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Here we investigated the effect of disruption of plasma membrane integrity by cholesterol depletion on
thyrotropin-releasing hormone receptor (TRH-R) surface mobility in HEK293 cells stably expressing TRH-R-
eGFP fusion protein (VTGP cells). Detailed analysis by fluorescence recovery after photobleaching (FRAP) in
bleached spots of different sizes indicated that cholesterol depletion did not result in statistically significant
alteration of mobile fraction of receptor molecules (Mf). The apparent diffusion coefficient (Dapp) was decreased,
but this decrease was detectable only under the special conditions of screening and calculation of FRAP data.
Analysis of mobility of receptor molecules by raster image correlation spectroscopy (RICS) did not indicate any
significant difference between control and cholesterol-depleted cells. Results of our FRAP and RICS experiments
may be collectively interpreted in terms of a “membrane fence” model which regards the plasma membrane of
living cells as compartmentalized plane where lateral diffusion of membrane proteins is limited to restricted
areas by cytoskeleton constraints. Hydrophobic interior of plasma membrane, studied by steady-state and
time-resolved fluorescence anisotropy of hydrophobic membrane probe DPH, became substantially more
“fluid” and chaotically organized in cholesterol-depleted cells. Decrease of cholesterol level impaired the func-
tional coupling between the receptor and the cognate G proteins of Gq/G11 family.
In conclusion: the presence of an unaltered level of cholesterol in the plasmamembrane represents an obligatory
condition for an optimum functioning of TRH-R signaling cascade. The decreased order and increased fluidity of
hydrophobic membrane interior suggest an important role of this membrane area in TRH-R–Gq/G11α protein
coupling.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cholesterol plays an important role in the cell membrane organiza-
tion. It regulates membrane fluidity, affects protein conformation and
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also functions as an essential constituent of the plasma membrane
(PM) structures known as detergent resistant membrane domains
(DRMs) [1–3]. These structures arising from PM after detergent extrac-
tion at 0 °C were found to be enriched in this highly hydrophobic mem-
brane constituent together with lipids containing higher proportion of
saturated fatty acids when compared with the rest of the membrane.
Biophysical studies indicated a gel-like or liquid-ordered state of these
structures [4]. DRMs were found to be enriched in signaling and regula-
tory molecules such as trimeric G-protein α subunits, various types of
protein kinases and glycosylphosphatidylinositol (GPI)-anchored pro-
teins [5–8], but the relative proportion of thyrotropin-releasing hor-
mone receptor (TRH-R) in DRMs was very low [9]. No more than 1–3%
of the total amount of the TRH-R originally present in PMwas recovered
in DRMs isolated from the HEK293 cells stably expressing this receptor.

Wehave also shown that treatment of HEK293 cellswith cholesterol-
depleting agent β-cyclodextrin (β-CDX) caused the degradation of
DRMs and a change of their protein composition including specific de-
crease of the cognate G-protein α subunits, Gsα and Gqα/G11α [10,11].
TRH-induced stimulation of G-protein activity in isolated PM(measured
as [35S]GTPγS binding assay) as well as Ca2+-response in intact cells
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was severely deteriorated under such conditions [11]. The dose–
response curves of the increase of intracellular calcium levels [Ca2+]i
were shifted by two orders of magnitude to the right, i.e., much higher
TRH concentrations were needed to elicit the same [Ca2+]i response.
Furthermore, the decrease of cholesterol level was associated with
redistribution of Gq/G11α proteins at the cell surface as their immuno-
fluorescence signal became stronger than in β-CDX-untreated cells.
This change was interpreted as a release of Gq/G11α proteins from
previously more closely packed protein complexes, i.e. as loosening of
previously more closely attached Gq/G11α protein aggregates. Last but
not the least, the characteristics of desensitization of [Ca2+]i response
in cells over-expressing G11α protein were altered by β-CDX treatment
indicating that the proper structural state of the plasma membrane is
necessary for an optimumproceeding of desensitization of hormone re-
sponse [12].

