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ABSTRACT: G protein-coupled receptors (GPCRs) represent
the largest class of receptors involved in signal transduction across
cell membranes and are major drug targets in all clinical areas.
Endocytosis of GPCRs offers a regulatory mechanism for
sustaining their signaling within a stringent spatiotemporal regime.
In this work, we explored agonist-induced endocytosis of the
human serotonin1A receptor stably expressed in HEK-293 cells
and the cellular machinery involved in receptor internalization and
intracellular trafficking. The serotonin1A receptor is a popular
GPCR implicated in neuropsychiatric disorders such as anxiety
and depression and serves as an important drug target. In spite of
its pharmacological relevance, its mechanism of endocytosis and
intracellular trafficking is less understood. In this context, we have utilized a combination of robust population-based flow
cytometric analysis and confocal microscopic imaging to address the path and fate of the serotonin1A receptor during
endocytosis. Our results, utilizing inhibitors of specific endocytosis pathways and intracellular markers, show that the
serotonin1A receptor undergoes endocytosis predominantly via the clathrin-mediated pathway and subsequently recycles to the
plasma membrane via recycling endosomes. These results would enhance our understanding of molecular mechanisms of GPCR
endocytosis and could offer novel insight into the underlying mechanism of antidepressants that act via the serotonergic
pathway. In addition, our results could be relevant in understanding cell (or tissue)-specific GPCR endocytosis.

G protein-coupled receptors (GPCRs) are the largest class of
molecules that transduce signals across the plasma membrane
upon binding a diverse array of ligands.1−5 They are seven
transmembrane domain proteins that mediate a repertoire of
physiological responses and have emerged as major drug targets
spanning all clinical areas.4,6−8 In fact, ∼40% of all current drug
targets are GPCRs.8,9 As a consequence of the gamut of intricate
cellular responses triggered by GPCRs, the downstream
signaling mediated by these receptors is maintained within
physiological levels by stringent regulatory mechanisms.10−13

Endocytosis is a major regulatory mechanism employed by
GPCRs to sustain their downstream signaling within a stringent
spatiotemporal regime.10,11 Endocytosis offers an effective
means of decoupling the receptor from its pool of extracellular
ligands by sequestering the receptor into intracellular vesicular
structures (endosomes). GPCR endocytosis and trafficking were
initially identified as a mode of ligand-induced desensitization of
receptor-mediated signaling.10,11 Interestingly, emerging liter-
ature about signaling from endosomal receptor pools has
introduced a fresh perspective to the significance of endocytosis
in the regulation of GPCR function.14−17 In this context, a
detailed understanding of the mechanistic framework of
internalization and intracellular trafficking of GPCRs assumes
relevance.

The serotonin1A receptor is a representative member of the
GPCR family with a central role in neuronal development and
function and is an important drug target for a range of disorders
of the central nervous system and even cancer.18−21 The
serotonin1A receptor has an indispensable role in neurological
function and therefore has emerged as a major drug target in the
development of therapeutics against neuropsychiatric disorders
such as anxiety,22 depression,23 schizophrenia,24 and Parkin-
son’s disease.24,25 Serotonin, the native ligand for the
serotonin1A receptor, is intrinsically fluorescent

26,27 and a widely
studied monoamine neurotransmitter owing to its central role in
the etiology and therapy of anxiety, stress, depression, and
behavioral disorders.28,29 A popular class of antidepressant
drugs, termed selective serotonin reuptake inhibitors (SSRIs),
selectively bind serotonin transporters and block the reuptake of
serotonin from the synaptic cleft.30,31 This enhances the
extracellular (synaptic) concentration of serotonin, thereby
interfering with the homeostasis of the serotonin system.
Interestingly, several physiological responses mediated by
serotonin have been attributed to regulatory and downstream
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signaling events associated with the serotonin1A receptor,23,32

which highlights the importance of this subtype of serotonin
receptor in these processes.
Endocytosis of the serotonin1A receptor has been implicated

as one of the major mechanisms of desensitization as a response
to agonist exposure.33−35 In addition, the therapeutic action of
popular antidepressants, such as fluoxetine, has been attributed
to the desensitization of the serotonin1A receptor by
endocytosis.36,37 Although endocytosis of the serotonin1A
receptor and its functional consequences in receptor desensi-
tization have been addressed previously,33−37 the detailed
mechanistic framework and the subsequent intracellular fate of
the receptor are poorly understood.
In our previous studies, we have extensively characterized the

function,38−41 organization,42−47 and dynamics42,46,48 of the
serotonin1A receptor in native and heterologously expressed
cellular systems using an array of biochemical, biophysical, and
computational approaches. In this study, we monitored the
agonist-induced endocytosis and the cellular machinery
implicated in internalization and intracellular trafficking of the
human serotonin1A receptor stably expressed in HEK-293 cells.
Analysis of GPCR endocytosis is often limited by the methods
used to quantify receptor internalization and intracellular
trafficking.49 Keeping this in mind, in this work, we have utilized
quantitative flow cytometry and confocal microscopic ap-
proaches to monitor the endocytosis of the serotonin1A receptor.
Our results show that the serotonin1A receptor undergoes
agonist-induced internalization predominantly via clathrin-
mediated endocytosis. Upon internalization, the receptor
moves back to the plasma membrane along the endosomal
recycling pathway. These results constitute one of the first
comprehensive reports on the internalization and intracellular
trafficking of the serotonin1A receptor. The insights provided by
these results assume significance in our overall understanding of
themechanisms involved in endocytosis as a means of regulation
of neurotransmitter GPCRs.

