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A B S T R A C T   

Endocytosis and intracellular trafficking constitute important regulatory features associated with G protein- 
coupled receptor (GPCR) function. GPCR endocytosis involves several remodeling events at the plasma mem-
brane orchestrated by a concerted interplay of a large number of proteins and membrane lipids. Although 
considerable literature exists on the protein framework underlying GPCR endocytosis, the role of membrane 
lipids in this process remains largely unexplored. In order to explore the role of membrane cholesterol (an 
essential and important lipid in higher eukaryotes) in GPCR endocytosis, we monitored the effect of acute 
cholesterol depletion using methyl-β-cyclodextrin (MβCD) on endocytosis and intracellular trafficking of the 
serotonin1A receptor, an important neurotransmitter GPCR. Our results show that the serotonin1A receptor ex-
hibits agonist-induced clathrin-mediated endocytosis with a concentration-dependent inhibition in internaliza-
tion with increasing concentrations of MβCD, which was restored upon cholesterol replenishment. Interestingly, 
subsequent to internalization under these conditions, serotonin1A receptors were re-routed toward lysosomal 
degradation, instead of endosomal recycling observed under normal conditions, thereby implicating membrane 
cholesterol in modulation of intracellular trafficking of the receptor. This raises the possibility of a novel 
cholesterol-dependent role of intracellular sorting proteins in GPCR trafficking. These results differ from our 
previous observations on the endocytosis of the serotonin1A receptor upon statin-induced chronic cholesterol 
depletion, in terms of endocytic pathway. We conclude that analysis of complex cellular trafficking events such 
as GPCR endocytosis under acute and chronic cholesterol depletion conditions should be carried out with caution 
due to fundamental differences underlying these processes.   

1. Introduction 

G protein-coupled receptors (GPCRs) constitute an important class of 
membrane-resident signal transduction machinery that orchestrate a 
wide variety of cellular physiological processes [1–4]. A direct conse-
quence of the diverse functional attributes of GPCRs is reflected in their 
large footprint on the global drug market [5–8]. The functional re-
sponses elicited by GPCRs are orchestrated under stringent spatiotem-
poral control through multiple regulatory mechanisms. Endocytosis is 
one such important mechanism that allows spatiotemporal delocaliza-
tion of GPCRs from the plasma membrane into the cellular interior 
[9–11]. Internalization of GPCRs via endocytosis decouples receptors 
from their extracellular pool of ligands, thereby serving as a desensiti-
zation mechanism. In addition, emerging work has highlighted non- 
canonical outcomes of GPCR endocytosis that include signaling from 
intracellular locations [12–14]. 

Although the mechanistic basis of GPCR endocytosis is an exciting 
area of research, the role of the membrane microenvironment in this 
process is relatively unexplored. The relevance of membrane lipids in 
GPCR function is evident from the seven transmembrane domain ar-
chitecture of these receptors that facilitates significant interaction with 
the ambient lipid environment [4]. Cholesterol is an important mem-
brane lipid that accounts for ~30–50% of total plasma membrane lipids 
and represents a crucial lipid in the context of GPCR function. Choles-
terol exhibits unique physicochemical properties that contribute to its 
diverse functional roles in membrane organization, trafficking, signal 
transduction and pathogen entry [15–20]. Although cholesterol is one of 
the most well-studied membrane lipids in terms of its role in orches-
trating the organization, dynamics and function of GPCRs [21–29], its 
role in the endocytosis and intracellular trafficking of GPCRs remains 
largely unexplored. 

The serotonin1A receptor is a class A GPCR, which acts as a 
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neurotransmitter receptor, involved in neuronal development and 
function and serves as an important drug target for neuropsychiatric 
disorders such as anxiety, depression, Parkinson’s disease and schizo-
phrenia [30–36]. Importantly, endocytosis of the serotonin1A receptor 
has been implicated in the mechanism of a popular class of antide-
pressant drugs called selective serotonin reuptake inhibitors [37,38]. 
We have previously shown that the serotonin1A receptor undergoes 
agonist-induced internalization via clathrin-mediated endocytosis and 
subsequently traffics along the endosomal recycling pathway to the 
plasma membrane [39]. With the overall objective of understanding the 
role of membrane lipids in the endocytosis of GPCRs, we recently 
demonstrated that chronic cholesterol depletion using statin induces a 
switch in the mechanism of internalization of the serotonin1A receptor 
from clathrin- to caveolin-mediated endocytosis [40]. In addition, we 
observed that chronic cholesterol depletion re-routes the internalized 
pool of receptors toward lysosomal degradation as opposed to intra-
cellular trafficking via endosomal recycling [40]. These observations are 
significant in light of the extensive work from our laboratory, utilizing 
complimentary biochemical, biophysical and computational ap-
proaches, highlighting the role of membrane cholesterol in the function, 
dynamics and organization of GPCRs [41–50]. 