The data indicating the low amount of TRH-R in DRMswere surpris-
ing because numerous other G-protein-coupled receptors (GPCRs), in-
cluding α1- and β2-adrenergic, thyrothropin, bradykinin, endothelin,
P2Y purinergic, serotonin, muscarinic and adenosine receptors have
been detected in DRMs in much higher proportions [10,13–17]. There-
fore, the goal of our present studywas to evaluate the structural and dy-
namic properties of TRH-R molecule in the plasma membrane of living
cells. For this aim we used the HEK293 cell line stably expressing TRH-
R-eGFP fusion protein (VTGP cells) [18,19].

Cholesterol depletion, induced by pre-incubation of VTGP cells with
β-CDX, served as an experimental tool for alteration of plasma mem-
brane structure and function and, more specifically, for degradation of
membrane domains/rafts. The alteration of lateral diffusion of TRH-R-
eGFP molecules in the plasma membrane was tested by fluorescence
recovery after photobleaching (FRAP) and raster image correlation
spectroscopy (RICS). Hydrophobic lipid matrix of plasma membrane
was characterized by steady-state and time-resolved fluorescence an-
isotropy of the hydrophobic membrane probe diphenylhexatriene
(DPH). The effect of cholesterol depletion on functional coupling of
TRH-R-eGFP with cognate G-proteins was determined by [35S]GTPγS
binding assay followed by Gq/G11α-oriented immunoprecipitation.

2. Materials and methods

2.1. Chemicals

Newborn calf serum (NCS) was purchased from Invitrogen-Gibco.
Amplex Red Cholesterol assay kit and 1,6-diphenyl-1,3,5-hexatriene
(DPH) were from Invitrogen-Molecular probes (Eugene, Oregon). All
other chemicals were either from Sigma or Gibco and were of the
highest purity available.

2.2. Cell culture

HEK293 cells stably expressing VSV-epitope and eGFP-tagged
version of thyrotropin-releasing hormone receptor (VTGP cells) were
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 2 mM (0.292 g/l) L-glutamine and 8% newborn calf serum in
humidified atmosphere containing 5% CO2 at 37 °C as described before
by Drmota et al. [18]. Geneticin (800 μg/ml) was included in the course
of cell cultivation to maintain appropriate selection pressure. The cells
were grown to 60–80% confluency in tissue culture flasks impregnated
with 2% gelatine. When performing confocal laser scanningmicroscopy
(CLSM) or FRAP experiments, the cells were grown for 48 h on glass
cover-slips coated with 0.1 mg/ml poly-L-lysine.

2.3. Cholesterol depletion

In order to deplete cholesterol from the cell membrane, 10 mM β-
cyclodextrin dissolved in serum free DMEM was added to a pre-
confluent (70–80%) culture of VTGP cells at time zero. After 30 min at
37 °C, β-CDX-containing incubation medium was withdrawn and re-
placed with serum free DMEM. The viability of cells was controlled by
trypan blue staining. Cholesterol content was determined in cell ho-
mogenate by an enzymatic method using an Amplex Red Cholesterol
kit (Molecular Probes, Eugene, OR) as described by Ostasov et al. [20].

2.4. Detection of eGFP fluorescence in intact cells

Sub-confluent cultures of VTGP cellswere grownon glass cover-slips
as described above, washed with serum free DMEM and inserted into
the chamber of confocal microscope which was pre-equilibrated in 5%
CO2 at 37 °C. The microscope stage was heated to 37 °C. Inverted Leica
TCS SP2 AOBS confocal microscope was used for measurement of eGFP
fluorescence. The cell sample was excited by 488 nm line of argon
laser. When performing cell imaging experiments, the size of the pin-
hole was set to 1 Airy unit (AU), in order to obtain an optimum signal
to noise ratio. In FRAP experiments the size of the pinhole was set to
1.6 AU, so that even a weak signal was detected. In both experiments,
the emission was detected in the range from 500 nm to 600 nm. The
Plan-Apochromat 100× oil-immersion objective with numerical aper-
ture of 1.4 (also heated to 37 °C) was used.

2.5. The effect of cholesterol depletion on VTGP cell morphology and
TRH-R-eGFP distribution

For comparison of changes before and after cholesterol depletion,
cells were mounted on the stage of a confocal microscope as described
above and 10 mM β-CDX in DMEM was added at time zero. Then, an
xyz-series of images of optical sections, encompassing the entire cell
depth, was acquired every 5 min. The optical sections were 0.5 μm
apart. Results of this primarily methodological recognition are present-
ed in Fig. 1 and described in the Results section (3.1).