■ MATERIALS AND METHODS
Materials.MgCl2, CaCl2, doxycyclin, sodium azide, sucrose,

genistein, serotonin, p-MPPF, p-MPPI, and WAY-100635 were
obtained from SigmaChemical Co. (St. Louis,MO). DMEM/F-
12 [Dulbecco’s modified Eagle’s medium: nutrient mixture F-12
(Ham) (1:1)], fetal calf serum, and hygromycin B were obtained
from Invitrogen/Life Technologies (Grand Island, NY). [3H]8-
OH-DPAT (specific activity of 141 Ci/mmol) was purchased
from MP Biomedicals (Santa Ana, CA). Bicinchoninic acid
(BCA) assay reagent for protein estimation was from Pierce
(Rockford, IL). GF/B glass microfiber filters were from
Whatman International (Kent, U.K.). GTP-γ-S was purchased
from Roche Applied Science (Mannheim, Germany). Anti-myc
antibody Alexa Fluor 488 conjugate was from Millipore
(Bedford, MA). Pitstop 2, anti-Rab4 [EPR3042] and anti-
Rab11A [EPR7587(B)] rabbit monoclonal antibodies, and goat
anti-rabbit IgG Fc Alexa Fluor 568 conjugated were fromAbcam
(Cambridge, MA). The Flp-In T-REx system, DiIC16, trans-
ferrin Alexa Fluor 568 conjugated, cholera toxin B Alexa Fluor
594 conjugated, and LysoTracker red were purchased from
Molecular Probes/Invitrogen (Eugene, OR). All other chem-
icals that were used were of the highest available purity. Water
was purified through a Millipore Milli-Q system and used
throughout.
Plasmid Constructs and Generation of HEK-293 Cells

Stably Expressing the Serotonin1A Receptor. The cDNA

clone for the human N-terminus His-myc-tagged serotonin1A
receptor (HIS-MYC-HTR1A-pDsRed-Monomer-Hyg-C1) was
a kind gift from Dr. Sadashiva. S. Karnik (Lerner Research
Institute, Cleveland Clinic, Cleveland, OH). The stable HEK-
293 cell line with tetracycline-inducible expression of the N-
terminus His-myc-tagged serotonin1A receptor was generated
using the Flp-In T-Rex system. The Flp-In T-Rex system
consists of Flp-In T-REx-293 cells containing a Flp recombina-
tion target (FRT) site and expressing the tetracycline repressor,
inducible expression vector pcDNA5/FRT/TO and pOG44
Flp-Recombinase expression vector. The cDNA sequence
encoding HIS-MYC-HTR1A was subcloned from HIS-MYC-
HTR1A-pDsRed-Monomer-Hyg-C1 into the pcDNA5/FRT/
TO vector between KpnI and BamHI restriction sites after
polymerase chain reaction amplification using the primers
KPNIHISF (5′ CCGCTAGGTACCATGCATCATCAC 3′)
and HTR1ABAMH1R (5′ TCATCAGGATCCTCACTG-
GCGGCAGAACTT 3′). The resultant construct pcDNA5/
FRT/TO/HIS-MYC-HTR1A, after being verified by sequenc-
ing, was transfected into Flp-In T-REx-293 cells along with
pOG44 by lipofectamine-mediated transfection, and stable
colonies were selected using 0.5 mg/mL hygromycin B.

Cell Culture. HEK-293 cells stably expressing N-terminal
myc-tagged serotonin1A receptors (HEK-5-HT1AR cells) were
maintained in DMEM/F-12 medium with 10% fetal calf serum
and 250 μg/mL hygromycin B in a humidified atmosphere with
5%CO2 at 37 °C. The culture mediumwas supplemented with 1
μg/mL doxycyclin for 24 h to induce receptor expression prior
to the experiments.

Saturation Binding Assay.Cell membranes were prepared
as described previously,50 and the total protein content of the
isolated membranes was estimated using the BCA reagent.51

Saturation binding assays were performed with increasing
concentrations (0.1−10 nM) of the radiolabeled agonist
[3H]8-OH-DPAT as described previously.50 Nonspecific bind-
ing was assessed in the presence of 10 μM unlabeled serotonin.
Binding assays were carried out at room temperature (∼25 °C).
The concentration of the bound ligand (RL*) was determined
from

* = × × ×− B V SARL 10 /( 2220)M9 (1)

where B is the bound radioactivity in disintegrations per minute
(dpm), V is the assay volume in milliliters, and SA is the specific
activity of the radioligand. Data obtained could be fitted best to a
one-site ligand binding equation. Binding parameters [dissoci-
ation constant (Kd) and number of maximum binding sites
(Bmax)] were calculated by nonlinear regression analysis of
binding data using GraphPad Prism, version 4.0 (GraphPad, San
Diego, CA).

GTP-γ-S Sensitivity Assay. The efficiency of coupling of G-
protein to serotonin1A receptors was measured utilizing GTP-γ-
S sensitivity assays as described previously.50 The concentration
of GTP-γ-S leading to half-maximal inhibition of specific agonist
binding (IC50) was calculated by nonlinear regression fitting of
the data to a four parameter logistic function:52

= [ + ] +−B a x I b1 ( / )s 1 (2)

where B is the binding of specific agonist in the presence of GTP-
γ-S normalized to the binding observed at the lowest
concentration of GTP-γ-S used, x is the concentration of
GTP-γ-S, a is the range (ymax − ymin) of the fitted curve on the
ordinate (y-axis), I is the IC50 concentration, b is the background
of the fitted curve (ymin), and s is the slope factor.
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Treatment with Serotonin1A Receptor Ligands. To
monitor the effect of increasing exposure time with serotonin on
the endocytosis of the serotonin1A receptor, cells were incubated
with 10 μM serotonin for 15, 30, 45, or 60 min in serum-free
DMEM/F-12 medium at 37 °C and subsequently collected in
chilled phosphate-buffered saline (PBS) for further processing
via flow cytometry. Similarly, to probe the effect of increasing
concentrations of serotonin on receptor endocytosis, cells were
incubated with 1 nM, 10 nM, 100 nM, or 10 μMserotonin for 60
min at 37 °C. All other experiments were performed using 10
μMserotonin at an exposure time of 60min, unless specified. To
monitor the effect of specific antagonists and an inverse agonist
on agonist-induced serotonin1A receptor endocytosis, cells were
incubated with 10 μM WAY-100635 or p-MPPF (specific
antagonists) or 10 μM p-MPPI (inverse agonist) in the presence
of 100 nM serotonin for 60 min at 37 °C.
Treatment with Inhibitors of Endocytosis. Inhibitors of