Depletion of membrane cholesterol using cyclodextrin-type carriers 
has emerged as a popular approach to monitor the role of cholesterol in 
membrane protein function [51,52]. The advantage of this approach is 
that it is relatively fast, resulting in acute depletion of cholesterol, with 
minimal pleiotropic effects (often associated with statin treatment 
[53–59]), when carried out under controlled conditions. With an overall 
goal to address the role of membrane cholesterol in serotonin1A receptor 
endocytosis, in this work, we utilized methyl-β-cyclodextrin (MβCD) to 
deplete membrane cholesterol from HEK-293 cells stably expressing the 
human serotonin1A receptor. Our results show that treatment with 
MβCD inhibits the endocytosis of the serotonin1A receptor in a 
concentration-dependent manner. A finer analysis of this process under 
conditions when discernable endocytosis could be observed (at low 
concentration of MβCD) revealed that the serotonin1A receptor inter-
nalized via clathrin-mediated endocytosis. Interestingly, subsequent to 
internalization under these conditions, we observed that serotonin1A 
receptors were re-routed toward lysosomal degradation. These results 
assume additional relevance in view of previous reports on the context- 
dependence of serotonin1A receptor endocytosis in terms of cellular 
phenotype [58,59]. 

2. Materials and methods 

2.1. Materials 

Serotonin, MβCD, doxycycline, penicillin, streptomycin, gentamycin 
sulfate, cholesterol, EDTA, and Tris were obtained from Sigma Chemical 
Co. (St. Louis, MO). Dulbecco’s Modified Eagle Medium: nutrient 
mixture F-12 (Ham) (1:1) (DMEM/F-12), fetal calf serum and hygrom-
ycin were purchased from Invitrogen/Life Technologies (Grand Island, 
NY). Anti-myc antibody Alexa Fluor 488 conjugate was from Millipore 
(Bedford, MA). Pitstop 2 was from Abcam (Cambridge, MA) and bicin-
choninic acid (BCA) assay reagent was from Pierce (Rockford, IL). 
Amplex Red cholesterol assay kit, transferrin Alexa Fluor 568 conju-
gated, cholera toxin B Alexa Fluor 594 conjugated and LysoTracker Red 
were obtained from Molecular Probes/Invitrogen (Eugene, OR). Vecta-
shield® antifade mounting medium containing DAPI was purchased 
from Vector Laboratories (Burlingame, CA). All other chemicals used 
were of the highest available purity. A Millipore (Belford, MA) Milli-Q 
system was used to purify water and used throughout. 

2.2. Cell culture 

HEK-293 cells expressing N-terminal myc-tagged serotonin1A re-
ceptors (HEK-5-HT1AR cells) were maintained in a humidified 

atmosphere at 37 ◦C with 5% CO2 in DMEM/F-12 medium containing 
10% fetal calf serum containing 60 μg/ml penicillin, 50 μg/ml strepto-
mycin and 50 μg/ml gentamycin sulfate and 250 μg/ml hygromycin B, 
as described earlier [39,40]. Receptor expression was induced in these 
cells by supplementing the medium with 1 μg/ml doxycycline for 24 h. 

2.3. Acute cholesterol depletion and replenishment 

Membrane cholesterol was depleted from HEK-5-HT1AR cells in an 
acute manner using MβCD as described earlier [42], with minor modi-
fications. In brief, cells were incubated with serum-free medium con-
taining MβCD for 30 min at 37 ◦C. Subsequently, medium containing 
MβCD was removed and cells were washed with PBS. In order to 
replenish cholesterol, cells treated with 10 mM MβCD were incubated 
with a pre-formed MβCD-cholesterol complex (10 mM MβCD:1 mM 
cholesterol) for 10 min at 37 ◦C. 

2.4. Monitoring cell viability 

Viability of HEK-5-HT1AR cells treated with MβCD was measured 
using the MTT cll viability assay as described previously [60]. 

2.5. Estimation of membrane cholesterol and phospholipid 

Membranes were prepared from HEK-5-HT1AR cells as described 
earlier [42]. Briefly, confluent cells were harvested by treatment with 
ice-cold buffer containing 10 mM Tris and 5 mM EDTA, pH 7.4. Cells 
were then homogenized for 10 s at maximum speed with a Polytron 
homogenizer. The cell lysate was centrifuged at 500 ×g for 10 min at 
4 ◦C and the resulting post-nuclear supernatant was centrifuged at 
40,000 ×g for 30 min at 4 ◦C. The pellet obtained was resuspended in 50 
mM Tris buffer (pH 7.4) for further use. Total protein concentration in 
membranes was determined using the BCA assay reagent [61]. Choles-
terol in the membrane preparation was estimated using the Amplex Red 
cholesterol assay kit [62], and normalized to the total membrane protein 
content. Total phospholipid content in membranes was determined 
following digestion with perchloric acid as described previously [63] 
using Na2HPO4 as a standard. DMPC was used as an internal standard to 
assess the extent of lipid digestion. 