2.6. Fluorescence recovery after photobleaching (FRAP)

For comparison of apparent diffusion coefficient (Dapp) of TRH-R-
eGFP molecules before and after cholesterol depletion, FRAP analysis
was carried out in the highly fluorescent periphery of the VTGP cells
which represents the plasma membrane (Fig. 2). The frames with
12 bit depth of gray and resolution of 512 × 512 pixels (75 × 75 μm)
were collected at scanning speed of 800 Hz (870 ms per image). The
50 images of pre-bleach series were collected first. This was followed
by 5 iterations of bleach pulses by using 458 nm, 476 nm and 488 nm
argon laser lines. For each post-bleach series, 200 images were acquired
during 163 s. The data were then extracted from images with ImageJ
software version 1.43mwith LOCI Bio-formats importer plug-in. To ob-
tain reliable results and verify that the measured recovery of eGFP fluo-
rescence does not present artificial data, the imageswere collected from
3 different plasmamembrane areas 2, 3, and 6 μm in diameter. Regions
smaller than 2 μm could not be analyzed due to the low signal/noise
ratio.

Three regions of interest (ROI) were selected and screened in each
experiment to obtain the fluorescence intensity signal and proper con-
trols for analysis of a given spot:

— bleached spot of a given size, i.e. 2, 3, and 6 μm in diameter,
— the whole cell area was screened for photobleaching correction,
— background area of the same size as a given bleached spot was se-

lected in the space not occupied by cells and screened as well.

Average intensities for each ROI were then normalized according to
Eq. (1) as described by Phair et al. [21]:

Inorm tð Þ ¼ Iwhole preð Þ

Iwhole tð Þ−Ibgd tð Þ
� � •

Ibleach tð Þ−Ibgd tð Þ
� �

Ibleach preð Þ
; ð1Þ



Fig. 1. The effect of cholesterol depletion on cell morphology and TRH-R-eGFP distribution. Left panel (A). Overlay of confocal images of VTGP cells before (green) and after (red) choles-
terol depletion. Middle panels (B). Comparison of fluorescence intensity profiles scanned along the linemarked inmicrographs before (upper) and after (lower panel) cholesterol deple-
tion. Right panels (C). Cut-outs of images shown inB presented in false colors fromblack (0) towhite (255); comparewith the scale at the right sideof the picture. Note that the intensity of
fluorescence is higher at bases of cell processes and in areas where the cells are attached to each other when compared with the remaining areas of the plasma membrane. This type of
distribution was not altered by cholesterol depletion — compare β-CDX-untreated (upper) and β-CDX-treated (lower panel) cells.
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where

Iwhole preð Þ ¼

Xt0−1

t0−20

Iwhole tð Þ−Ibgd tð Þ
� �

20
;

and

Ibleach preð Þ ¼

Xt0−1

t0−20

Ibleach tð Þ−Ibgd tð Þ
� �

20
:

Ibleach (t) is the average intensity within the bleached spot at time
t; Ibgd (t) is the average intensitywithin background area at time t; Iwhole

(t) is the average intensity in the whole cell area at time t; t0–1 repre-
sents the last frame before bleaching and t0–20 represents the 20th
frame before bleaching.

The mobile fraction of receptor molecules was calculated according
to Eq. (2):

Ibleach tð Þ ¼ M f 1−e−t�τ� �
; ð2Þ

where Mf is the mobile fraction of receptor molecules and τ character-
izes the time needed for maximal recovery of fluorescence intensity in
a given spot. For determination of diffusion coefficient, the data were
further normalized by using Eq. (3):

Inorm tð Þ ¼ Inorm tð Þ−Ibleach 0ð Þ
Imax−Ibleach 0ð Þ ; ð3Þ

where Ibleach (0) is the normalized fluorescence intensity after the last
bleaching pulse.

