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ABSTRACT: Serotonin1A receptors are important neurotransmit-
ter receptors in the G protein-coupled receptor (GPCR) family
and modulate a variety of neurological, behavioral, and cognitive
functions. We recently showed that chronic cholesterol depletion
by statins, potent inhibitors of HMG-CoA reductase (the rate-
limiting enzyme in cholesterol biosynthesis), leads to polymer-
ization of the actin cytoskeleton that alters lateral diffusion of
serotonin1A receptors. However, cellular signaling by the
serotonin1A receptor under chronic cholesterol depletion remains
unexplored. In this work, we explored signaling by the serotonin1A
receptor under statin-treated condition. We show that cAMP
signaling by the receptor is reduced upon lovastatin treatment due
to reduction in cholesterol as well as polymerization of the actin
cytoskeleton. To the best of our knowledge, these results constitute the first report describing the effect of chronic cholesterol
depletion on the signaling of a G protein-coupled neuronal receptor. An important message arising from these results is that it is
prudent to include the contribution of actin polymerization while analyzing changes in membrane protein function due to chronic
cholesterol depletion by statins. Notably, our results show that whereas actin polymerization acts as a negative regulator of cAMP
signaling, cholesterol could act as a positive modulator. These results assume significance in view of reports highlighting symptoms of
anxiety and depression in humans upon statin administration and the role of serotonin1A receptors in anxiety and depression.
Overall, these results reveal a novel role of actin polymerization induced by chronic cholesterol depletion in modulating GPCR
signaling, which could act as a potential therapeutic target.
KEYWORDS: actin polymerization, cAMP signaling, chronic cholesterol depletion, GPCR, serotonin1A receptor, statin

■ INTRODUCTION
G protein-coupled receptors (GPCRs) are the largest and most
diverse class of seven-transmembrane domain-membrane
proteins ubiquitously present in eukaryotes.1−3 They carry
out a range of signal transduction processes across the plasma
membrane as a result of binding to various extracellular
ligands. The ligand binding events are followed by coordinated
structural changes in their transmembrane and extramem-
branous regions, which lead to relay of signals to the cellular
interior.4−6 Since signaling by GPCRs is involved in a large
number of physiological processes ranging from development
to cancer; they serve as major drug targets in all clinical
areas.7−10 Although traditionally, GPCR signaling was viewed
as a chain of events initiated from the plasma membrane,
recent evidence suggests that internalized pool of GPCRs
could also mediate signaling that is different from that on the
plasma membrane.11−14 This further opens up new oppor-
tunities to develop novel therapeutic approaches to target
GPCRs.15,16 The serotonin1A receptor is an important
neurotransmitter receptor in the GPCR superfamily, which
modulates a multitude of neurological, behavioral, and

cognitive functions17−22 and is a prominent drug target for
treating neuropsychiatric disorders and even cancer.23,24

Since GPCR signaling involves functional interaction of
molecules separated spatiotemporally; lateral dynamics of
these components in the membrane acts as a determinant of
cellular signaling by them. This aspect of receptor-mediated
signaling was first conceptualized by the “mobile receptor”
hypothesis.25−27 Keeping in mind the heterogeneity of cellular
membranes28 and the dynamic nature of organization of
membrane-bound molecules,29 it is evident that functional
association between GPCRs and their effectors would be
largely governed by the probabilities of their interactions.
Consequently, receptor dynamics (lateral diffusion) in
membranes determines overall efficacy of the signal trans-
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duction process.30−32 In this overall context, measurement of
live cell membrane dynamics, with the objective of correlating
it with receptor signaling, assumes relevance. Interestingly, the
actin cytoskeleton has emerged as a modulator of mobility
(lateral diffusion) of membrane proteins in the plasma
membrane33−36 and dynamic reorganization of the actin
cytoskeleton has been shown to modulate GPCR signaling.32,35

We recently showed that chronic cholesterol depletion by
statins leads to polymerization of the cellular actin
cytoskeleton,37 which results in altered lateral diffusion of the
serotonin1A receptor.38 In this work, we probed the
interdependence between actin polymerization and signaling
by the serotonin1A receptor in response to chronic cholesterol
depletion. For this, we explored the effect of lovastatin on the
function of the human serotonin1A receptor, which was stably
expressed in Chinese hamster ovary (CHO) cells. Our results
show a dose-dependent reduction in specific agonist binding to
the serotonin1A receptor upon chronic cholesterol depletion,
which was reversed upon cholesterol replenishment. Notably,
downstream cAMP signaling by the serotonin1A receptor was
impaired upon chronic cholesterol depletion, although the
total receptor level did not exhibit any significant reduction.
We further show that the inhibitory effect of statins on GPCR
signaling is due to a combination of reduced membrane
cholesterol and constrained dynamics (due to actin polymer-
ization) of the receptor in cholesterol-depleted condition.
Specifically, we propose that reorganization of the actin
cytoskeleton may contribute to this effect, a mechanism not
previously reported in the literature. Our results show the
modulation of signaling by GPCR-cytoskeleton interactions,
highlighting the importance of considering the actin
cytoskeleton as a crucial player in analyzing the role of the
membrane environment in the function of membrane proteins.
These novel results have significant implications in under-
standing the influence of cholesterol lowering agents such as
statins on cellular signaling of GPCRs in healthy and diseased
states.

■ RESULTS
Chronic Cholesterol Depletion Using Lovastatin. To

explore the effect of chronic cholesterol depletion on the
function of the human serotonin1A receptor, we depleted
cholesterol from CHO-K1 cells using lovastatin. Statins have
emerged as best-selling oral cholesterol-lowering drugs and
offer a useful handle to deplete cell membrane cholesterol in
vitro in a physiological fashion.39−41 Statins competitively
inhibit the rate-limiting enzyme HMG-CoA reductase in
cellular cholesterol biosynthesis pathway.42,43 Unlike acute
depletion methods [such as extraction of cholesterol using
carriers such as methyl-β-cyclodextrin (MβCD)], cholesterol
depletion by statins takes place at a longer time scale that
mimics physiological conditions.44−46 Notably, we previously
showed that the consequences of membrane cholesterol
depletion could depend on the actual method (acute vs
chronic) of cholesterol removal.37,47−50 The effect of chronic
cholesterol depletion on cellular signaling by the serotonin1A
receptor remains unexplored from this perspective. Figure 1A
shows the cholesterol content in cells treated with increasing
concentrations of lovastatin for 48 h. The figure shows a
concentration-dependent reduction in cellular cholesterol
content, with maximum reduction (∼36%) upon treatment
with 10 μM lovastatin. Changes in total phospholipid content
under these conditions were negligible (Figure S1A),

indicating that lovastatin treatment is specific to reduction in
cellular cholesterol. In addition, membrane lipid contents of
control and lovastatin-treated cells were analyzed by thin layer
chromatography (TLC) and showed no changes in phospho-
lipid composition upon chronic cholesterol depletion (Figure
S1B). The ranges of lovastatin concentration and treatment
duration were chosen carefully to avoid any compromise in cell
viability.37