2.6. Flow cytometric analysis of serotonin1A receptor endocytosis 

A quantitative flow cytometric assay described previously [39] was 
used to monitor endocytosis of the serotonin1A receptor. Briefly, sub-
sequent to appropriate treatments, HEK-5-HT1AR cells were collected 
and suspended in cold PBS on ice and fixed with 4% (w/v) formalde-
hyde. Receptors on the plasma membrane were specifically labeled by 
incubating cells with anti-myc antibody Alexa Fluor 488 conjugate 
(1:100 dilution) in PBS containing 2% serum, and subsequently washed. 
A MoFlo XDP flow cytometer (Brea, CA) was used to acquire data from 
10,000 cells. Alexa Fluor 488 was excited at 488 nm and emission was 
collected using a 529/28 nm bandpass filter. The plasma membrane 
associated receptor population was measured in terms of mode count 
values using the Summit analysis software version 5.4.0. 

2.7. Confocal microscopic imaging 

HEK-5-HT1AR cells plated on poly-L-lysine coated glass coverslips 
were grown in DMEM/F-12 medium with 10% serum in a humidified 
atmosphere with 5% CO2 at 37 ◦C. Upon completion of cholesterol 
depletion or replenishment, cells were placed on ice and incubated with 
anti-myc antibody Alexa Fluor 488 conjugate (1:100 dilution) in serum- 
free medium for 60 min. Cells were then washed and incubated with 
serum-free medium, or serum-free medium containing 10 μM serotonin 
for 60 min at 37 ◦C and fixed with 4% (w/v) formaldehyde, washed and 
mounted in Vectashield® antifade mounting medium containing DAPI. 
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Images were acquired on a Zeiss LSM 880 confocal microscope (Jena, 
Germany). Serotonin1A receptors were imaged by exciting anti-myc 
antibody Alexa Fluor 488 conjugate at 488 nm and collecting emission 
from 495 to 560 nm. Images were acquired with a 63×/1.4 NA oil im-
mersion objective under 1 airy condition. 

2.8. Treatment with inhibitors of clathrin- and caveolin-mediated 
endocytosis 

As described previously [39,40], clathrin- and caveolin-mediated 
endocytic pathways were inhibited by treating cells with 20 μM pit-
stop 2 and 200 μM genistein, respectively, for 30 min. 

2.9. Imaging for colocalization of serotonin1A receptor with transferrin 
and cholera toxin B 

HEK-5-HT1AR cells were plated on poly-L-lysine coated glass cover-
slips, and prepared for confocal microscopic imaging as described pre-
viously [39,40]. Briefly, cells were placed on ice and labeled with anti- 
myc antibody Alexa Fluor 488 conjugate, and subsequently moved to 
37 ◦C where they were incubated with transferrin Alexa Fluor 568 
conjugated (or cholera toxin B Alexa Fluor 594 conjugated) in the 
presence of 10 μM serotonin for 60 min. Cells were washed with PBS, 
and incubated with a solution containing 150 mM NaCl and 50 mM 
acetic acid for 15 min to wash off plasma membrane bound antibodies. 
Cells were then fixed in 4% (w/v) formaldehyde and mounted on glass 
slides. Serotonin1A receptors were imaged by exciting anti-myc antibody 
Alexa Fluor 488 conjugate at 488 nm and collecting emission between 
495 and 550 nm. Transferrin Alexa Fluor 568 conjugated and cholera 
toxin B Alexa Fluor 594 conjugated were excited at 543 and 594 nm and 
their emissions were collected between 570–640 and 600–640 nm, 
respectively. Images of z-sections were acquired on a Zeiss LSM 880 
confocal microscope (Jena, Germany) using a 63×/1.4 NA oil immer-
sion objective under 1 airy condition with a fixed step size of 0.5 μm. 

2.10. Imaging for colocalization of serotonin1A receptor with lysosomes 

HEK-5-HT1AR cells were plated on poly-L-lysine coated glass cover-
slips, and prepared for confocal microscopic imaging as described pre-
viously [39,40] with some modifications. Briefly, cells were placed on 
ice and labeled with anti-myc antibody Alexa Fluor 488 conjugate, and 
subsequently moved to 37 ◦C in serum-free medium for a total duration 
of 2 h, where they were incubated with 10 μM serotonin for the required 
time. LysoTracker Red was added to the medium for the final 30 min of 
incubation. Cells were then washed, fixed in 4% (w/v) formaldehyde 
and mounted on glass slides. Serotonin1A receptors were imaged by 
exciting anti-myc antibody Alexa Fluor 488 conjugate at 488 nm and 
collecting emission between 495 and 550 nm. LysoTracker Red was 
excited at 543 nm and its emission was collected between 560 and 640 
nm. Images of z-sections were acquired as described in Section 2.9. 