To obtain apparent diffusion coefficients (Dapp) these doubly
normalized data were fitted with a model considering the two-
dimensional diffusion as described by Soumpasis [22] according to
Eq. (4):

Inorm tð Þ ¼ e
−2τD

t I0
2τD
t

� �
þ I1

2τD
t

� �� �
; ð4Þ
where τD stands for the characteristic diffusion time, i.e., the average
time required for the molecule to diffuse across the bleached spot, I0
and I1 aremodified Bessel functions of a given order. Apparent diffusion
coefficient (Dapp) was then calculated from resulting τ values according
to Eq. (5):

Dapp ¼ ω2

4τD
; ð5Þ

where ω is the radius of selected bleached spot.
The time-course of fluorescence recovery was determined in

bleached spots of three different sizes: 2 μm (14 control and 12 β-
CDX-treated cells), 3 μm (10 control and 10 β-CDX-treated cells) and
6 μm (9 control and 9 β-CDX-treated cells) in diameter, respectively.

Thus, the total number of cells analyzed in this first set of FRAP ex-
periments was 64. To obtain satisfactory data from 64 cells, more than
120 cells had to be screened and analyzed because of the errors caused
by cell movements and technical problems met in the course of the
6 min span of time required for measurement of a single fluorescence
recovery curve. Collection of primary datawas performed from confocal
planes corresponding to the optical sections through the Middle of
the Cell (MC mode) using circular ROI placed in the highly fluorescent
periphery of the VTGP cells, which represents the plasma membrane
(Fig. 2). These circles (of 2-, 3- and 6-μm in diameter) contained the
extra- and intracellular spaces around the plasmamembrane in roughly
the same proportion. This was performed in 5 experiments; finally, the
data were processed with MS Excel spreadsheet and GraphPad Prism 4
statistic software.

The methodology described above was subsequently extended in
the second set of FRAP experiments when the collection of primary
data was made from both plasma membrane in MC mode and plasma
membrane area in position close to the Glass Support (GS mode) as
shown in Figs. 5 and 6. For determination of diffusion coefficients, the
data were normalized as described before according to Eq. (3). Subse-
quently, the value of t1/2, i.e. the half time of recovery [Inorm (t1/2) =
0.5], was calculated from the quadratic polynomial fitted to the data
with values of Inorm (t) in an interval 0–0.8.

To obtain apparent diffusion coefficients (Dapp) for circular spots, the
doubly normalized data were calculated using the model considering
the two-dimensional diffusion as described by Soumpasis [22] according



Fig. 2. Confocal microscopy image of VTGP cells in the course of thefirst set of FRAP exper-
iments. Confocal images of control, β-CDX-untreated VTGP cells showing the same cell
before the bleach (A), immediately after the bleach (B) and after maximum recovery of
TRH-R-eGFP fluorescence (C). The confocal plane was placed through the cell interior in
nearly equatorial position (MC mode). When performing FRAP experiment, the fluores-
cence signal wasmonitored in circular area (green circle) representing the 3-μmbleached
spot. The results represent the typical FRAP experiment.
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to Eq. (4). Apparent diffusion coefficient (Dapp)was then calculated from
the resulting t1/2 values according to Eq. (6):

Dapp ¼ 0:224
ω2

t1=2
; ð6Þ

where ω is the diameter of the selected bleached spot.
To obtain apparent diffusion coefficients (Dapp) for rectangular spots,

the doubly normalized data were calculated using the model consider-
ing the two-dimensional diffusion as described by Ellenberg et al. [23]
according to Eq. (7):

Inorm tð Þ ¼ 1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2

ω2 þ 4πDappt

s
: ð7Þ
Apparent diffusion coefficient (Dapp) was then calculated from the
resulting t1/2 values according to Eq. (8):

Dapp ¼ ω2

4πt1=2
; ð8Þ

where ω is the width of the selected bleached spot.

2.7. Raster image correlation spectroscopy (RICS)

RICS is a method providing information on the diffusion and binding
of the fluorescently labeled species [24,25]. It is a correlation based
approach performed on a set of images, which are collected in confocal
microscope equipped with a fast scanning unit. The fluctuations in the
fluorescence signal are correlated between different focal positions of
the scanner. The temporal delay is then given by the time which the
scanner needs for changing its position from one spot to another.
Since the signal can be correlated along the lines as well as between
the lines and frames, RICS is a versatile method covering the time-
scale from tens of microseconds (μs) to seconds (s).