Ligand Binding of the Serotonin1A Receptor Is
Reduced upon Chronic Cholesterol Depletion. We
monitored ligand binding of the serotonin1A receptor upon
lovastatin treatment in CHO-K1 cells expressing the human
serotonin1A receptor tagged to enhanced yellow fluorescent
protein to the C-terminus (abbreviated as CHO-K1-5HT1AR-
EYFP). Previous work from our laboratory has shown that
enhanced yellow fluorescent protein (EYFP) fusion to the
serotonin1A receptor at the carboxy terminal does not affect

Figure 1. Ligand binding activity of the human serotonin1A receptor is
reduced upon chronic cholesterol depletion. (A) Cholesterol content
of CHO-K1 cells treated with increasing concentrations of lovastatin.
Values are expressed as absolute cholesterol content in membranes
and are normalized to total protein content. Data represent means ±
SE of three independent experiments (* and *** correspond to
significant difference (p < 0.05 and p < 0.001, respectively) in
cholesterol content in lovastatin-treated cells relative to untreated
cells). (B) Binding of the specific agonist [3H]8-OH-DPAT to
serotonin1A receptors in live CHO-K1 cells treated with increasing
concentrations of lovastatin. Nonspecific binding was obtained by
performing the assay in the presence of unlabeled serotonin. Ligand
binding values were normalized relative to control (untreated cells).
Data represent means ± SE from at least four independent
experiments (*** corresponds to significant (p < 0.001) difference
in specific [3H]8-OH-DPAT binding in cells treated with lovastatin
relative to untreated cells). (C) Saturation binding analysis of specific
[3H]8-OH-DPAT binding to the serotonin1A receptor in live cells.
The saturation binding data could be fitted best to a one-site ligand
binding equation. Binding plots are shown for control (blue ●) and
2.5 μM lovastatin-treated (red ▲) cells. The curves are nonlinear
regression fits to the experimental data using eq 2. Data represent
means ± SE of three independent experiments. See Table 1 and
Methods for more details.
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ligand binding, G-protein coupling, and signaling of the
receptor, and the EYFP-tagged receptor mimics the
pharmacological and signaling features of the receptor.51 We
measured binding of the specific agonist [3H]8-OH-DPAT to
serotonin1A receptors in live cells. For this, we carried out
radioligand binding in intact cells (not isolated cell
membranes) since the process of isolation of cell membranes
could affect the organization of the underlying cytoskeleton.
Figure 1B shows that cholesterol depletion with an increasing
lovastatin concentration led to dose-dependent reduction in
specific agonist [3H]8-OH-DPAT binding to serotonin1A
receptors. For example, specific agonist binding was reduced
by ∼76% relative to untreated (control) cells when cells were
treated with 10 μM lovastatin.

The observed reduction in specific agonist binding to
serotonin1A receptors upon statin treatment (Figure 1B) could
be due to either a reduction in affinity or loss in ligand binding
sites or a combination of both effects. To gain further insight
into the mechanism of reduction in agonist binding in
cholesterol-depleted condition, we carried out saturation
binding assays. Representative binding plots from saturation
binding analysis for binding of the specific agonist ([3H]8-OH-
DPAT) in control cells and cells treated with 2.5 μM lovastatin
are shown in Figure 1C. Data from saturation binding assays
were analyzed using eq 2, and values of binding parameters
[i.e., equilibrium dissociation constant (Kd) and maximum
binding sites (Bmax)] are shown in Table 1. Our analysis

showed that Kd was 1.16 nM in untreated cells, whereas a
considerably higher Kd of 1.80 nM was obtained for cells
treated with 2.5 μM lovastatin. This shows a reduction in
agonist binding affinity to serotonin1A receptors under
cholesterol-depleted condition, as indicated by the significant
increase in Kd value (see Table 1). This was accompanied by a
reduction (∼33%) in the number of maximum binding sites
(Bmax) when cells were treated with 2.5 μM lovastatin (Table
1). Analysis of binding curves yielded a Bmax value of 49 fmol/
106 cells in untreated cells, whereas treatment with lovastatin
resulted in a significantly lower Bmax value of 33 fmol/106 cells
(Table 1). Taken together, the reduction in specific agonist
binding (Figure 1B) could be attributed to a combination of
reduction in binding affinity and binding sites in serotonin1A
receptors upon chronic cholesterol depletion.

Expression Level of the Serotonin1A Receptor
Remains Unchanged under Statin-Treated Condition.
The impaired ligand binding function of the serotonin1A
receptor observed upon treatment with lovastatin could be
due to the reduced expression levels of receptors upon
cholesterol depletion. To check this, we performed flow
cytometric analysis of CHO-K1-5HT1AR-EYFP cells under
control and cholesterol-depleted conditions (see Figure 2A).

The figure shows representative flow cytometric histograms
with a staggered overlay of fluorescence intensity, indicating
invariance of the total serotonin1A receptor population under
control and cholesterol-depleted conditions. It should be noted
that since the fluorescence of EYFP originates from both
plasma membrane and internal membrane-associated popula-
tion of serotonin1A receptors, our flow cytometry-based assay
reports the total expression level of the serotonin1A receptor.
Importantly, as recently showed by us,38 cellular distribution of
serotonin1A receptors was not affected due to statin treatment.
These results show that chronic cholesterol depletion does not
induce any significant change in the expression levels of
serotonin1A receptors.

Differential Ligand Binding Is Not Due to Endocy-
tosis of the Serotonin1A Receptor. As mentioned above, we
carried out radioligand binding experiments in live cells to
examine any synergistic role of the actin cytoskeleton in
modulating the functional outputs of the receptor. This raises
the possibility that the radiolabeled agonist could drive
receptor endocytosis and contribute to a difference in ligand
binding activity in lovastatin-treated cells relative to control
cells. This prompted us to set up additional experiments to
address this question. Interestingly, previous work from our
laboratory has shown that chronic cholesterol depletion does
not affect the extent of internalization of the serotonin1A
receptor in HEK-293 cells heterologously expressing the
serotonin1A receptor.48 To rule out any effect of receptor
endocytosis during the time of incubation with radiolabeled
agonist (or serotonin during estimation of nonspecific
binding), we pretreated cells with an inhibitor of ATP
synthesis prior to radioligand binding experiments. We
previously showed that treatment with 10 mM sodium azide
(inhibitor of ATP synthesis) inhibits endocytosis of the
serotonin1A receptor.52 Figure 2B shows that the effect of
endocytosis on the specific ligand binding of the serotonin1A
receptor was negligible, as evident from similar extents of
reduction in ligand binding across all conditions. Taken
together, these results indicate that the reduction in radio-
ligand binding to the serotonin1A receptor was not due to
endocytosis of the receptor.