endocytosis such as low temperature, hypertonic medium, and
inhibitor of ATP synthesis were used to perform control
experiments to validate our flow cytometric and confocal
microscopic assays. Cells were treated with 10 μM serotonin for
60 min in serum-free medium on ice (low temperature) or in
serum-free medium containing 0.35 M sucrose (hypertonic
medium) or 10 mM sodium azide (inhibitor of ATP synthesis).
Chemical Inhibition of Clathrin- and Caveolin-Medi-

ated Endocytosis. To inhibit clathrin-mediated endocytosis,
cells were treated with 20 μMPitstop 2 in serum-free medium at
37 °C for 30 min prior to incubation with serotonin. Caveolin-
mediated endocytosis was inhibited by incubating cells with 200
μM genistein in serum-free medium at 37 °C for 30 min prior to
incubation with serotonin.
Flow Cytometric Analysis of Receptor Endocytosis.

Following treatment, HEK-5-HT1AR cells were collected in PBS
on ice. The cells were fixed with 4% (v/v) formaldehyde for 30
min and stained with anti-myc antibody Alexa Fluor 488
conjugate (1:100 dilution) for 60 min on ice. Cells were washed
and suspended in PBS containing 2% serum. The plasma
membrane receptor population was quantified using a MoFlo
XDP flow cytometer (Brea, CA), and data were acquired and
analyzed using Summit analysis software version 5.4.0. Mode
count values were obtained by flow cytometric analysis of 10000
cells. Alexa Fluor 488 was excited at 488 nm, and emission was
collected using a 529/28 nm bandpass filter. Reduction in the
cell surface receptor population upon agonist-induced endocy-
tosis was analyzed in terms of decrease in mode count values
with respect to control cells reflected as a shift in the population
of cells toward lower fluorescence intensity.
Confocal Microscopic Imaging of Receptor Endocy-

tosis. Cells were plated on poly-L-lysine coated glass coverslips
and grown in DMEM/F-12 medium with 10% serum. To obtain
representative confocal microscopic images for receptor
internalization, cells were treated with appropriate ligands,
washed, and immediately placed on ice. Cell membranes were
labeled with DiIC16 as described previously53 with some
modifications. Briefly, cells were incubated with 8 μM DiIC16
in buffer A (PBS containing 0.5 mM MgCl2 and 1 mM CaCl2)
for 30 min on ice. Cells were washed with cold buffer A, fixed
with 4% (v/v) formaldehyde, and permeabilized with 0.5% (v/
v) Triton X-100. Cells were then stained with the anti-myc
antibody Alexa Fluor 488 conjugate (1:100 dilution) for 60 min,
washed, and mounted. Images were acquired on a Zeiss (Jena,
Germany) LSM 510 Meta confocal microscope. N-terminal
myc-tagged serotonin1A receptors were imaged by exciting anti-

myc antibody Alexa Fluor 488 conjugate at 488 nm and
collecting emission from 500−530 nm. To image cell
membranes, DiIC16 was excited at 561 nm and emission was
collected between 575−630 nm. Images of z-sections were
acquired with a 63×/1.4 NA oil immersion objective under 1
airy condition and a fixed step size of 0.5 μm. Images shown are
maximum intensity projections of three central sections of the
acquired z-stack.

Confocal Microscopic Imaging of Receptor Colocali-
zation with Transferrin and Cholera Toxin. Cells were
grown on glass coverslips in DMEM/F-12 medium with 10%
serum. Cells were placed on ice and labeled with anti-myc
antibody Alexa Fluor 488 conjugate for 60 min. Subsequently,
cells were washed with cold buffer A to remove excess antibody
and incubated for 60 min at 37 °C in serum-free medium
containing 10 μg/mL transferrin Alexa Fluor 568 conjugate (or
cholera toxin B Alexa Fluor 594 conjugate) and 10 μM
serotonin. Cells were then transferred to ice and washed with
cold buffer A. Cell surface-bound antibodies were washed off by
incubating with 150 mM NaCl, 50 mM acetic acid solution for
15 min. Cells were fixed with 4% (v/v) formaldehyde, washed
with buffer A, and mounted. Images were acquired on a Leica
(Wetzlar, Germany) SP8 confocal microscope. N-terminal myc-
tagged serotonin1A receptors were imaged by exciting anti-myc
antibody Alexa Fluor 488 conjugate at 488 nm and collecting
emission between 500−560 nm. Transferrin Alexa Fluor 568
conjugate was excited at 561 nm, and emission was collected
between 570−640 nm. Cholera toxin B Alexa Fluor 594
conjugate was excited at 594 nm, and emission was collected
between 600−640 nm. Images of z-sections were acquired with a
63×/1.4 NA oil immersion objective under 1 airy condition and
a fixed step size of 0.5 μm. Quantitative colocalization analysis
was performed using a single section from a z-stack, as described
below.