2.11. Quantifying colocalization 

Two-channel confocal microscopic images were analyzed for coloc-
alization using the Manders’ colocalization coefficient as described 
previously [39], using the JACoP plug-in [64] for ImageJ (National In-
stitutes of Health, Bethesda, MD). 

2.12. Statistical analysis 

Statistical significance of data was analyzed using Student’s two- 
tailed unpaired t-test using GraphPad Prism software, version 4.0 (San 
Diego, CA). SigmaPlot, version 11.0 (Systat Software Inc., San Jose, CA) 
was used to generate plots. 

3. Results 

3.1. Acute cholesterol depletion inhibits serotonin1A receptor 
internalization 

Acute depletion of membrane cholesterol using MβCD is one of the 
most popular approaches to study the role of cholesterol in GPCR 
function. MβCD is a soluble sterol carrier that can be introduced into cell 
culture medium to achieve physical depletion of membrane cholesterol 
in a relatively short time period in a tunable fashion by varying exper-
imental conditions. To study the effect of acute cholesterol depletion on 
the endocytosis of the serotonin1A receptor, we treated HEK-293 cells 
stably expressing the human serotonin1A receptor with a myc-tag at the 
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Fig. 1. Effect of acute cholesterol depletion on endocytosis of the serotonin1A 
receptor. (a) Cholesterol content in membranes prepared from HEK-5-HT1AR 
cells treated with MβCD. Values are normalized to cholesterol content in control 
(untreated) cells. Data represent means ± SE of three independent experiments 
(*, ** and *** correspond to significant (p < 0.05, p < 0.01 and p < 0.001) 
difference in cholesterol content of cells treated with MβCD relative to control 
cells). (b) HEK-5-HT1AR cells were treated with increasing concentrations of 
MβCD for 30 min to deplete membrane cholesterol in an acute fashion, and 
subsequently incubated with 10 μM serotonin for 60 min. Quantitative esti-
mates of plasma membrane receptor population were obtained from flow 
cytometric analysis of agonist (serotonin)-induced serotonin1A receptor endo-
cytosis upon treatment of cells with MβCD. Values are normalized to mode 
count associated with cells in the absence of serotonin and MβCD. Data 
represent means ± SE of at least three independent experiments (*** corre-
sponds to significant (p < 0.001) difference in mode count associated with cells 
incubated with serotonin relative to control cells; ** and * correspond to sig-
nificant (p < 0.01 and p < 0.05) difference in mode count associated with cells 
incubated with serotonin upon treatment with 1 and 2.5 mM MβCD, respec-
tively, relative to control (untreated) cells). See Section 2 for more details. 

G.A. Kumar and A. Chattopadhyay                                                                                                                                                                                                        



BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158882

4

N-terminal (HEK-5-HT1AR cells) with increasing concentrations of 
MβCD to achieve varying extents of membrane cholesterol depletion. As 
shown in Fig. 1a, upon treatment of cells with increasing concentrations 
of MβCD, we observed a progressive reduction in membrane cholesterol 
content. Treatment of cells with 1 mM MβCD resulted in a reduction in 
membrane cholesterol by ~25% relative to control cells. At the highest 
concentration (10 mM) of MβCD, we observed ~57% reduction in 
cholesterol content. These concentrations were carefully chosen to 
ensure that cellular viability was not affected even at the highest con-
centration of MβCD, as confirmed by MTT assay (see Fig. S1). Impor-
tantly, membrane phospholipid content remained invariant under these 
conditions (see Fig. S2). This approach therefore offers us a tunable 

handle to explore the role of membrane cholesterol in the endocytosis of 
the serotonin1A receptor. 

We have previously shown that the serotonin1A receptor undergoes 
endocytosis upon exposure to its native agonist serotonin [39]. In order 
to study the role of membrane cholesterol in agonist-induced endocy-
tosis of the serotonin1A receptor, we utilized a quantitative flow cyto-
metric approach previously developed by us [39,40]. This method 
allows statistically robust analysis of receptor endocytosis from a pop-
ulation of cells by exclusively labeling the plasma membrane associated 
receptor pool using a fluorescently conjugated antibody against a myc- 
tag on the N-terminal of the receptor (anti-myc antibody conjugated 
to Alexa Fluor 488). Since endocytosis results in a reduction in receptor 
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Fig. 2. Confocal microscopic imaging of serotonin1A 
receptor endocytosis upon acute cholesterol deple-
tion. HEK-5-HT1AR cells treated with increasing 
concentrations of MβCD for 30 min were labeled with 
anti-myc antibody Alexa Fluor 488 conjugate on ice 
and subsequently incubated with 10 μM serotonin for 
60 min at 37 ◦C. The figure shows representative 
confocal microscopic images of serotonin1A receptors 
labeled with anti-myc antibody Alexa Fluor 488 
conjugate (green), and nuclei stained with DAPI 
(blue). The scale bar represents 10 μm. See Section 2 
for more details.   
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number on the plasma membrane, the observed decrease in fluorescence 
obtained from the plasma membrane receptor population (quantified as 
counts associated with the modal channel in a flow cytometric histo-
gram) is indicative of receptor endocytosis. As shown in Fig. 1b, expo-
sure to 10 μM serotonin for 60 min resulted in a reduction in the plasma 
membrane receptor population by ~38%. We subsequently monitored 
the effect of membrane cholesterol on the endocytosis of the serotonin1A 
receptor by subjecting cells to acute cholesterol depletion using MβCD. 
As shown in Fig. 1b, treatment with increasing concentrations of MβCD 
resulted in progressive inhibition in the extent of agonist-induced 
endocytosis. In a control experiment, we did not observe an appre-
ciable change in the plasma membrane receptor population merely upon 

