Flag (endocytosed + surface)
mean fluorescence and the mean of endocytosis (%) from 33 to 49 neurons
(from at least three independent experiments, r2 = 0.06 for 5-HT1AR and
r2 = 0.09 for 5-HT1BR). This implies that constitutive endocytosis of 5-
HTR does not depend on variation in expression levels between individual
neurons or between experimental conditions.

Figure S2: Inhibition of neuronal endocytosis shifts surface expression
of 5-HT1BR from the axon to the soma and dendrites. Hippocampal
neurons at DIV7 were co-transfected with soluble DsRed, Flag-5-HT1B and
a fusion of eCFP (blue) with various proteins: inactive mutant eps15(III!2)
(A) or dominant-negative eps15(!95–295) (B), wild-type dynamin2(WT)
(C) or dominant-negative dynamin2(K44A) (D). Twenty-four hours later,
they were stained for surface 5-HT1BR (green) and fixed. WT or inactive
proteins did not change polarization of 5-HT1BR surface expression (green
labeling, A, C), whereas dominant-negative mutants of eps15 and dyn2
strongly upregulated expression of 5-HT1BR at the somatodendritic surface
(B and D). On overlay images, blue represents nuclei. Scale bar: 50 µm.

Figure S3: Functional properties of GFP-coupled receptors. A) Ligand-
binding properties of GFP-coupled receptors. Left panel, concentration
curves of the inhibition by 5-CT of [3H]LSD-specific binding to membranes
from transfected LLC-PK1 cells expressing 5-HT1A (•) or 5-HT1A-eGFP (◦)
receptor. Assays were performed with 1.6 nM [3H]LSD and various concen-
trations (abscissa) of 5-CT. Middle and right panels, concentration curves
of the inhibition by GR127935 (middle) or naratriptan (right) of [135I]-CYP-
specific binding to membranes from transfected LLC-PK1 cells expressing
5-HT1B (!) or 5-HT1B-eGFP (") receptor. Assays were performed with
1 nM [135I]-CYP and various concentrations (abscissa) of GR127935 or
naratriptan. In all cases, the apparent Hill coefficient was close to 1.0. B)
[35S]GTPγS binding to membranes from LLC-PK1 cells expressing 5-HT1A,
5-HT1A-eGFP, 5-HT1B or 5-HT1B-eGFP receptors. Binding was stimulated
by the agonist 5-CT (1 µM, black bars) or inhibited by an inverse agonist
(methiothepin or SB224289, 10 µM, gray bars). Basal binding determined
in the absence of ligand was set to 100% (white bars). Mean ± SEM of at
least two independent experiments performed in triplicate. ***p < 0.001
for significance of difference between 5-CT or inverse-agonist treatment
and basal; ns, non-significant.

Figure S4: Characterization of receptor chimeras. A) Positions of
the unique EcoRI and AclI sites inserted into the rat cDNA sequence
of 5-HT1AR and 5-HT1BR (accession numbers NM_012585.1 and
NM_022225.1, respectively) to construct 5-HT1A/5-HT1B chimeras and
details of the substitutions introduced to obtain these sites. B) Schematic
representation of the chimeras Aab and Abb that were not functional,
with 5-HT1AR parts in gray and 5-HT1BR parts in black. C) Flag-Bab, Flag-
Baa and Flag-Bba chimeras were co-transfected with soluble DsRed (red)
and surface-localized chimeras (green) were detected in live cells with
anti-Flag M2 antibody. Bab and Baa chimeras are mainly localized at the
somatodendritic surface (arrowheads), whereas Bba is mainly localized at
the axonal surface of neurons (arrows). Scale bar: 20 µm. D) Quantification
of surface distribution of Flag-Bab, Flag-Baa, Flag-Bba and Flag-Aba after
24 h of expression in transfected neurons (distribution of Flag-5-HT1A
and Flag-5-HT1B receptors are reminded from Fig. 1). E) Quantification
of endocytosis of Flag-Bab, Flag-Baa, Flag-Bba and Flag-Aba. On overlay
images, blue represents nuclei.

Figure S5: Surface distribution kinetics of the Aba chimera in neu-
rons treated either par vehicle or the inverse-agonist methiothepin.
PCA plot of the surface distribution of Aba chimera for each time-point
of both vehicle and methiothepin treatments and for vehicle treatment in
the absence of incubation with BFA (control). Tendency curves have been
drawn to show the evolution of distribution for both treatment conditions.

Figure S6: p11 overexpression does not enhance plasma membrane
targeting of 5-HT1B receptors in HeLa and COS-7 cells. A) Confocal
images of equatorial sections of near-spherical HeLa or COS-7 cells, trans-
fected either with eYFP-p11 or 5-HT1B-HcRed. B) Confocal images of equa-
torial sections of near-spherical HeLa or COS-7 cells, co-transfected with
both eYFP-p11 and 5-HT1B-HcRed. Overlay fails to reveal colocalization
between eYFP-p11 and 5-HT1B-HcRed. C) Left-hand part: Quantification of
eYFP-p11 MFR with or without the coexpression of 5-HT1B-HcRed recep-
tor; right-hand part: quantification of 5-HT1B-HcRed MFR with or without
the coexpression of eYFP-p11. Results, expressed as mean ± SEM, are
representative of two independent experiments. Expression of eYFP-p11 in
HeLa or COS-7 cells does not appear to direct 5-HT1B-HcRed receptors to
the surface membrane. *p < 0.05 for significance of difference between
COS-7 cells expressing eYFP-p11 with 5-HT1B-HcRed versus without
5-HT1B-HcRed and **p < 0.01 for significance of difference between
COS-7 cells expressing 5-HT1B-HcRed with eYFP-p11 versus without
eYFP-p11.

Table S1. Composition of the 5-HT1AR/5-HT1BR chimeric sub-I3 loops.
The length of each loop as well as the positions of the regions of 5-HT1AR
and 5-HT1BR I3 loops (I3a1-3 and I3b1-2, respectively) used for each
chimera in the rat cDNA sequences of 5-HT1AR and 5-HT1BR (accession
numbers NM_012585.1 and NM_022225.1, respectively) are presented.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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