Confocal Microscopic Imaging of Intracellular Traf-
ficking of the Serotonin1A Receptor. Cells were grown on
glass coverslips in DMEM/F-12 medium with 10% serum and
treated with serotonin. Subsequently, cells were placed on ice,
washed with cold buffer A, fixed with 4% (v/v) formaldehyde,
and permeabilized with 0.5% (v/v) Triton X-100. Early
recycling endosome marker Rab4 (or late recycling endosome
marker Rab11A) was labeled with anti-Rab4 (or anti-Rab11A)
primary antibody (1:200 dilution) for 60 min followed by
labeling with goat anti-rabbit IgG Fc Alexa Fluor 568 secondary
antibody (1:450 dilution) for 60 min. Cells were washed with
cold buffer A, and serotonin1A receptors were labeled with anti-
myc antibody Alexa Fluor 488 conjugate for 60 min. To obtain
images for receptor colocalization with lysosomes, cells were
incubated with 0.2 μMLysoTracker red for 60min in serum-free
DMEM/F-12 medium. Cells were then fixed and stained with
anti-myc antibody Alexa Fluor 488 conjugate. Images of z-
sections were acquired with a 63×/1.4 NA oil immersion
objective under 1 airy condition and a fixed step size of 0.5 μm
on a Zeiss LSM 510Meta confocal microscope. N-terminal myc-
tagged serotonin1A receptors were imaged by exciting the anti-
myc antibody Alexa Fluor 488 conjugate at 488 nm and
collecting emission between 500−530 nm. Rab4 and Rab11A
were imaged by exciting the corresponding goat anti-rabbit IgG
Fc Alexa Fluor 568 secondary antibody, and lysosomes were
imaged by exciting LysoTracker red at 561 nm and collecting
emission between 575−630 nm. Quantitative colocalization
analysis was carried out using a single section from a z-stack as
described below.
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Quantitative Colocalization Analysis. Colocalization
between fluorescence signals obtained in two channels was
analyzed using Manders’ colocalization coefficient, M,54 as

=
∑

∑
M

R

R
i

i

,coloc

(3)

where Ri is the receptor associated fluorescence intensity of the
ith pixel and Ri,coloc is the receptor associated fluorescence
intensity of the ith pixel when the intensity of the corresponding
pixel in the other channel is greater than threshold. Threshold
intensities of the two channels were determined using Costes’s
method for automated thresholding.55 The Manders’s colocal-
ization coefficient and the Costes’s threshold were determined
for a single section from a z-stack of confocal images using the
JACoP plug-in56 for ImageJ (National Institutes of Health,
Bethesda, MD).
MTT Viability Assay. Viability of cells under various

treatment conditions was assessed using MTT assay as
described previously.57

Statistical Analysis. Significance levels were analyzed using
a Student’s two-tailed unpaired t-test using GraphPad Prism,
version 4.0. Plots were generated using OriginPro, version 8.0
(OriginLab, Northampton, MA).

■ RESULTS

Stable Expression and Pharmacological Character-
ization of the Serotonin1A Receptor in HEK-293 Cells.
HEK-293 cells stably expressing serotonin1A receptors (HEK-5-
HT1AR) were generated upon transfection with a construct
encoding the receptor with a myc-tag at its N-terminus (see
Figure 1a and Materials and Methods for more details). This
system allows us to fluorescently label the serotonin1A receptor
with an anti-myc Alexa Fluor 488 conjugate antibody to
quantitatively monitor receptor endocytosis and trafficking.
Confocal microscopic imaging at a midplane section of HEK-5-
HT1AR cells displayed a typical plasmamembrane localization of
the serotonin1A receptor (see Figure 1b). To check the
functionality of serotonin1A receptors expressed in HEK-293
cells, we monitored binding of the specific agonist, [3H]8-OH-
DPAT, to membranes isolated fromHEK-5-HT1AR cells. Figure
1c shows a representative saturation binding plot for binding of
[3H]8-OH-DPAT to serotonin1A receptors expressed in HEK-5-
HT1AR cells. Analysis of saturation binding plots using eq 1 (see
Materials and Methods for more details) yielded dissociation
constant (Kd) of ∼4.1 nM and maximum binding sites (Bmax) of
∼1.5 pmol/mg of protein (see Table 1), which corresponds to
∼9 × 104 receptors per cell.

Figure 1. Functional human serotonin1A receptor stably expressed in HEK-293 cells. (a) A schematic representation showing HEK-293 cells stably
expressing the human serotonin1A receptor with a myc-tag (orange) at its N-terminus (HEK-5-HT1AR cells). (b) Representative confocal microscopic
images of HEK-5-HT1AR cells showing the distribution of serotonin1A receptors labeled with anti-myc antibody Alexa Fluor 488 conjugate (green).
The nucleus is stained with DAPI (blue). The scale bar represents 10 μm. (c) Saturation binding analysis of a specific agonist ([3H]8-OH-DPAT)
binding to serotonin1A receptors. A representative plot for [3H]8-OH-DPAT binding to the serotonin1A receptor, with increasing concentrations (0.1−
10 nM) of free [3H]8-OH-DPAT. The curve is a nonlinear regression fit to the experimental data obtained using eq 1. (d) The efficiency of G-protein
coupling to the serotonin1A receptor was monitored by the sensitivity of the specific agonist binding to the receptor in the presence of GTP-γ-S, a non-
hydrolyzable analog of GTP. Data points represent specific binding of [3H]8-OH-DPAT to the serotonin1A receptor in the presence of increasing
concentrations of GTP-γ-S. Values are expressed as percentages of agonist binding obtained in the presence of the lowest concentration of GTP-γ-S.
The curve is a nonlinear regression fit to the experimental data obtained using eq 2. Data represent means ± SE of duplicate points from four
independent experiments. See Materials and Methods for other details.
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Agonists to the serotonin1A receptor have been shown to
activate the Gi/Go class of G-proteins in HEK-293 cells.