treatment with MβCD in the absence of serotonin under our experi-
mental conditions (see Fig. S3). In order to visually validate our obser-
vations, we performed confocal microscopic imaging of agonist-induced 
receptor internalization upon treatment with MβCD. Confocal micro-
graphs shown in Fig. 2 reinforce our observations on progressive inhi-
bition of serotonin1A receptor endocytosis upon treatment with 
increasing concentrations of MβCD. 

3.2. Cholesterol replenishment restores serotonin1A receptor 
internalization 

To further explore the specific nature of cholesterol requirement in 
the endocytosis of the serotonin1A receptor, we replenished membrane 
cholesterol in cells subjected to cholesterol depletion. For this, we 
incubated HEK-5-HT1AR cells treated with 10 mM MβCD with a 
cholesterol-MβCD complex that serves as a water-soluble carrier for 
cholesterol to be replenished into membranes deficient in cholesterol. As 
shown in Fig. 3a, treatment with cholesterol-MβCD complex restored the 
cholesterol levels in MβCD-treated cells to control levels. We monitored 
the effect of cholesterol replenishment on the endocytosis of the sero-
tonin1A receptor using our flow cytometric assay. Fig. 3b shows that 
replenishment of membrane cholesterol was able to restore agonist- 
induced receptor endocytosis to levels observed in control (untreated) 
conditions. Our observations were further reinforced by confocal 
microscopic imaging which clearly show fluorescence from internalized 
receptors as observed in control conditions (see Fig. 4). Taken together 
with our results shown in Figs. 1 and 2, these observations clearly 
demonstrate the requirement of membrane cholesterol in the endocy-
tosis of the serotonin1A receptor. 

3.3. Serotonin1A receptor undergoes clathrin-mediated endocytosis upon 
mild acute cholesterol depletion 

We have previously shown that the serotonin1A receptor undergoes 
agonist-induced internalization via clathrin-mediated endocytosis [39]. 
Although as shown in Fig. 1, endocytosis of the serotonin1A receptor is 
inhibited in a concentration-dependent manner upon acute cholesterol 
depletion, mild acute cholesterol depletion at lower concentrations of 
MβCD provides a window of opportunity to explore the mechanism of 
receptor internalization upon acute cholesterol depletion since we 
observe appreciable endocytosis under these conditions. As shown in 
Fig. 1b, upon treatment with 1 mM MβCD (which resulted in ~25% 
reduction in membrane cholesterol levels), we observed ~34% agonist- 
induced reduction in the plasma membrane receptor population. In 
order to explore the mechanism of internalization of the serotonin1A 
receptor under these conditions, we measured receptor endocytosis 
upon treatment with pitstop 2 and genistein, inhibitors of clathrin- and 
caveolin-mediated endocytosis, respectively [65,66]. As shown in 
Fig. 5a, whereas treatment with pitstop 2 inhibited the endocytosis of 
the serotonin1A receptor, genistein did not significantly affect receptor 
internalization. These observations suggest that the serotonin1A receptor 
undergoes clathrin-mediated endocytosis upon mild acute cholesterol 
depletion. 

As a complimentary approach to validate these observations, we 
performed confocal microscopic imaging to quantify the colocalization 
of the serotonin1A receptor with known markers for clathrin- and 
caveolin-mediated endocytosis. Fig. 5(b, c) shows representative 
microscopic images of the serotonin1A receptor and transferrin (marker 
for clathrin-mediated endocytosis) and cholera toxin B (marker for 
caveolin-mediated endocytosis) [67,68]. As shown in Fig. 5d, analysis of 
colocalization using Manders’ colocalization coefficient yielded a 
significantly higher colocalization of the serotonin1A receptor with 
transferrin relative to cholera toxin B. These results further show that 
the serotonin1A receptor continues to internalize via clathrin-mediated 
endocytosis upon acute cholesterol depletion with low concentration 
of MβCD. 
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Fig. 3. Effect of replenishment of cholesterol in cholesterol-depleted cells on 
the endocytosis of the serotonin1A receptor. Cells treated with 10 mM MβCD 
(for cholesterol depletion) were incubated with MβCD-cholesterol complex (10 
mM MβCD:1 mM cholesterol) for 10 min to replenish membrane cholesterol, 
and subsequently treated with 10 μM serotonin for 60 min. (a) Cholesterol 
content in membranes prepared from cholesterol-depleted and replenished 
cells. Values are normalized to cholesterol content in control (untreated) cells. 
Data represent means ± SE of three independent experiments (*** corresponds 
to significant (p < 0.001) difference in cholesterol content of cells treated with 
10 mM MβCD relative to untreated cells). (b) Quantitative estimates of plasma 
membrane receptor population obtained from flow cytometric analysis of 
serotonin1A receptor endocytosis under cholesterol-depleted and replenished 
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 < 0.01 and p < 0.001) difference in mode count 
associated with cells incubated with serotonin relative to control cells under 
cholesterol-replenished and untreated conditions, respectively). See Section 2 
for more details. 
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3.4. Serotonin1A receptor is routed toward lysosomal degradation upon 
mild acute cholesterol depletion 