RICS was used for analysis of diffusion of TRH-R-eGFP molecules
within the plasmamembrane. To achieve this, a model describing diffu-
sion in two dimensionswas applied [26]. In this model, correlation for a
given position ξ (i) was carried out by function GSwhichwas calculated
as follows:

GS ξ;ψð Þ ¼ δI x; yð ÞδI xþ ξ; yþ ψð Þh ixy
I x; yð Þh i2 ; ð9Þ

where I (x, y) is the fluorescence intensity detected at each pixel and δ I
is the fluctuation of the fluorescence intensity around themean intensi-
ty in a given image: δ I = I (x, y)− ‹ I(x, y) ›xy. The obtained autocorre-
lation function GSwas then fitted with the formula derived for diffusion
in planar systems:

G ξ;ψð Þ ¼ γ
N

1þ
4Dapp τpξþ τlψ

� �
ω2

0

0
@

1
A

−1

; ð10Þ

where γ accounts for the non-uniform illumination of the excitation
volume and is equal to 0.5 for a 2D Gaussian point spread function
(PSF), N is the average number of molecules in a given focal volume,
Dapp stands for the diffusion coefficient, ω0 denotes the lateral waist of
the laser beam at the point of focus and τp and τl stand for pixel dwell
time and line scan time, respectively.

Moreover, since the PSF extends over several pixels in the xy-plane,
GSwas corrected for scanning itself. The termcompensating for fastfluc-
tuations in the brightness of a single molecule was also included in our
calculations.

The images were recorded in a confocal Olympus Fluoview 1000
microscope (Olympus, Japan) equipped with a water immersion
objective (1.2 NA, 60×). The sample was excited with a 470 nm diode
laser LDH-P-C-470 (PicoQuant, Germany) in continuous wave mode.
A Q500LP long-pass filter was used in front of the detector. For
each RICS experiment, 40 frames consisting of 256 × 256 pixels were
collected. The scanner speed along the fast and slow scanning axis was
10 μs/pixel and 3.68ms/line, respectively. The distance between the scan-
ner steps corresponded to 50 nm, i.e. the overall area of 12.8 × 12.8 μm
was scanned for each frame. Photobleaching and slow motions of the
sample were ruled out by a moving average subtraction of 4 images for
each set of images [25,27]. Before each experiment, the functioning of
the setupwas confirmed by determination of free Alexa 488 diffusion co-
efficient in water solution.
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2.8. Isolation of plasma membrane fraction in PercollR density gradient

VTGP cells were cultivated in 15 flasks (80 cm2), washed in PBS and
harvested by centrifugation for 10 min at 1800 rpm in 50 ml conical
vials. The cell pellet was homogenized in 250 mM sucrose, 20 mM
Tris–HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.6 plus fresh 1 mM PMSF and
complete protease inhibitor cocktail (STEM medium) in loosely-
fitting, Teflon-glass homogenizer for 7 min at 1800 rpm. The cell
homogenate was centrifuged for 5 min at 1500 rpm for separation of
cell debris and nuclear fraction (remaining in the sediment) from
post-nuclear supernatant (PNS). The 3 ml volume of PNS was applied
on the top of 20 ml of 30% v/v PercollR in thick polycarbonate Beckman
Ti70 tubes. Centrifugation for 1 h at 27,000 rpm (65,000 ×g) resulted in
separation of two clearly visible layers. The upper layer represented the
plasmamembrane fraction (PM), the lower layer represented themito-
chondria. The upper layer was diluted 1:4 in distilled water and centri-
fuged in Beckman Ti70 rotor for 2 h at 50,000 rpm(160,000×g). The PM
sediment was removed from the compact, gel-like sediment of PercollR,
re-homogenized by hand in a small volume of 50 mM Tris–HCl, 3 mM
MgCl2, 1 mM EDTA, pH 7.4 (TME medium), snap frozen in liquid nitro-
gen and stored at −80 °C until use. Protein concentration was deter-
mined by Lowry method using bovine serum albumin as standard.