Reduction in Ligand Binding upon Chronic Choles-
terol Depletion Is Reversible in Nature. Next, we explored
the reversibility of the changes induced by chronic cholesterol
depletion upon ligand binding of the serotonin1A receptor by
replenishment of cholesterol in lovastatin-treated cells. For
this, we metabolically replenished cholesterol in lovastatin-
treated cells by washing off the lovastatin-containing medium
and further incubating cells with complete culture medium
without lovastatin. Figure 2C shows that incubation of
cholesterol-depleted cells in medium containing serum
replenishes cholesterol to normal levels, as shown by the
cholesterol content of replenished cells. We then monitored
the corresponding recovery in ligand binding under these
conditions (Figure 2D). The figure shows that metabolic
replenishment of cholesterol resulted in complete recovery of
ligand binding to the serotonin1A receptor. These results show
that the loss of ligand binding upon chronic cholesterol
depletion is reversible in nature.

Signaling by the Serotonin1A Receptor Is Compro-
mised upon Chronic Cholesterol Depletion. As a
downstream effect of agonist binding, the serotonin1A receptor
has been shown to activate the Gi/Go class of G-proteins in
CHO-K1 cells,53−55 which results in the inhibition of adenylyl

Table 1. Effect of Chronic Cholesterol Depletion on Specific
[3H]8-OH-DPAT Binding to Serotonin1A Receptorsa

condition Kd (nM) Bmax (fmol/106 cells)

control 1.16 ± 0.06 49 ± 3
treated with 2.5 μM lovastatin 1.80 ± 0.13b 33 ± 1b

aThe binding parameters shown represent means ± SE from three
independent experiments, whereas saturation binding data shown in
Figure 1C are from a representative experiment. See Methods for
more details. bA significant decrease in Kd and Bmax (p < 0.05) was
observed relative to control cells.
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cyclase activity that leads to reduction in cellular cAMP levels.
To explore the effect of chronic cholesterol depletion on
signaling by the serotonin1A receptor, we monitored the effect
of serotonin-stimulation on cAMP levels in CHO-K1 cells
expressing the serotonin1A receptor utilizing a FRET-based
assay.56−58 Since basal levels of cAMP are insufficient to
measure this signaling, the cellular cAMP level needs to be
elevated (with agents such as forskolin that directly activate
adenylyl cyclase) for estimation of Gαi-mediated signaling. As
a result, this assay relies on estimating the serotonin-induced
reduction in forskolin-stimulated cAMP levels. In addition, we
used the phosphodiesterase inhibitor IBMX during all
treatments to prevent the breakdown of cAMP by cellular
phosphodiesterases. As shown in Figure 3A, forskolin-
stimulation resulted in ∼127% increase in cellular cAMP
level relative to nonstimulated (only IBMX) cells. Subsequent
reduction in cAMP levels in forskolin-treated cells upon
stimulation with serotonin was used as a measure of the
efficiency of signaling by the receptor. In the absence of
lovastatin, treatment with 10 μM serotonin suppressed

forskolin-stimulated enhancement of cAMP levels, suggesting
the expression of functional serotonin1A receptor in CHO-K1
cells (Figure 3A).

To explore the effect of chronic cholesterol depletion on
serotonin1A receptor signaling, we measured serotonin-induced
reduction in cAMP levels in cells treated with increasing
concentrations (2.5−10 μM) of lovastatin (Figure 3B−D).
Figure 3 shows that treatment with increasing concentrations
of lovastatin suppressed the ability of serotonin to reduce
cAMP levels in a dose-dependent manner. The reduction in
cAMP levels upon serotonin treatment relative to forskolin-
stimulated levels was quantified from Figure 3B−D and is
shown in Figure 3E. The figure shows that control (in the
absence of lovastatin) cells exhibited ∼112% reduction in
cAMP levels upon treatment with serotonin. Interestingly,
serotonin-induced reduction in cAMP levels exhibited a
progressive reduction upon treatment with increasing concen-
trations of lovastatin. This implies that chronic cholesterol
depletion inhibits signaling by the human serotonin1A receptor.
Notably, the stimulatory effect of forskolin on cAMP synthesis

Figure 2. (A) Staggered overlay of representative flow cytometric histograms indicating the total population of serotonin1A receptors corresponding
to control (blue) and lovastatin-treated cells (red). The serotonin1A receptor tagged with EYFP at the C-terminal and heterologously expressed in
CHO-K1 cells was utilized for this analysis. Fluorescence from cells expressing the serotonin1A receptor without the EYFP tag was used to gate
EFYP-positive cells and is represented as a gray histogram toward lower value on the fluorescence axis. (B) Binding of the specific agonist [3H]8-
OH-DPAT to serotonin1A receptors in lovastatin-treated CHO-K1 cells under control (blue) and azide-treated (red) conditions. Endocytosis was
inhibited by pretreating cells with 10 mM sodium azide (inhibitor of ATP synthesis) for 30 min prior to radioligand binding experiments. Ligand
binding values are normalized relative to respective control cells (without lovastatin). Data represent means ± SE from three independent
experiments (*** corresponds to significant (p < 0.001) difference in specific [3H]8-OH-DPAT binding in lovastatin-treated cells relative to
untreated cells under control and azide-treated conditions). (C) Cholesterol content in CHO-K1 cells under cholesterol-depleted (blue) and
cholesterol-replenished (green) conditions. Cholesterol was metabolically replenished in lovastatin-treated cells by incubating cells with complete
medium in the absence of lovastatin. Values are expressed as absolute cholesterol content and are normalized to the total protein content. Data of
membrane cholesterol content for lovastatin-treated cells are taken from Figure 1A. Data represent means ± SE of three independent experiments
(* and *** correspond to significant difference (p < 0.05 and p < 0.001, respectively) in membrane cholesterol content in lovastatin-treated cells
relative to untreated cells). (D) Binding of the specific agonist [3H]8-OH-DPAT to serotonin1A receptors upon cholesterol replenishment (green)
condition. Ligand binding values are normalized with respect to respective control cells (in the absence of lovastatin). Data of specific agonist
binding in lovastatin-treated cells (blue) are taken from Figure 1B. Data represent means ± SE from three independent experiments (***
corresponds to significant (p < 0.001) difference in specific [3H]8-OH-DPAT binding in lovastatin-treated cells relative to untreated cells). See
Methods for more details.
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appears to be comparable in normal and lovastatin-treated cells
(Figure 3A−D). This ensures that cholesterol-depleted cells
generate similar levels of cAMP relative to control (in the
absence of lovastatin) cells in response to 10 μM forskolin. To
the best of our knowledge, these results represent the first
observation that chronic cholesterol depletion using statin
leads to loss of cellular signaling mediated by the serotonin1A
receptor.