58,59 We
have previously demonstrated, utilizing a non-hydrolyzable
analog of GTP (GTP-γ-S), that agonist binding to serotonin1A

receptors is sensitive to its coupling to G-proteins and exhibits a
characteristic reduction upon disruption of G-protein coupling
to the receptor.60 To test the ability of the serotonin1A receptor
in HEK-5-HT1AR cells to efficiently couple G-proteins, we
monitored the sensitivity of specific agonist binding to the
receptor in the presence of GTP-γ-S. Figure 1d shows a
characteristic reduction in the binding of [3H]8-OH-DPAT to
serotonin1A receptors with increasing concentrations of GTP-γ-
S. Nonlinear regression analysis of such inhibition plots using eq
2 (described in Materials and Methods) yielded a half-maximal
inhibition concentration (IC50) of ∼71 nM. These results
validate that the serotonin1A receptor in HEK-5-HT1AR cells is
functional.

Monitoring Serotonin1A Receptor Endocytosis: Flow
Cytometry and Confocal Microscopy. We monitored the
internalization of the serotonin1A receptor using a quantitative
flow cytometric assay. Flow cytometry offers a statistically

Table 1. Specific [3H]8-OH-DPAT Binding and Efficiency of
G-Protein Coupling to Serotonin1A Receptors

(a) saturation bindinga

Kd 4.1 ± 0.6 nM
Bmax 1.53 ± 0.24 pmol/mg of protein

(b) efficiency of G-protein couplingb

IC50 70.6 ± 2.7 nM
aThe binding parameters shown represent means ± SE from five
independent experiments, while saturation binding data shown in
Figure 1c is from a representative experiment. bThe IC50 shown
represents mean ± SE from four independent experiments (data from
Figure 1d).

Figure 2.Monitoring endocytosis of the serotonin1A receptor using flow cytometry and confocal microscopy. (a) A schematic representation of plasma
membrane embedded N-terminal myc-tagged serotonin1A receptors labeled with anti-myc antibody Alexa Fluor 488 conjugate under control
condition and upon agonist-induced receptor endocytosis. The reduction in plasma membrane receptor population due to agonist-induced
endocytosis provides quantitative information on the extent of endocytosis of the receptor. (b) An overlay of representative flow cytometric histograms
corresponding to control and serotonin-treated cells as shown in panel a. (c and d) Representative confocal microscopic images of control (untreated)
cells and cells incubated with 10 μM serotonin for 60 min, respectively. Serotonin1A receptors were labeled with anti-myc antibody Alexa Fluor 488
conjugate (green), and the cell membrane was labeled with DiIC16 (red). The scale bar represents 10 μm. See Materials andMethods for other details.
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robust, population-based method to quantitatively monitor the
presence of fluorescently tagged molecules in cells. In our assay,
we measured agonist-induced endocytosis of the serotonin1A
receptor by fluorescently labeling exclusively the cell membrane
associated population of receptors in HEK-5-HT1AR cells with
anti-myc antibody Alexa Fluor 488 conjugate. To obtain
fluorescence signal specifically from cell membrane-associated
receptors, we fluorescently labeled the receptors subsequent to
treatment with serotonin and after fixing (see Materials and
Methods for details). Figure 2a shows a schematic representa-
tion of fluorescently labeled membrane associated serotonin1A
receptors with and without serotonin. Figure 2b shows a
representative flow cytometric histogram with a shift in the
modal (peak) channel toward lower value on the fluorescence
axis, indicating reduction in the population of receptors on the
cell surface upon induction of endocytosis in the presence of
serotonin. The reduction in cell counts associated with the
modal channel (referred as mode count) due to such a shift is
indicative of receptor internalization.
In parallel, we carried out confocal fluorescence microscopic

imaging of the serotonin1A receptor under control and
serotonin-treated conditions. Figure 2c shows representative
confocal microscopic images of cells with membranes labeled
with DiIC16 and serotonin1A receptors labeled with anti-myc
antibody Alexa Fluor 488 conjugate, subsequent to permeabi-
lization of cells (see Materials andMethods for more details). In
the absence of serotonin, the serotonin1A receptors are
predominantly located at the plasma membrane. Upon treat-
ment with serotonin, we observed internalization of the receptor
(see Figure 2d), thereby validating our observations from flow
cytometry. This combination of quantitative flow cytometric
analysis and confocal microscopic imaging forms the basis of our
analysis of serotonin1A receptor endocytosis.
Dependence of Receptor Internalization on Serotonin

Concentration and Exposure Time.Tomonitor the effect of
exposure time with serotonin on the endocytosis of the
serotonin1A receptor, we treated HEK-5-HT1AR cells with 10
μM serotonin with an increasing time of exposure. As shown in
Figure 3a, we observed a time-dependent reduction in the
membrane receptor population upon incubation with serotonin,
with ∼43% reduction observed for 60 min incubation. We
therefore used 60 min as the time of exposure for subsequent
experiments in which the effect of agonist (serotonin)
concentration on the internalization of the serotonin1A receptor
was monitored (see Figure 3b). The figure shows that treatment
of cells with increasing concentrations of serotonin resulted in
increasing receptor internalization. At the highest concentration
of serotonin used (10 μM), we observed maximum receptor
internalization. For all subsequent experiments, we chose 10 μM
serotonin with an exposure time of 60 min (unless stated
otherwise). It is interesting to note that the concentrations of
serotonin inducing maximal internalization of the serotonin1A
receptor are several orders of magnitude higher relative to the
dissociation constant of serotonin binding to the serotonin1A
receptor. These conditions mimic the high local concentrations
of serotonin generated in serotonergic synapses by SSRIs that
are believed to mediate their antidepressant therapeutic effects
via the serotonin1A receptor.