2.9. Steady-state fluorescence anisotropy of DPH

PercollR-purified PMs were labeled with DPH by the fast addition
(under mixing) of 1 mM DPH in freshly distilled acetone to the mem-
brane suspension (1 μM final concentration, 0.1 mg protein/ml). After
30min at 25 °C, whichwere allowed to ensure the optimum incorpora-
tionof theprobe into themembrane [28], the anisotropy ofDPHfluores-
cence was measured at Ex 365 nm/Em 425 nm wavelengths. Under
these conditions, the fluorescence intensity of the membrane-bound
DPH was≈500× higher than that of the unbound, free probe in aque-
ous medium; light scattering problems could be omitted under these
conditions. Steady-state fluorescence anisotropy, rDPH, was calculated
according to the formula: rDPH = (Ivv − Ivh) / (Ivv + 2Ivh) according to
[29,30].

2.10. The time-resolved fluorescence and dynamic depolarization of DPH

Fluorescence lifetime and polarization experiments were per-
formed in a time correlated single photon counting (TCSPC) spectro-
fluorometer IBH 5000 U equipped with a cooled Hamamatsu
R3809U-50 micro-channel plate photomultiplier detector as de-
scribed before [31]. The sample was excited at 373 nm with a diode
laser (IBH NanoLED-375L, FWHM 80 ps, 1 MHz repetition rate). The
emission monochromator was set to 450 nm with slits set to
16 nm. A 400 nm cut-on filter was placed in the emission part of
the instrument to reduce a parasitic light from the laser source. The
sample was continuously mixed and kept at the constant tempera-
ture of 25 °C. The measurement consisted in recording fluorescence
decays at 4 different orientations of the emission and excitation
polarizers. The anisotropy free decay I(t), which we used for the life-
time determination, was obtained as follows:

I tð Þ ¼ Ivv tð Þ þ 2GIvh tð Þ; ð11Þ

where Ivv is the fluorescence decay measured with both excitation
and emission polarized vertically, and Ivh with the vertically polar-
ized excitation and horizontally polarized emission. The G-factor
(G) was determined by measuring a standard solution of POPOP
and calculated as:

G ¼ Ihv tð Þh it
Ihh tð Þh it

; ð12Þ
where Ihv corresponds to the signal measured with horizontally po-
larized excitation and vertically polarized emission, and Ihh to the ex-
citation and emission both polarized horizontally.

In order to obtainfluorescence lifetimes, the I(t)wasfittedwith two-
exponential decay:

I tð Þ ¼ B1 exp −t=τ1ð Þ þ B2 exp −t=τ2ð Þ; ð13Þ

yielding lifetimes τ1 and τ2 and corresponding amplitudes B1 and B2.
The decay of the anisotropy r(t) was determined according to

Eq. (14):

r tð Þ ¼ Ivv tð Þ−GIvh tð Þ
Ivv tð Þ þ 2GIvh tð Þ ; ð14Þ

and fitted with the formula:

r tð Þ ¼ r 0ð Þ−r ∞ð Þð Þ � exp −t=ϕð Þ þ r ∞ð Þ; ð15Þ

where r(0), and r(∞) stand for the limiting anisotropy and residual an-
isotropy, respectively. ϕ, is the rotational correlation time. The anisotro-
py decays were fitted by the non-linear least squares method including
the impulse re-convolution with the instrumental response function
(fwhm ~ 100 ps). χ2 generated by the IBH software package served as
a goodness of fit criterion.

The anisotropy data were analyzed according to the “wobble in
cone” model introduced by [32,33]. Wobbling diffusion constant (Dw)
and S-order parameter were calculated according to Eqs. (16) and (17):

Dw ¼ σ s

ϕ
; ð16Þ

S ¼ r ∞ð Þ
r 0ð Þ

� �1=2
; ð17Þ

where r(0) and r(∞) stand for limiting anisotropy and residual anisotro-
py, ϕ is the rotational correlation time and σs is the relaxation time
which is a function of the S-order parameter.

2.11 . TRH-stimulated [35S]GTPγS binding

Percoll-purifiedmembranes (20 μg protein per assay) were incubat-
ed with (total) or without (basal) increasing concentrations of TRH
(10−9–10−5 M) in a final volume of 100 μl of reaction mix containing
20 mM HEPES, pH 7.4, 3 mMMgCl2, 100 mM NaCl, 2 μM GDP, 0.2 mM
ascorbate and [35S]GTPγS (1 nM, 1250 Ci/mmol) for 30 min at 30 °C.
The binding reaction was terminated by dilution with 3 ml of ice-cold
20 mMHEPES (pH 7.4), 3 mMMgCl2, 100 mMNaCl and immediate fil-
tration throughWhatman GF/C filters on Brandel cell harvester. Radio-
activity remaining on the filters was determined by liquid scintillation
using BioScint cocktail. Non-specific GTPγS binding was determined in
parallel assays containing 100 μM GTPγS. Binding data were analyzed
by GraphPad Prism 4.