Regulation of Signaling by the Human Serotonin1A
Receptor. We further explored the mechanism underlying the
reduction of cellular signaling by the serotonin1A receptor
under cholesterol-depleted condition. As discussed above, the
overall efficiency of GPCR signaling in membranes relies on
the lateral dynamics (diffusion) of the activated receptor that
represents an important determinant in its encounter with
effectors (such as G-proteins).27 In this context, the observed
decrease in signaling by the serotonin1A receptor could arise
due to reduction in lateral dynamics of the receptor upon
chronic cholesterol depletion due to polymerization of the
actin cytoskeleton (Figure 4).37,38 On the other hand, another
possibility could be direct interaction of cholesterol with the
serotonin1A receptor necessary for its function.58,59 To test
these possibilities, we chose a two-pronged approach (Figure
5A). First, we explored the effect of increased F-actin (as a
consequence of chronic cholesterol depletion) on signaling by
the serotonin1A receptor in cholesterol-depleted cells. For this,
we induced depolymerization of F-actin using cytochalasin D

(CD, a potent inhibitor of actin polymerization)60,61

subsequent to lovastatin-treatment (Figure 5A). We utilized
a sub-μM concentration of CD (0.5 μM) that could effectively
restore F-actin levels in lovastatin-treated cells similar to
control levels. Figure 4A shows confocal micrographs showing
the organization of F-actin in control and cells treated with
increasing concentrations of lovastatin. The figure shows
representative maximum intensity projections from confocal
micrographs showing cellular F-actin and the corresponding
iso-surface images (defined as contours made upon joining
voxels of equal fluorescence intensity) in control cells and
upon chronic cholesterol depletion using increasing concen-
trations of lovastatin. To estimate F-actin content under these
conditions, we normalized the volume enclosed by the iso-
surface in each case and normalized to the projected area of
cells (Figure 5B). As shown in Figure 5B (blue bars),
treatment with lovastatin led to polymerization of the actin
cytoskeleton in a dose-dependent fashion. Figure 4B shows
representative maximum intensity projections of F-actin in
cells treated with 0.5 μM CD following treatment with
increasing concentrations of lovastatin (2.5−10 μM). Values of
F-actin content under these conditions are shown in Figure 5B
(yellow bars). As shown in the figure, treatment with 0.5 μM
CD in cholesterol-depleted cells led to significant reduction of
F-actin content relative (yellow bars) to a corresponding value
with lovastatin treatment alone (blue bars). The resultant F-
actin content in these cells (cholesterol-depleted followed by

Figure 3. Estimation of cellular cAMP levels in CHO-K1 cells heterologously expressing human serotonin1A receptors. The ability of the
serotonin1A receptor to inhibit forskolin-stimulated increase in cAMP levels upon treatment with 10 μM serotonin was assessed under (A) control
and (B−D) lovastatin-treated conditions. After treatment with lovastatin, cells were treated with 50 μM IBMX (basal) or 50 μM IBMX/10 μM
forskolin (forskolin-stimulated) or 50 μM IBMX/10 μM forskolin/10 μM serotonin (agonist treatment). The phosphodiesterase inhibitor IBMX
was present during all treatments to prevent breakdown of cAMP by cellular phosphodiesterases. The ability of the serotonin1A receptor to inhibit
the forskolin-stimulated increase in cAMP levels was assessed using the FRET-based HTRF cAMP-Gi assay. Data are normalized to cAMP levels in
the presence of IBMX for each condition. Data represent means ± SE of at least three independent experiments. (E) Chronic cholesterol depletion
leads to reduction of cellular signaling by the human serotonin1A receptor. The figure shows the extent of reduction in forskolin-stimulated levels of
cAMP in CHO-K1 cells expressing the serotonin1A receptor upon activation by 10 μM serotonin with increasing concentrations of lovastatin. Data
are normalized to cAMP levels in the presence of 50 μM IBMX/10 μM forskolin (forskolin-stimulated) for each condition. Data represent means ±
SE of at least three independent experiments [*** corresponds to significant (p < 0.001) difference in cAMP content under serotonin-treated
condition for cells treated with lovastatin relative to control (in the absence of lovastatin) cells]. See Methods for more details.
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cytoskeleton-destabilized) was similar to the F-actin content in
control cells (gray bar in Figure 5B). Importantly, acute
treatment with CD subsequent to chronic cholesterol
depletion had no significant effect on the cellular membrane
cholesterol content (Figure 5C). Taken together, destabiliza-
tion of the actin cytoskeleton could therefore provide a useful
handle to explore cytoskeleton-dependent signaling by the
serotonin1A receptor in cholesterol-depleted cells.

In an alternate approach, to explore the contribution of
membrane cholesterol in the signaling by the serotonin1A
receptor, we replenished membrane cholesterol in cells that
were subjected to chronic cholesterol depletion (Figure 5A).
We incubated lovastatin-treated cells with a preformed
cholesterol−MβCD complex, which serves as a water-soluble
carrier for membrane cholesterol and leads to cholesterol
incorporation in cholesterol-deficient membranes. As shown in
Figure 5D, treatment with the cholesterol−MβCD complex
restored cholesterol levels in lovastatin-treated cells to control
levels (compare the gray and red bars in Figure 5D). More

importantly, such an acute replenishment of cholesterol had no
additional effect on the F-actin content in lovastatin-treated
cells (Figure 5E). In other words, this approach allows us to
exclusively monitor the role of membrane cholesterol in the
signaling of the serotonin1A receptor in cholesterol-depleted
cells without altering the overall F-actin content.

We then monitored the effect of membrane cholesterol
replenishment and actin destabilization on signaling by the
human serotonin1A receptor using the two approaches
described above. Figure 6A shows that acute replenishment
of membrane cholesterol (red bars) led to partial recovery of
serotonin1A receptor signaling relative to untreated cells (gray
bar). For example, acute replenishment of membrane
cholesterol restored reduction in cAMP content in 2.5, 5,
and 10 μM lovastatin-treated cells to 96, 78, and 44%,
respectively. It should be noted that although the membrane
cholesterol content in lovastatin-treated cells could be restored
to a level similar to that in untreated cells (see Figure 5D), we
could observe only a partial recovery of cellular signaling after

Figure 4. Chronic cholesterol depletion leads to polymerization of actin cytoskeleton. (A) Representative confocal micrographs showing
organization of F-actin in control cells and cells treated with increasing concentrations of lovastatin. F-actin was stained with Alexa Fluor 546
conjugated phalloidin. The maximum intensity projections (MIPs) of 11 z-sections from the base of the coverslip (∼3.5 μm from the base into the
cell) are shown in the top panels. Increase in F-actin filaments can be observed upon treatment with increasing concentrations of lovastatin. Panels
at the bottom represent the iso-surfaces (defined as voxel contours of equal fluorescence intensity) generated from the z-sections using the iso-
surface tool in Imaris (Bitplane AG, Zurich, Switzerland) corresponding to MIPs shown on the top panels. (B) Organization of F-actin in CHO-K1
cells treated with 0.5 μM CD for 10 min in serum-free culture medium subsequent to chronic cholesterol depletion using lovastatin. F-actin was
stained and quantified as described in (A). Scale bars represent 10 μm. See Methods for more details.
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cholesterol replenishment. This prompted us to speculate that
signaling by the serotonin1A receptor could be regulated by
other factors, as well. Next, we probed the role of the actin
cytoskeleton in the signaling carried out by the serotonin1A

receptor. As described above, we carried out destabilization of
actin cytoskeleton in cholesterol-depleted cells that had higher

levels of F-actin. Figure 6A shows that destabilization of the
actin cytoskeleton could restore the signaling ability of the
serotonin1A receptor (yellow bars), albeit partially, relative to
untreated cells (gray bar). As shown in the figure, upon
treatment of cholesterol-depleted cells with CD, reductions in
cAMP content were restored to 78, 55, and 40%, respectively.