Our previous results demonstrate that under normal conditions, 
subsequent to internalization, the serotonin1A receptor undergoes 
endosomal recycling to the plasma membrane [39]. What is the intra-
cellular fate of the serotonin1A receptor upon mild acute cholesterol 
depletion? To address this question, we probed the plasma membrane 
receptor population in cells (treated with 1 mM MβCD) upon chasing the 
receptor in serum-free medium for 60 min subsequent to incubation 
with serotonin. Fig. 6a shows that the plasma membrane receptor pop-
ulation is not restored to control level at this time point. To explore 
whether the reduction in the plasma membrane receptor pool is a 
consequence of targeting of the receptor to lysosomes, we performed 
quantitative colocalization of the receptor with LysoTracker Red at 
different time points of incubation with serotonin. As shown in Fig. 6b, 
we observed enhanced colocalization of the serotonin1A receptor with 
lysosomes at 30 and 60 min of chase in serum-free medium subsequent 
to incubation with serotonin for 60 min. Representative confocal 
microscopic images of the serotonin1A receptor and LysoTracker Red 
under these conditions are shown in Fig. 6c. These results show that 
under mild acute cholesterol depletion, the serotonin1A receptor, sub-
sequent to agonist-induced clathrin-mediated endocytosis, is routed 
toward lysosomal degradation. This is in contrast to the intracellular fate 
of the serotonin1A receptor in normal conditions, where the receptor is 
recycled back to the plasma membrane, subsequent to agonist-induced 
clathrin-mediated endocytosis [39]. 

4. Discussion 

Membrane cholesterol has emerged as an important modulator of 
GPCR structure, organization, dynamics and function [21–29]. Endo-
cytosis of GPCRs is an important regulatory feature associated with 
multiple membrane remodeling events involving a consorted interplay 
between a number of proteins of the cellular endocytic machinery and 

membrane lipids. Although the protein components of this ensemble 
have been a major focus of research [69–71], especially in the context of 
their interaction with important effector proteins such as arrestins, the 
role of membrane lipids in GPCR endocytosis and intracellular traf-
ficking is relatively less explored. With the motivation to address this 
lacuna in our knowledge base, in this work, we utilized acute cholesterol 
depletion using methyl-β-cyclodextrin as an approach to examine the 
role of membrane cholesterol in the endocytosis and intracellular traf-
ficking of the serotonin1A receptor. 

Our results show a concentration-dependent inhibition in agonist- 
induced endocytosis of the serotonin1A receptor upon treatment with 
increasing concentrations of MβCD (see Figs. 1 and 2). Importantly, 
replenishment of cholesterol to control levels restored receptor endo-
cytosis, demonstrating the requirement of membrane cholesterol for 
endocytosis of the serotonin1A receptor (Figs. 3 and 4). In order to 
explore the mechanistic details of cholesterol-sensitive endocytosis of 
the serotonin1A receptor, we utilized the tunable window offered by 
mild cholesterol depletion using low concentration of MβCD. We have 
previously shown that, under normal conditions, the serotonin1A re-
ceptor undergoes clathrin-mediated endocytosis upon agonist stimula-
tion and undergoes endosomal recycling to the plasma membrane [39]. 
As shown in Fig. 5, even upon mild acute cholesterol depletion (that 
allowed us to achieve measurable receptor internalization), we observed 
that the serotonin1A receptor continues to utilize clathrin-mediated 
endocytosis as the mechanism of internalization (see Fig. 7). Interest-
ingly, we observed that the receptor is re-routed toward lysosomal 
degradation upon mild acute cholesterol depletion (see Fig. 6). This 
implies that the intracellular trafficking of the receptor could be regu-
lated by membrane cholesterol (see Fig. 7) and suggests a novel, putative 
cholesterol-sensitive role for intracellular sorting proteins such as nexins 
[72,73]. To the best of our knowledge, this is the first report describing 
cholesterol-dependent intracellular fate of a GPCR. 