30,31

Effect of Inhibitors of Endocytosis on the Internal-
ization of the Serotonin1A Receptor. As a control for our
internalization assays, we monitored the endocytosis of the
serotonin1A receptor under conditions that are known to inhibit
endocytosis. For this, we treated HEK-5-HT1AR cells with

serotonin (i) at low temperature (by incubating cells on ice
during serotonin treatment), (ii) under hypertonic conditions
(in media containing 0.35 M sucrose), and (iii) in the presence
of an inhibitor of ATP synthesis (sodium azide). Figure 4a
shows that when cells were exposed to serotonin under
conditions that inhibit receptor-mediated endocytosis, the
mode count values were comparable to that of the control,
indicating the absence of internalization of the serotonin1A
receptor. Representative confocal microscopic images showing
the absence of intracellular receptor fluorescence under these
conditions are shown in panels b−d of Figure 4. Control
experiments showed that HEK-5-HT1AR cells remained viable
under conditions used to inhibit receptor-mediated endocytosis
(see Figure S1). Results from these experiments further validate

Figure 3. Effect of exposure time and concentration of serotonin on
serotonin1A receptor endocytosis. HEK-5-HT1AR cells were incubated
(a) with 10 μM serotonin with increasing exposure time and (b) with
increasing concentrations of serotonin for 60 min of exposure. Cells
were then fixed, and the plasma membrane receptor population was
labeled with the anti-myc antibody Alexa Fluor 488 conjugate. Values
are normalized to mode count associated with control cells. Data
represent means± SE of at least three independent experiments [*, **,
*** correspond to significant (p < 0.05, p < 0.01, and p < 0.001,
respectively) differences in mode count associated with cells incubated
with serotonin relative to control cells]. See Materials and Methods for
other details.
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our flow cytometric and confocal microscopic assays for
receptor endocytosis.
Agonist-Mediated Receptor Endocytosis Is Inhibited

by Specific Antagonists and Inverse Agonist. From a
pharmacological perspective, ligands are classified on the basis of
the activity (downstream signaling) they generate when bound
to the receptor. While neutral antagonists are a class of ligands
that reduce agonist-mediated receptor activity to basal level,
inverse agonists inhibit even the basal activity of a receptor.61 To
study the effect of such specific ligands on serotonin-induced

endocytosis of the serotonin1A receptor, we monitored receptor
internalization in the presence of specific antagonists, WAY-
10063562 and p-MPPF,63 and inverse agonist, p-MPPI.64 As
shown in Figure 5a, we observed inhibition of agonist-induced

endocytosis of the serotonin1A receptor in the presence of its
antagonists and inverse agonist. Representative confocal micro-
scopic images of cells treated with serotonin in the presence of
serotonin1A receptor antagonists and inverse agonist do not
show receptor internalization (see Figure 5b−d). In view of the
inhibitory effect of antagonists and inverse agonist on receptor-
mediated signaling, these results indicate the functional role of

Figure 4. Effect of inhibition of receptor-mediated endocytosis on the
internalization of the serotonin1A receptor. HEK-5-HT1AR cells were
incubated with 10 μM serotonin for 60 min under conditions that
inhibit endocytosis (incubation on ice, or in presence of 0.35M sucrose,
or in presence of 10 mM sodium azide). (a) Quantitative flow
cytometric estimates of plasma membrane receptor population under
these conditions. Values are normalized to mode count associated with
control cells. Data represent means ± SE of at least three independent
experiments [*** corresponds to significant (p < 0.001) difference in
mode count associated with cells incubated with serotonin relative to
control cells]. Representative confocal microscopic images of cells upon
incubation with 10 μM serotonin (b) on ice, (c) in presence of 0.35 M
sucrose, and (d) in presence of 10 mM sodium azide. Panels b−d show
myc-tagged serotonin1A receptors labeled with anti-myc antibody Alexa
Fluor 488 conjugate (green) and cell membranes labeled with DiIC16
(red). The scale bar represents 10 μm. See Materials and Methods for
other details.

Figure 5. Agonist-induced endocytosis is inhibited in the presence of
antagonists and inverse agonist. HEK-5-HT1AR cells were incubated
with 100 nM serotonin for 60 min in the presence of specific
serotonin1A receptor antagonists (WAY-100635 and p-MPPF) and
inverse agonist (p-MPPI). (a)Quantitative flow cytometric estimates of
plasma membrane receptor population under these conditions. Values
are normalized to mode count associated with control cells. Data
represent means ± SE of at least three independent experiments [*
corresponds to significant (p < 0.05) difference in mode count
associated with cells incubated with serotonin relative to control cells].
Representative confocal microscopic images of cells upon incubation
with 100 nM serotonin in the presence of 10 μM (b)WAY-100635, (c)
p-MPPF, and (d) p-MPPI. Panels b−d show myc-tagged serotonin1A
receptors labeled with anti-myc antibody Alexa Fluor 488 conjugate
(green) and cell membranes labeled with DiIC16 (red). The scale bar
represents 10 μm. See Materials and Methods for other details.
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agonist-induced internalization of the serotonin1A receptor as a
regulatory mechanism for maintaining downstream signaling.
The Serotonin1A Receptor Internalizes Predominantly

via Clathrin-Mediated Endocytosis. The molecular mech-
anism and cellular machinery involved in the endocytosis of
membrane receptors are diverse in nature. The most well
characterized mechanisms of internalization are clathrin- and
caveolin-mediated endocytosis.65 To decipher the mechanism
implicated in the agonist-induced endocytosis of the serotonin1A
receptor, we adopted two complementary approaches: (i)
monitoring the effect of specific inhibitors of endocytic pathways

and (ii) quantitative colocalization of internalized receptors with
known marker proteins specific to these pathways. Pitstop 2 is a
specific inhibitor for clathrin-mediated endocytosis that
competitively binds to the terminal domain of clathrin and
prevents its interaction with accessory proteins.66 On the other
hand, genistein is a tyrosine kinase inhibitor that blocks the
phosphorylation of caveolin-1 to inhibit caveolin-mediated
endocytosis.67 We monitored the internalization of the
serotonin1A receptor using flow cytometry upon inhibiting
clathrin- and caveolin-mediated endocytosis using Pitstop 2 and
genistein, respectively. Treatment with these inhibitors did not