Figure 5. (A) Chronic cholesterol depletion by statin leads to reduction in membrane cholesterol (shown in red) and polymerization of the actin
cytoskeleton (shown as green meshwork underlying the membrane). Using a two-pronged approach, we dissected the role of membrane cholesterol
and cellular F-actin in signaling of the serotonin1A receptor. First, to test the effect of increased F-actin on receptor signaling, we induced
depolymerization of F-actin using CD after lovastatin-treatment. In an alternate approach, to explore the contribution of membrane cholesterol in
the signaling by the serotonin1A receptor, we acutely replenished membrane cholesterol using the MβCD−cholesterol complex in cells that were
earlier subjected to chronic cholesterol depletion. Double-headed arrows (↔) indicate no change from basal level. (B) Values obtained upon
quantitation of F-actin in lovastatin-treated (blue bars) and lovastatin/CD-treated cells (yellow bars). To quantify F-actin content, the cellular
volume enclosed by the iso-surface (see Figure 4A,B bottom panels) was normalized to the projected area of cells calculated using the software
provided with an LSM 510 Meta confocal microscope. Data represent means ± SE of ∼40 different fields from at least three independent
experiments [*** corresponds to significant (p < 0.001) difference in F-actin content in lovastatin-treated cells relative to untreated cells (gray
bars)]. (C) Cholesterol content of lovastatin-treated (blue bars) and lovastatin/CD-treated cells (yellow bars). Values are expressed as absolute
cholesterol content and are normalized to total protein content. Data represent means ± SE of three independent experiments [*, **, and ***
correspond to significant differences (p < 0.05, p < 0.01, and p < 0.001, respectively) in cholesterol content in lovastatin-treated or lovastatin-/CD-
treated cells relative to untreated cells (gray bars)]. Cholesterol content values for lovastatin-treated cells (blue bars) are taken from Figure 1A. (D)
Cholesterol content in cells acutely replenished with cholesterol (red bars) subsequent to chronic cholesterol depletion using lovastatin. Acute
replenishment of membrane cholesterol was carried out by incubating the cholesterol-depleted cells with a 1 mM cholesterol/10 mM MβCD
complex for 10 min in serum-free culture medium. Values are expressed as absolute cholesterol content and are normalized to the total protein
content. Cholesterol content values for lovastatin-treated cells (blue bars) are taken from Figure 1A. Data represent means ± SE of three
independent experiments [* and *** correspond to significant differences (p < 0.05 and p < 0.001, respectively) in cholesterol content in
lovastatin-treated cells relative to untreated cells (gray bars)]. (E) Values obtained upon quantitation of F-actin in lovastatin-treated (blue bars) and
cholesterol-replenished cells (red bars). F-actin content was quantified as described in (B). Data represent means ± SE of ∼40 different fields from
at least three independent experiments [*** corresponds to a significant (p < 0.001) difference in F-actin content in lovastatin-treated cells relative
to untreated cells (gray bars)]. See Methods for more details.
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These results therefore suggest that the release of constraints
on lateral diffusion by actin destabilization allows enhanced
signaling through dynamic interaction between the receptor
and effectors. In other words, the actin cytoskeleton-induced
spatial confinement upon chronic cholesterol depletion plays
an important role in the regulation of signal transduction by
the receptor.

Chronic Cholesterol Replenishment Leads to Com-
plete Recovery of Signaling by the Serotonin1A
Receptor. To further establish the role of reduced membrane
cholesterol and the effective increase in F-actin content in
signaling by the serotonin1A receptor, we metabolically
replenished membrane cholesterol in cells subjected to chronic
cholesterol depletion by lovastatin (Figure 6B). We incubated
lovastatin-treated cells in complete culture medium after
washing off the lovastatin-containing medium. As shown in
Figures 2C and 6C, metabolic replenishment of cholesterol
restored cholesterol levels and F-actin content, respectively, in

lovastatin-treated cells to control levels. We then monitored
the effect of metabolic cholesterol replenishment on signaling
by the serotonin1A receptor by measuring the serotonin-
induced reduction in cellular cAMP content. Figure 6D shows
that metabolic replenishment of membrane cholesterol
completely restored signaling by the serotonin1A receptor.
This is in contrast to the results obtained using acute
cholesterol replenishment, where we observed a partial
recovery of signaling by the serotonin1A receptor (see red
bars in Figure 6A). Taken together, our results comprehen-
sively demonstrate that actin cytoskeleton-induced spatial
confinement plays a crucial role in regulation of signal
transduction by GPCRs.

■ DISCUSSION
The sensitivity of GPCRs to membrane cholesterol constitutes
an exciting and emerging area of research in contemporary
GPCR biology.62−72 According to current estimate, the