When using immunoprecipitation protocol, [35S]GTPγS bindingwas
initiated by the addition of PM to the same assay buffer ± 10 μM TRH
including 1 nM [35S]GTPγS, continued for 15min at 30 °C and terminat-
ed by the addition of 0.5 ml of ice cold buffer containing 20 mMHEPES
(pH 7.4), 3 mM MgCl2 and 100 mM NaCl. These samples were centri-
fuged at 16,000 ×g for 15 min at 4 °C and the resulting pellets were
re-suspended in SLB buffer (100 mM Tris, 200 mM NaCl, 1 mM EDTA,
1.25% Nonidet P-40, 0.2% sodium dodecyl sulfate). Samples were pre-
cleared with Pansorbin (Calbiochem) and immunoprecipitated with
CQ antiserum oriented against C-terminal decapeptide of Gq/G11α. Fi-
nally, the immuno-complexes were washed twice with solubilization
buffer, and bound [35S]GTPγS was determined by liquid-scintillation
spectrometry [34].
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3. Results

3.1. The effect of cholesterol depletion on VTGP cell morphology and
TRH-R-eGFP distribution

Cells grown on glass cover-slips were put on the stage of confocal
microscope equipped with a chamber containing 5% CO2 atmosphere,
heated to 37 °C and treated with 10 mM β-CDX for 30 min. Before and
during theβ-CDX treatment, the “xyz” series of optical sectionswere ac-
quired throughout the cells every 5 min. The typical picture indicating
the detailed VTGP cell morphology and distribution of TRH-R-eGFP
molecules is shown in the left panel of Fig. 1(A). This picture was creat-
ed as an overlay of images acquired before (green) and after (red)
30min of β-CDX exposure. Comparison of these images did not indicate
any significant change of overall cell morphology or TRH-R-eGFP distri-
bution by cholesterol depletion. In the middle panels of Fig. 1(B), fluo-
rescence intensity profiles were scanned along the line marked in the
micrographs; again, these quantitative scans did not reveal any sig-
nificant difference of receptor distribution before (upper) and after
(lower panel) β-CDX exposure.

In the right panels of Fig. 1(C), the cut-outs of images shown in
(B) were magnified and presented in false colors. Obviously, the inten-
sity of fluorescencewas higher at the bases of cell processes and in areas
where the cells were attached to each other than in the remaining areas
of the plasmamembrane where the receptor distribution was homoge-
neous, i.e., in bulk membrane phase. Comparison of β-CDX-untreated
(C, upper panel) and β-CDX-treated (C, lower panel) cells indicated
that this type of distribution, i.e. preferential localization of TRH-R-
eGFP at bases of cell processes and sites of cell overlap, was not altered
by cholesterol depletion. We could therefore conclude that cholesterol
depletion of VTGP cells did not induce any detectable change in distri-
bution of TRH-R-eGFP molecules in the cell membrane, nor in the cell
interior. The unchanged VTGP cell morphology was detected in spite
of the fact that cholesterol level in homogenate prepared from β-CDX-
treated cells was decreased to 68 ± 4% (*, p b 0.05) when compared
with control, β-CDX-untreated cells (data not shown).

3.2. Confocal laser scanning microscopy of VTGP cells before and in the
course of FRAP experiment

Cholesterol depletion causes changes in chemical composition
and physical properties of plasmamembrane [20,28,35]. These changes
should alter the movement of membrane proteins; however, an
alteration of membrane structure could be also caused artificially by
exposure to the high energy of laser beam. Therefore, confocal images
of control (β-CDX-untreated) cells were collected before the bleach
(Fig. 2A), immediately after the bleach (Fig. 2B) and at the end of
fluorescence recovery phase (Fig. 2C). The small circular area marked
ROI indicates the bleached spot of 3 μm in diameter where the data
were collected. Comparison of these three types of images indicated
that under methodological conditions used in our FRAP experiments
(see the next section) the exposure of VTGP cells to the high energy
of incoming laser light did not induce any detectable change of
the whole cell shape and morphology or structure of plasma (cell)
membrane.