Figure 6. The serotonin1A receptor internalizes via clathrin-mediated endocytosis. (a) Cells were incubated with 10 μM serotonin for 60 min
subsequent to treatment with specific inhibitors of clathrin-mediated endocytosis (Pitstop 2) or caveolin-mediated endocytosis (genistein). The panel
shows quantitative flow cytometric estimates of plasma membrane receptor population under these conditions. Values are normalized to mode count
associated with control cells. Data represent means ± SE of at least three independent experiments [*** and ** correspond to significant (p < 0.001
and p < 0.01, respectively) differences in mode count associated with cells incubated with serotonin and serotonin in the presence of genistein,
respectively, relative to control cells]. Representative confocal microscopic images of HEK-5-HT1AR cells labeled with anti-myc antibody Alexa Fluor
488 conjugate (green) and (b) transferrin conjugated with Alexa Fluor 568 or (c) cholera toxin B conjugated with Alexa Fluor 594 (red). The scale bar
represents 10 μm. (d) The extent of colocalization between the serotonin1A receptor and transferrin (or cholera toxin) quantitatively estimated using
Manders’s colocalization coefficient. Data represent means± SE of at least 11 independent measurements [*** corresponds to significant (p < 0.001)
difference in Manders’s colocalization coefficient associated with the colocalization of the serotonin1A receptor with cholera toxin relative to
transferrin]. See Materials and Methods for other details.
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affect the viability of HEK-5-HT1AR cells (see Figure S1). As
shown in Figure 6a, we observed inhibition of serotonin1A
receptor endocytosis upon treatment with Pitstop 2. However,
treatment with genistein did not result in a significant change in
internalization of the receptor.
We further explored the mechanism of serotonin1A receptor

endocytosis by quantitatively analyzing the colocalization of
internalized receptors with markers specific for clathrin- and
caveolin-mediated endocytosis. The transferrin receptor is a
marker for clathrin-mediated endocytosis.68 On the other hand,
cholera toxin B undergoes internalization via caveolin-mediated

endocytosis.69 Panels b and c of Figure 6 show representative
confocal microscopic images depicting colocalization of the
serotonin1A receptor with fluorescently labeled transferrin or
cholera toxin B. Quantitative estimates of colocalization show
significantly higher colocalization of the serotonin1A receptor
with transferrin relative to cholera toxin B (see Figure 6d).
Taken together, these results comprehensively demonstrate that
the serotonin1A receptor internalizes predominantly via clathrin-
mediated endocytosis.

Intracellular Trafficking and Recycling of the Seroto-
nin1A Receptor.What is the intracellular fate of the serotonin1A

Figure 7. The serotonin1A receptor traffics by recycling. Cells were incubated with 10 μM serotonin for varying exposure times. The figure shows
quantitative estimates of colocalization of the serotonin1A receptor with specific markers at different time points: (a) Rab4 (early recycling endosome),
(c) Rab11A (late recycling endosome), and (e) LysoTracker (lysosome), analyzed usingManders’s colocalization coefficient. Data represent means±
SE of at least six independent measurements. The horizontal gray bar in panels a, c, and e indicates the duration of incubation with serotonin.
Representative confocal microscopic images showing colocalization between serotonin1A receptors (green) and (b) Rab4 after incubation with
serotonin for 15 min, (d) Rab11A after 30min of chase post serotonin incubation, and (f) LysoTracker after 30 min of chase post serotonin incubation
(red). Lines joining data points are provided merely as viewing guides. The scale bar represents 10 μm. See Materials and Methods for other details.
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receptor once it undergoes agonist-induced internalization? To
explore this aspect, we tracked the movement of the receptor
along different routes of intracellular traffic by quantitatively
monitoring its colocalization with specific endosomal markers at
different time points of exposure to serotonin. Rab470,71 and
Rab11A72,73 constitute a class of Rab GTPases74 that serve as
marker proteins on endosomal membranes that specifically
identify early and late recycling pathways of intracellular traffic,
respectively. As shown in Figure 7a, we observed a peak in
colocalization of the serotonin1A receptor with Rab4 positive
endosomes after 15 min of exposure to serotonin. After
incubation with serotonin for 60 min, it was washed off and
receptor traffic was chased in medium without serotonin. We
observed a peak corresponding to a significantly higher
colocalization of the receptor with Rab11A positive endosomes
after 30 min of chase (see Figure 7c). Representative confocal
microscopic images corresponding to time points showing
maximal colocalization of the serotonin1A receptor with Rab4
and Rab11A are shown in panels b and d of Figure 7,
respectively. Interestingly, the plasma membrane receptor
population was restored to control levels when receptor traffic
was chased for 60 min subsequent to treatment with serotonin
(see Figure 8). These results show that the serotonin1A receptor
recycles back to the plasma membrane.

To study whether the serotonin1A receptor undergoes
lysosomal degradation, we monitored receptor colocalization
with lysosomes labeled with LysoTracker red. As shown in
panels e and f of Figure 7, we did not observe any colocalization
of the receptor with the lysosomal compartment, indicating that
the serotonin1A receptor does not undergo lysosomal degrada-
tion during intracellular trafficking.