Figure 6. (A) Reduction in serotonin1A receptor signaling upon chronic cholesterol depletion could be rescued via multiple pathways. The relative
reduction in cAMP content (a measure of cellular signaling) by the human serotonin1A receptor in lovastatin-treated cells (blue) upon acute
cholesterol replenishment (red) and actin cytoskeleton-destabilized (yellow) conditions. Data are normalized to cAMP levels in the presence of 50
μM IBMX/10 μM forskolin (forskolin-stimulated) for each condition. Data for cAMP content for lovastatin-treated cells are taken from Figure 3E.
Data represent means ± SE of at least three independent experiments [*** and * correspond to significant (p < 0.001 and p < 0.05, respectively)
differences in cAMP content for lovastatin-treated (blue bars) or cholesterol-replenished (red bars) or lovastatin/CD-treated (yellow bars) cells
relative to control cells (gray bars)]. (B) Schematic representation of metabolic replenishment of membrane cholesterol in cells subjected to
chronic cholesterol depletion by lovastatin. Metabolic replenishment of cholesterol (shown in red) restores cholesterol level and F-actin (shown as
green meshwork underlying the membrane) content similar to control cells (prior to lovastatin treatment). Cholesterol was metabolically
replenished in lovastatin-treated cells by incubating cells with complete medium in the absence of lovastatin. Double-headed arrows (↔) indicate
no change from basal level. (C) Values obtained upon quantitation of F-actin in cholesterol-depleted (blue) and cholesterol-replenished cells
(green). Cellular F-actin was quantified as described in Figures 4 and 5B. Data for F-actin content in lovastatin-treated cells are taken from Figure
5B. Data represent means ± SE of ∼30 different fields from at least three independent experiments [*** corresponds to a significant (p < 0.001)
difference in F-actin content in lovastatin-treated cells relative to untreated cells]. (D) Chronic cholesterol depletion induced reduction in signaling
by the serotonin1A receptor is reversible in nature. The relative reduction in forskolin-stimulated levels of cAMP by the human serotonin1A receptor
upon activation by 10 μM serotonin in cholesterol-depleted (blue) and cholesterol-replenished (green) cells. Data are normalized to cAMP levels
in the presence of 50 μM IBMX/10 μM forskolin (forskolin-stimulated) for each condition. The data of cAMP content for lovastatin-treated cells
are taken from Figure 3E. Data represent means ± SE of at least three independent experiments (*** corresponds to a significant (p < 0.001)
difference in cAMP content under serotonin-treated condition for cells treated with lovastatin relative to control cells). See Methods for more
details.
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function of >50 GPCRs has been shown to be dependent on
membrane cholesterol.72 Previous work from our laboratory
has shown that the human serotonin1A receptor exhibits
sensitivity toward membrane cholesterol in terms of its
oligomerization, dynamics, function, trafficking, and endocy-
tosis.48−50,73−82 Such cholesterol-dependence of GPCR
activity is often correlated either to direct interaction of
cholesterol with the receptor through specific cholesterol
binding motifs, or to the ability of cholesterol to modulate
physical properties in the receptor microenvironment, or a
combination of both these effects.59,83 In this context, we
recently showed that a lysine residue (K101) in the cholesterol
recognition/interaction amino acid consensus (CRAC) motif
in a transmembrane helix of the serotonin1A receptor acts as a
sensor of altered membrane cholesterol levels.58

A popular approach to explore cholesterol-sensitivity of
GPCRs has been depletion of membrane cholesterol, followed
by monitoring GPCR function. This is achieved by acute
(using carriers such as MβCD) or chronic depletion using
inhibitors of cellular cholesterol biosynthesis, such as statins.
Interestingly, in addition to reduction in membrane cholesterol
content, depletion of membrane cholesterol by statins often
involves complex global cellular responses,84−87 even cell cycle
arrest,88,89 that could complicate the interpretation of func-
tional readouts. In this context, we recently showed that
cholesterol depletion using lovastatin leads to extensive
polymerization of actin cytoskeleton in a dose-dependent
manner.37 As a consequence of actin polymerization in
cholesterol-depleted cells, the serotonin1A receptor experiences
dynamic confinement in the plasma membrane and shows
reduced lateral mobility (diffusion).38 With an overall goal of
exploring the functional consequence of altered receptor
dynamics due to cholesterol depletion by statin, in this work,
we probed the role of the actin cytoskeleton in signaling by the
serotonin1A receptor. Our results show that cellular signaling
by the serotonin1A receptor is fine-tuned by the actin
cytoskeleton in a cholesterol-dependent fashion. Importantly,
these results demonstrate that whereas actin polymerization
acts as a negative regulator of cAMP signaling, cholesterol
could act as a positive modulator. We believe that such
dynamic reorganization of the actin cytoskeleton could
represent an important determinant for membrane protein
signaling in metabolic disorders such as Smith-Lemli-Opitz
syndrome (SLOS)90 that are due to defects in cholesterol
biosynthesis pathways. It is worthwhile mentioning here that
although it has been earlier reported that statins could inhibit
GPCR signaling,91 reorganization of actin cytoskeleton has
never been proposed as an underlying mechanism. It is
therefore prudent to exercise caution before attributing the
cholesterol dependence of membrane protein dynamics and
function to mere cholesterol content.

Interestingly, the observed decrease in signaling (Figure 3E)
of the serotonin1A receptor upon chronic cholesterol depletion
in CHO-K1 cells is different from our earlier results where we
reported that acute cholesterol depletion had no appreciable
effect on the downstream signaling response.74 Notably, it is
known that the consequence of membrane cholesterol
depletion often depends on the actual time scale (acute or
chronic) of the process, although the molecular mechanism
underlying this difference remains elusive.47 Whereas the
absolute cholesterol content in the membrane could be similar,
the finer mechanistic framework associated with each of these
processes could be distinct. Acute cholesterol depletion using

cyclodextrin-type carriers is known to be a multiphasic process,
characterized by differential efficiency of extracting cholesterol
from various membrane domains.92−94 Although acute
cholesterol depletion in model membranes has been reported
to result in loss of cholesterol preferentially from liquid-
disordered (fluid) regions,95,96 MβCD shows no preference for
any specific domain in cell membranes.97 Chronic cholesterol
depletion using biosynthetic inhibitors reduces the cellular
synthesis of cholesterol prior to its localization in various
membrane domains. In addition, statin treatment involves
multiple pleiotropic effects at the global cellular level including
cell cycle arrest, induction of autophagy, and inhibition of
isoprenylation of small G-proteins.84,85,88 Many of these
cholesterol-independent side-effects of statin are mediated by
inhibition of biosynthesis of isoprenoids that are post-
translationally attached to crucial intracellular signaling
molecules. Interestingly, statins could partition into mem-
branes and induce changes in membrane physical properties
(such as membrane order)86,87 that could affect conforma-
tional plasticity of the receptor that is necessary for its
function. We therefore believe that the actual method of
cholesterol depletion is a critical factor that must be taken into
account while interpreting data for complex cellular readouts
such as GPCR signaling.

As discussed above, our results show that the sensitivity in
cellular signaling exhibited by the serotonin1A receptor appears
to be mediated by the cellular F-actin content and membrane
cholesterol levels, two key players often associated with
receptor compartmentalization in the plasma membrane. In
this context, by utilizing fluorescence recovery after photo-
bleaching analysis of the serotonin1A receptor, we previously
showed that depolymerization of F-actin results in an increase
in mobile fraction of the receptor that exhibited a tight
correlation with the signaling efficiency by the serotonin1A
receptor.32 This suggests that signaling by the serotonin1A
receptor is regulated by receptor mobility, which is altered
upon actin destabilization. In a recent work, we measured
lateral diffusion of the serotonin1A receptor using single particle
tracking (SPT) under actin-destabilized conditions and
showed that actin destabilization alters receptor diffusion,
which gets manifested as an increase in functional readouts
(ligand binding and cAMP signaling) of the receptor.35

Notably, previous SPT measurements of neurokinin-1 receptor
have further reinforced the proposal of actin cytoskeleton-
dependent dynamics of GPCRs, in which receptor confine-
ment strongly correlated to a significant decrease of the
receptor canonical signaling pathway.98 As discussed above,
lateral mobility (diffusion) is required to bring together the
reacting partners spatially in proximity to form a functional
signaling complex. Keeping in mind that G-proteins and other
effectors of GPCR signaling (e.g., adenylyl cyclase) are
membrane-anchored/bound proteins, it is possible that the
observed reduction in serotonin1A receptor signaling could be
partly contributed by the reduced lateral mobility of the
effectors. Our results described in this work, along with our
previous observations, therefore demonstrate the interdepend-
ence of membrane protein dynamics with signaling.27