Acute cholesterol depletion using MβCD has previously been re-
ported to inhibit agonist-induced endocytosis of the lysophosphatidic 
acid receptor [74] and the δ-opioid receptor [75], both belonging to the 

Anti-myc
antibody

Alexa Fluor 488 DAPI Merge

Control

Replenishment

Depletion

Fig. 4. Confocal microscopic imaging of serotonin1A 
receptor endocytosis upon cholesterol replenish-
ment. Cholesterol-depleted HEK-5-HT1AR cells were 
treated with MβCD-cholesterol complex (10 mM 
MβCD:1 mM cholesterol) for 10 min to replenish 
membrane cholesterol. Cells were labeled with anti- 
myc antibody Alexa Fluor 488 conjugate on ice and 
subsequently incubated with 10 μM serotonin for 60 
min at 37 ◦C. The figure shows representative 
confocal microscopic images of serotonin1A receptors 
labeled with anti-myc antibody Alexa Fluor 488 
conjugate (green) and nuclei were stained with DAPI 
(blue). The scale bar represents 10 μm. See Section 2 
for more details.   
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GPCR family. On the other hand, acute cholesterol depletion using 
MβCD has been shown to activate rapid internalization of the ion 
channel, the nicotinic acetylcholine receptor [76,77]. As described 
above, we show here that membrane cholesterol could act as a regulator 
of receptor endocytosis and trafficking. The role of membrane choles-
terol in modulating membrane properties such as domain organization, 
curvature and thickness assumes relevance in this overall context 
[78–81]. Acute cholesterol depletion using MβCD has been previously 
shown to slow down the internalization kinetics of transferrin receptors 
due to the failure of coated pits to detach from the plasma membrane 
[82]. Electron microscopic studies revealed that acute cholesterol 
depletion induced accumulation of clathrin-coated membranes which 
were relatively flat, thereby giving rise to less number of curved coated 
pits. A similar observation was reported for the epidermal growth factor 
receptor [83]. Taken together, these reports show that clathrin- 
mediated endocytosis is sensitive to acute cholesterol depletion due to 
the inability of clathrin-coated membrane regions to pinch off to form 
coated vesicles. 

We recently showed that upon statin-induced chronic cholesterol 
depletion, the serotonin1A receptor exhibits a switch in its mechanism of 
agonist-induced internalization from clathrin- to caveolin-mediated 
endocytosis, and is subsequently re-routed toward lysosomal degrada-
tion instead of endosomal recycling [40]. Our present results show that 
the endocytosis of the serotonin1A receptor is inhibited in a 

concentration-dependent manner in acute cholesterol depletion condi-
tion. Further, upon mild cholesterol depletion, the serotonin1A receptor 
retains its clathrin-mediated endocytic pathway as the mechanism of 
internalization, and the receptor is re-routed toward lysosomal degra-
dation rather than endosomal recycling. Interestingly, we reported a 
similar (~23%) reduction in cholesterol level in HEK-5-HT1AR cells 
upon treatment with 5 μM lovastatin [40], as observed upon mild acute 
cholesterol depletion using 1 mM MβCD (~25%, see Fig. 1a). In the 
former case, the endocytic route of the serotonin1A receptor exhibited a 
switch from clathrin- to caveolin-mediated pathway, whereas in the 
latter case we observed no such switch of the endocytic pathway. These 
observations highlight a stark contrast between the effects of acute and 
chronic methods of cholesterol depletion on the mechanism of endocy-
tosis adopted by the serotonin1A receptor, even when the extent of 
cholesterol depletion was similar. 