■ DISCUSSION
Endocytosis acts as a key regulatory feature that allows precise
spatiotemporal control over GPCR signaling.10,11 Although the

internalization of GPCRs in general,10−13 and the serotonin1A
receptor in particular,33−37 has been previously studied, the
details of the mechanistic framework and the cellular machinery
involved in the internalization and intracellular trafficking of the
serotonin1A receptor are relatively less studied. In this work, we
utilized flow cytometric analysis of a population of HEK-293
cells stably expressing serotonin1A receptors to monitor agonist-
induced internalization of the receptor. We further explored the
cellular endocytic machinery that mediates this process and
intracellular trafficking of the receptor upon internalization. Our
results show that the serotonin1A receptor undergoes agonist
(serotonin)-induced internalization via clathrin-mediated endo-
cytosis and subsequently traffics along the intracellular endo-
somal recycling pathway (see Figure 9). These results constitute
one of the first reports on the endocytosis and trafficking of the
serotonin1A receptor using a quantitative, population-based flow
cytometric assay, in combination with insights from confocal
microscopic imaging and quantitative colocalization.
Our results show that the agonist-mediated internalization of

the serotonin1A receptor is inhibited in the presence of specific
receptor antagonists and inverse agonist. We have previously
shown concentration-dependent agonist-induced cAMP signal-
ing by the serotonin1A receptor under conditions similar to our
present study.42,75 In addition, we showed that agonist-induced
signaling was inhibited in the presence of an inverse agonist (p-
MPPI).48 Control over downstream signaling responses has
recently emerged as an important functional consequence of
receptor internalization. In this context, the ability of ligands to
induce diverse downstream signaling responses due to their
differential effects on receptor internalization assumes signifi-
cance. For example, it has been reported that ligands with
variable propensities toward inducing internalization of the
glucagon-like peptide-1 receptor exhibit differential effects on
insulin release and appetite reduction.76

Although amajority of GPCRs have been shown to internalize
via clathrin-mediated endocytosis,11,77 caveolar localization78,79

and caveolin-mediated internalization80,81 of GPCRs have been
reported. Using inhibitors specific to clathrin- and caveolin-
mediated endocytosis, we demonstrate that the serotonin1A
receptor preferentially internalizes via clathrin-mediated endo-
cytosis. These observations were reinforced by the higher
colocalization of the receptor with transferrin receptor (marker
for clathrin-mediated endocytosis) relative to cholera toxin B
(marker for caveolin-mediated endocytosis), as quantified using
Manders’s colocalization coefficient. The fate of an endocytosed
receptor is governed by the intracellular trafficking route that it
adopts subsequent to internalization. Using quantitative
colocalization analysis with endosomal markers for early and
late recycling and lysosome, we observed that the serotonin1A
receptor recycles back to the plasma membrane and does not
undergo lysosomal degradation. These results are in overall
agreement with an earlier report in which endosomal pathway of
the serotonin1A receptor was monitored.82

Insights from our studies on the intracellular trafficking and
recycling of the serotonin1A receptor are relevant in terms of
understanding the kinetics of regulation and resensitization of
the receptor subsequent to agonist-induced internalization.
Recycling of internalized receptors to the plasma membrane as a
response to the reduction in the elevated levels of extracellular
agonist acts as a feedback mechanism to restore receptor-
mediated signaling from the plasma membrane to physiological
levels. Endocytosis upon ligand stimulation allows GPCRs to
access diverse pools of intracellular signaling effectors, distinct

Figure 8. Plasma membrane population of the serotonin1A receptor is
restored upon recycling. HEK-5-HT1AR cells were incubated with 10
μM serotonin for 60 min and chased for 60 min post serotonin
incubation. Cells were fixed, and the plasma membrane receptor
population was labeled with anti-myc antibody Alexa Fluor 488
conjugate. Values are normalized to mode count associated with
control cells. Data represent means ± SE of at least three independent
experiments [*** corresponds to significant (p < 0.001) difference in
mode count associated with cells incubated with serotonin relative to
control cells]. See Materials and Methods for other details.
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from those available at the plasma membrane, thereby enabling
receptors to activate diverse downstream signaling pathways.11

Interestingly, evidence from recent studies on internalization of
GPCRs such as the β2-adrenergic receptor and leutinizing
hormone receptor has shown that GPCRs could signal along
their routes of intracellular endosomal traffic.14−17 Such
endosomal compartmentalization of GPCRs would lead to a
change in spatiotemporal regime of their downstream signaling.
In case of the serotonin1A receptor, activation ofMEK and Erk1/
2 signaling has been shown to be induced upon receptor
internalization.83 These examples point toward an intricate
spatiotemporal regulation of GPCR signaling mediated via
receptor endocytosis and reveal the immense potential for
therapeutic interventions targeting specific signaling pathways.84

Importantly, dysregulated GPCR trafficking has been
associated with several pathophysiological conditions such as
nephrogenetic diabetes insipidus,85 retinitis pigmentosa,86 and
even cancer.87 In this context, a comprehensive understanding
of intracellular trafficking of essential neurotransmitter GPCRs
such as the serotonin1A receptor assumes significance in the
development of therapeutics that could modulate the kinetics of
intracellular trafficking or reroute receptor traffic to specific
endosomal compartments based on signaling requirements.88

We envision that the information provided by our results would
enrich our understanding of themechanistic basis of endocytosis
in the regulation of neurotransmitter GPCRs and could be
crucial in the development of novel therapeutic strategies against
neuropsychiatric disorders such as anxiety and depression.
An intriguing aspect of the endocytosis of the serotonin1A

receptor is that it is context-dependent in terms of cellular
phenotype. For example, agonist-induced internalization was
observed in receptors expressed in neurons derived from the
dorsal raphe nucleus (autoreceptors) but not in hippocampal
neurons (heteroreceptors).33,35 This raises the interesting
question of the effect of cellular environment on receptor
endocytosis. In our previous work, we have shown that
membrane lipids (cholesterol and sphingolipids) can modulate

GPCR function.89−94 It is therefore tempting to conjecture that
the membrane lipid diversity of specific cell types95 could be the
basis of such context-dependent endocytosis. We plan to explore
this aspect in our future work.
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