Statins are reported to cross the blood−brain barrier based
on their lipophilicity.99−102 In this context, it has been reported
that symptoms of anxiety and depression are more frequent in
humans upon long-term statin administration,103−105 and
cortical cholesterol level was found to be lower in mood
disorders.106 Keeping in mind the important role of the
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serotonin1A receptor in neurological function, on a broader
perspective, our results assume significance in understanding
the modulatory role of the membrane environment in the
organization and function of neurotransmitter GPCRs. We
believe that these novel results could have potential
significance in the context of signaling by GPCRs, in general,
and in the understanding of modulation of signaling by GPCR-
cytoskeleton interactions in response to chronic cholesterol
depletion, in particular. From a broader and cautionary
perspective, we conclude that in analyses of the modulatory
role of the membrane environment on the function of
membrane proteins, it is prudent to include the actin
cytoskeleton as a crucial player”.

■ METHODS
Materials. BSA, cholesterol, CD, DMPC, DMSO, EDTA,

forskolin, gentamycin sulfate, Geneticin (G 418), IBMX, MβCD,
CaCl2, MgCl2, MnCl2, NaHCO3, phenylmethylsulfonyl fluoride
(PMSF), penicillin, poly-L-lysine, serotonin, sodium azide, strepto-
mycin, Triton X-100, and Tris were purchased from Sigma (St. Louis,
MO). Alexa Fluor 546 phalloidin and Amplex Red cholesterol assay
kit were from Molecular Probes/Invitrogen (Eugene, OR). DMEM/
F-12 [Dulbecco’s modified Eagle medium: nutrient mixture F-12
(Ham) (1:1)] and fetal calf serum (FCS) were obtained from
Invitrogen Life Technologies (Grand Island, NY). [3H]8-OH-DPAT
(8-hydroxy-2(di-N-propylamino)tetralin, specific activity of 141 Ci/
mmol) was obtained from MP Biomedicals (Santa Ana, CA). GF/B
glass microfiber filters were from Whatman International (Kent, UK).
The HTRF cAMP-Gi assay kit was purchased from CisBio Bioassays
(Codolet, France). Bicinchoninic acid (BCA) reagent for protein
estimation was from Pierce (Rockford, IL). Lovastatin was obtained
from Calbiochem (San Diego, CA). Vectashield Antifade Mounting
Medium was obtained from Vector Laboratories (Burlingame, CA). 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmito-
yl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and porcine
brain sphingomyelin lipids were obtained from Avanti Polar Lipids
(Alabaster, AL). All other chemicals used were of the highest available
purity. Purified water through a Millipore (Bedford, MA) Milli-Q
system was used for all experiments.

Cell Culture and Treatments. CHO-K1 cells expressing the
human serotonin1A receptor tagged to EYFP at the C-terminal (CHO-
K1-5HT1AR-EYFP)51 were maintained in DMEM/F-12 (1:1)
supplemented with 2.4 g/L of sodium bicarbonate, 10% FCS, 60
μg/mL penicillin, 50 μg/mL streptomycin, 50 μg/mL gentamycin
sulfate, and 200 μg/mL Geneticin (complete DMEM/F-12) in a
humidified atmosphere with 5% CO2 at 37 °C. CHO-K1 cells without
the serotonin1A receptor were maintained in complete DMEM/F-12
without Geneticin. The stock solution of lovastatin was prepared as
described previously,37 added to cells grown for 24 h (final
concentration of lovastatin was 2.5−10 μM), and incubated in
complete DMEM/F-12 for 48 h in a humidified atmosphere with 5%
CO2 at 37 °C. For CD treatment, stock solution of 2 mM CD was
prepared in DMSO, and further concentrations were prepared upon
dilution of the stock in buffer A (PBS containing 1 mM CaCl2 and 0.5
mM MgCl2). After 48 h of treatment with lovastatin, cells were
washed once with PBS and treated with 0.5 μM CD for 10 min in a
humidified atmosphere with 5% CO2 at 37 °C.

Replenishment of Membrane Cholesterol. Metabolic replen-
ishment of cholesterol was carried out by incubating cells in
lovastatin-free medium. For this, after treatment with lovastatin for
48 h, cells were washed once with PBS and grown in complete
DMEM/F-12 medium for 24 h in a humidified atmosphere with 5%
CO2 at 37 °C. Cholesterol-depleted cells were acutely replenished
with cholesterol using the cholesterol−MβCD complex. The complex
was prepared by dissolving the required amount of cholesterol and
MβCD in a ratio of 1:10 (mol/mol) in water with constant shaking at
room temperature (∼23 °C). Stock solution of the complex

(containing 2 mM cholesterol:20 mM MβCD) was freshly prepared
before each experiment. Cholesterol replenishment was carried out by
incubating the lovastatin-treated cells with 1 mM of the cholesterol/
10 mM MβCD complex for 10 min in serum-free DMEM/F-12
medium in a humidified atmosphere with 5% CO2 at 37 °C followed
by a wash with PBS.

Estimation of Cellular Cholesterol Content. Cell monolayers
were washed twice with PBS after each treatment. Cholesterol was
estimated from cell lysates using the Amplex Red cholesterol assay
kit107 as described previously.37 Cholesterol values were normalized
to total protein levels estimated using BCA assay.108

Estimation of Phospholipid Content. Concentrations of
phospholipids were estimated by digestion with perchloric acid109

using Na2HPO4 as standard. We used DMPC as an internal standard
to assess lipid digestion. Samples digested without perchloric acid
showed negligible readings. Phospholipid values were normalized to
the total protein content in cell membranes.

F-Actin Labeling of CHO-K1 Cells. F-actin labeling and
quantitation in cells were carried out as described previously.37,38,110

Briefly, cells were plated at a density of ∼104 on poly-L-lysine-coated
22 mm glass coverslips, and cholesterol modulation was carried out as
described above. Cells were washed with buffer A and fixed with
∼3.5% (w/v) formaldehyde in buffer A for 10 min at room
temperature (∼23 °C). Permeabilization of cells was carried out in
buffer A with 0.5% Triton X-100 (v/v) for 5 min at room temperature
(∼23 °C). Stock solutions of Alexa Fluor 546 conjugated phalloidin
were prepared in methanol. Cells were washed and stained with Alexa
Fluor 546-conjugated phalloidin (final concentration 0.3 μM) in
buffer A for 1 h at room temperature (∼23 °C) in the dark. After
labeling, the coverslips were washed twice with PBS and mounted
using Vectashield antifade mounting medium. The edges of the
coverslips were sealed with nail enamel and used for imaging.