These results on endocytosis and trafficking depending on the actual 
method of cholesterol depletion (acute vs. chronic) merits comment. The 
differential effects of acute and chronic methods of cholesterol depletion 
on endocytosis and intracellular trafficking of the serotonin1A receptor 
could be a complex combination of the effects of these treatments on (i) 
the intracellular organization of cholesterol, (ii) physical properties of 
the plasma membrane as well as intracellular membranes, (iii) function 
of intracellular sorting proteins such as nexins, and (iv) pleiotropic 
cellular responses due to these treatments. At a more fundamental level, 
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Fig. 5. Mechanism of serotonin1A receptor 
internalization upon mild acute cholesterol 
depletion. HEK-5-HT1AR cells treated with 
1 mM MβCD were used to monitor the 
mechanism of internalization of the seroto-
nin1A receptor under conditions of mild 
acute cholesterol depletion. (a) Cells treated 
with 1 mM MβCD were incubated with 
specific inhibitors for clathrin-mediated 
(pitstop 2) and caveolin-mediated (genis-
tein) endocytosis prior to treatment with 10 
μM serotonin for 60 min. Quantitative esti-
mates obtained from flow cytometric anal-
ysis of plasma membrane receptor 
populations under these conditions are 
shown. Values are normalized to mode 
count associated with control cells. Data 
represent means ± SE of three independent 
experiments (** corresponds to significant 
(p < 0.01) difference in mode count asso-
ciated with cells incubated with serotonin, 
and those incubated with serotonin in the 
presence of genistein under 1 mM MβCD- 
treated condition, relative to control cells). 
Panels (b) and (c) show representative 
confocal microscopic images of cells labeled 
with anti-myc antibody Alexa Fluor 488 
conjugate (green) and transferrin Alexa 
Fluor 568 conjugated (red), or cholera toxin 
B Alexa Fluor 594 conjugated (red), 
respectively, under 1 mM MβCD treated 
conditions. The scale bar represents 10 μm. 
(d) Quantitative estimates of colocalization 
of the serotonin1A receptor with transferrin 
and cholera toxin B represented as Manders’ 
colocalization coefficient. Data represent 
means ± SE of eight independent measure-
ments (* corresponds to significant (p <
0.05) difference in colocalization of the 
serotonin1A receptor with cholera toxin B 
relative to transferrin upon treatment with 
1 mM MβCD). See Section 2 for more 
details.   
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the effect of cholesterol depletion on cholesterol content in various 
intracellular organelles is not clear. Although the change of endoplasmic 
reticulum (ER) cholesterol content upon cholesterol depletion using 
MβCD has been previously reported [84,85], information on cholesterol 
content of intracellular organelles involved in endocytosis and traf-
ficking under these conditions remains scarce. 

There are a number of previous examples in the literature which 
show that the result of acute and chronic cholesterol depletion could be 
very different [86–88]. For example, the actual process of cholesterol 
modulation have been reported to be responsible for varying conse-
quences on the activity of Na-Pi cotransporter [86], and membrane 
lateral diffusion [87,88]. The physical process underlying acute 
cholesterol depletion by MβCD differs considerably from chronic 
cholesterol depletion using cholesterol biosynthetic inhibitors such as 
statins. Acute cholesterol depletion using MβCD is a multiphasic process, 
characterized by differential efficiency of extracting cholesterol from 
nonrandomly distributed cellular cholesterol pools (domains) 
[51,89,90]. However, there is lack of consensus on the extraction effi-
ciency of MβCD in the context of domain organization of membrane 
cholesterol and actual experimental conditions used appear to be crucial 
[52,90–93]. For example, although it has been previously reported that 
acute cholesterol depletion results in loss of cholesterol preferentially 
from liquid-disordered regions in model membranes [92,93], it does not 

hold true in case of complex cellular membranes in which MβCD does 
not extract cholesterol preferentially from any specific type of mem-
brane region [52]. Chronic cholesterol depletion by statin, on the other 
hand, is based on inhibition of cholesterol biosynthesis. A major limi-
tation of chronic cholesterol depletion is its pleiotropic nature [94]. 
Chronic methods of cholesterol depletion such as treatment with statin 
involve multiple pleiotropic effects at the global cellular scale including 
cell cycle arrest, induction of autophagy and inhibition of isoprenylation 
of small G-proteins [53–55]. In addition, statins could interact with 
membranes and induce changes in membrane physical properties that 
could influence membrane remodeling events associated with endocy-
tosis [56,57,95]. In a recent work, we showed that the membrane 
dipolar environment (measured as dipole potential) considerably varies 
in acute and chronic cholesterol depletion, even when the extent of 
cholesterol depletion is comparable [96]. A combination of such factors 
therefore could contribute to our observations on the difference in the 
endocytic mechanism of the serotonin1A receptor under conditions of 
acute and chronic cholesterol depletion. We conclude that the actual 
nature of the method of cholesterol modulation is an important factor 
that must be taken into consideration while interpreting data on com-
plex cellular functional readouts such as GPCR endocytosis. 

From a translational perspective, although statins have gained much 
popularity as agents of cholesterol depletion, especially in the context of 
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patients suffering from hypercholesterolemia or cardiovascular diseases 
[97], the use of cyclodextrins such as MβCD is associated with a number 
of biomedical applications. Cyclodextrin-like carrier molecules have 
previously been shown to be pharmacologically important in treating 
atherosclerotic plaques due to their ability to remove cholesterol from 
macrophage foam cells in vitro [98], and dissolve cholesterol deposits in 
atherosclerotic arterial walls [99]. In addition, topical application of 
cyclodextrins has been reported to prevent cell-associated HIV-1 trans-
mission in mice [100], and their intrathecal administration has been 
shown to slow down the progression of Niemann-Pick C disease [101]. 
These examples highlight the therapeutic potential of cyclodextrins 
[102]. It is therefore important to appreciate the effect of such treat-
ments on vital cellular phenomena such as endocytosis and trafficking of 
GPCRs and our results provide early mechanistic insight in these pro-
cesses. We believe that a comprehensive understanding of the differ-
ential cellular effects of cholesterol lowering agents could be critical in 

designing better cholesterol-targeted therapeutic interventions. 
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