Fluorescence Microscopy and F-Actin Quantitation. All
images were acquired on an inverted Zeiss LSM 510 Meta confocal
microscope (Jena, Germany). F-actin was imaged by exciting Alexa
Fluor 546 phalloidin at 561 nm and collecting emission from 575 to
630 nm. F-actin quantitation was carried out using a technique
previously developed by us.37,38,110 Briefly, images of z-sections were
acquired with a 63×/1.4 NA oil immersion objective under 1 airy
condition, with a fixed step size of 0.32 μm. Projections of 11 z-
sections (∼3.5 μm from the base of the coverslip into the cell) were
generated, and the area of the projected images was determined
manually using the software provided with a Zeiss LSM 510 Meta
confocal microscope. Iso-surfaces (defined as contours made upon
joining voxels of equal fluorescence intensity) were generated from z-
sections corresponding to each projected image by using Imaris 8.4.0
software (Bitplane AG, Zurich, Switzerland). Iso-surfaces were
obtained upon fluorescence intensity thresholding of z-sections
followed by applying a Gaussian filter. The estimated volumes
enclosed by iso-surfaces were normalized to the projected area of cells
for a given field.

Flow Cytometric Analysis of the Receptor Expression Level.
CHO-K1-5HT1AR-EYFP cells were collected in PBS containing 0.25
mM EDTA, washed in serum-free DMEM/F-12 medium, and then
resuspended in PBS containing 2% (v/v) FCS. Populations of cells
associated with the serotonin1A receptor under control and lovastatin-
treated conditions were quantified using a Gallios flow cytometer
(Beckman Coulter, Brea, CA), and data were analyzed using Kaluza
analysis software version 2.1 (Beckman Coulter, Brea, CA). Excitation
was set at 488 nm, emission was collected using a 525/40 bandpass
filter, and 10,000 cells were estimated for each condition.
Fluorescence from cells expressing the serotonin1A receptor without
the EYFP tag was used to gate EFYP-positive cells.

Radioligand Binding Assay in Live Cells. CHO-K1-5HT1AR-
EYFP cells were detached from culture flasks in PBS containing 0.25
mM EDTA after lovastatin treatment. Cells were spun at 500g for 5
min and resuspended in serum-free DMEM/F-12 medium for
counting using a hemocytometer. Cells (∼106) in serum-free
DMEM/F-12 medium were incubated at ∼25 °C for 15 min in the
presence of 1 nM [3H]8-OH-DPAT (specific agonist). Nonspecific
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binding was obtained by performing the assay in the presence of 10
μM unlabeled serotonin. The binding reaction was terminated by
rapid filtration under vacuum in a Millipore multiport filtration
apparatus through Whatman GF/B filters (1.0 μm pore size) which
were presoaked in 0.5% (w/v) polyethylenimine for 3 h.111 Following
this, filters were washed three times with 5 mL of cold water (∼4 °C)
and dried, and the retained radioactivity was measured in a Packard
Tri-Carb 2900 liquid scintillation counter (PerkinElmer, Waltham,
MA) using 5 mL of scintillation fluid. To rule out any effect of
receptor endocytosis during the time of incubation with radiolabeled
agonist, we pretreated the cells with 10 mM sodium azide (inhibitor
of ATP synthesis) for 30 min before radioligand binding experiments.

Saturation Binding Assay. Saturation binding assays were
carried out to estimate binding parameters in control and
lovastatin-treated cells. Assays were carried out with increasing
concentrations of the radiolabeled agonist [3H]8-OH-DPAT (0.1−7.5
nM) in intact cells. Nonspecific binding was determined by
performing the assay in the presence of 10 μM unlabeled serotonin.
Ligand binding assays were carried out at ∼25 °C with ∼106 cells for
each ligand concentration. The concentration of bound radioligand
(RLbound) was determined using the equation35

B VRL 10 /( SA 2220) Mbound
9= × × × (1)

where B is the bound radioactivity in disintegrations per minute
(dpm), V is the assay volume in mL, and SA is the specific activity of
the radioligand. Saturation binding data could be fitted best to a one-
site ligand binding equation given below

B x K xRL /( )bound max d= + (2)

where x is the total ligand concentration, Kd is the dissociation
constant, and Bmax is the number of maximum binding sites. Values of
Kd and Bmax were obtained by nonlinear regression analysis of binding
data using GraphPad Prism software, version 4.0 (San Diego, CA).

Cellular Signaling Assay. Cellular signaling assays to estimate
cAMP levels were carried out as described previously.35,58 CHO-K1-
5HT1AR-EYFP cells were plated at a density of ∼105 cells in poly-L-
lysine coated 6-well plates and grown in complete medium in a
humidified incubator with 5% CO2 at 37 °C. After treatment with
lovastatin, cells were treated with 50 μM IBMX (basal), 50 μM
IBMX/10 μM forskolin (forskolin-stimulated), and 50 μM IBMX/10
μM forskolin/10 μM serotonin (agonist treatment) and incubated for
30 min at 37 °C. After discarding media, cells were washed with PBS
and lifted using a cell scraper. Cells were counted using a
hemocytometer and added at 6000 cells/well to a low-volume
HTRF 96-well plate (CisBio Bioassays, Codolet, France). The ability
of the serotonin1A receptor to inhibit the forskolin-stimulated increase
in cAMP levels was assessed using the FRET-based HTRF cAMP-Gi
assay kit (CisBio Bioassays, Codolet, France). Fluorescence was
measured at 620 nm (cAMP-cryptate donor emission) and 655 nm
(anti-cAMP-d2 acceptor emission) upon excitation of the donor at
320 nm using an EnSpire Multimode Plate Reader (PerkinElmer,
Waltham, MA). cAMP levels were calculated as a ratio of the acceptor
and donor emission. Values for serotonin-induced cAMP reduction
were normalized and expressed as a percentage of the values obtained
for only forskolin-treated cells.

Thin-Layer Chromatography. Lipid extraction from cell
membranes obtained from control and cells treated with increasing
concentration of lovastatin was carried out according to the Bligh and
Dyer method.112 Lipid extracts from ∼1 mg of protein were dried
under a stream of argon at ∼40 °C, and the dried lipids were dissolved
in chloroform/methanol (1:1, v/v). Lipids were resolved on
precoated silica gel TLC plates using chloroform/methanol/water
(65:25:4, v/v/v) as the solvent system.113 Cholesterol, POPE, POPG,
POPC, and sphingomyelin standards were run to identify the
corresponding bands in lipid extracts obtained from control and
lovastatin-treated cells. The separated lipids were visualized by
charring with a solution containing 8% (v/v) phosphoric acid and
10% (w/v) cupric sulfate at ∼150 °C.114

Statistical Analysis. Significance levels were estimated using
Student’s two-tailed unpaired t-test using GraphPad Prism software,
version 4.0 (San Diego, CA). Plots were generated using Microcal
Origin version 9.7 (OriginLab Corporation, Northampton, MA).
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