3.3. Analysis of TRH-R-eGFP mobility by fluorescence recovery after
photobleaching (FRAP)

In the first set of FRAP experiments, the time-course of recovery of
fluorescence intensity was determined in bleached spots of 2-, 3- and
6 μm in diameter in a total of 64 cells as described in the Materials
andmethods (Section 2.6). All data were collected from confocal planes
corresponding to the optical sections through the Middle of the Cells
(MC mode) using the circular ROI of the same size as the bleached
spot placed in the plasma membrane area. After normalization of
data according to Eq. (1) (Fig. 3A–C), the mobile fractions of receptor
molecules were calculated according to Eq. (2) (Fig. 3D) and the signif-
icance of difference between control (open) and β-CDX-treated (full
symbols) cells was analyzed by unpaired Student's t-test. Comparison
of mobile fractions (Mf) of TRH-R-eGFP molecules in control and
cholesterol-depleted cells did not reveal any significant difference be-
tween the two types of cells when analyzed in 2-, 3- and 6-μm spots
(p N 0.05, NS). Subsequently, the data were normalized according
to Eq. (3) (Fig. 4A–C) and for calculation of diffusion coefficients
(Dapp) these doubly normalized datawere fittedwith amodel consider-
ing the two-dimensional diffusion as described by Soumpasis [22]
(Eq. (4)). The apparent diffusion coefficients (Dapp) were calculated
from the resulting τ values according to Eq. (5) (Section 2.6).

As shown in Fig. 4D and Table 1 (MC mode1st), the obtained appar-
ent diffusion coefficients were virtually the same in 2- and 3-μm spots
and not different from each other in control and β-CDX-treated cells.
The value of Dapp in 6 μm spot was much higher than those in the two
smaller spots and again, there was no significant difference between
control and cholesterol-depleted cells. As far as the large difference be-
tween the numerical values of Dapp determined in 6-μm and two small,
2- and 3-μm spots is concerned, there are two possible explanations
based on different sizes of the bleached spots.

First, in small spots (2- and 3-μm), themeasured fluorescence inten-
sity is more prone to be affected by i) movement of the cells and ii)
inaccuracies arising from introduction of actually unbleached mem-
branes into the recorded position. The probability of occurrence of the
second source of error (ii) is less pronounced in the large 6-μm spot, be-
cause the entering of the same amount of unbleached, fluorescent
membrane into the bleached spot represents a relatively smaller change
of the total signal than in 2- and 3-μm spots. Another possible source of
error is the diffusion of TRH-R-eGFPmolecules proceeding between the
last bleaching pulse and the first recording period. Again, this source of
error is more probable to occur in smaller spots.

Second, the recovery of fluorescence intensity in a large, 6-μm
bleached spot has to be more susceptible to diffusion of fluorescent
molecules from the “out of the focus” planes located above and
below the confocal plane. Altogether, these interferences and possible
sources of error when collecting the primary FRAP data will affect the
numerical values of Dapp even after introduction of the corresponding
controls and double-normalization procedure used for calculation of
Dapp.

Therefore, the results of the first set of FRAP experiments performed
in 2-, 3- and 6-μm spots, which were based on data collected in MC
mode (Table 1, MC mode1st), were verified and extended by the second
set of FRAP experiments analyzing the 3- and 5-μm spots in the same
mode (Table 1, MCmode2nd). However, in this case, datawere collected
from the following two types of ROI:

— circles of 3- or 5-μm in diameter placed at the cell surface containing
the extra- and intracellular spaces around the plasma membrane in
roughly the same proportions (Figs. 5A, C, and 6A),

— rectangles selected within the 3- or 5-μm circles exactly in the plas-
ma membrane area (Fig. 6B) in a similar way as described by
Pucadyil and Chattopadhyay [17].

Comparison of the circle-based and rectangle-based type of analysis
indicated that the signal to noise ratio was higher in the latter (rectan-
gles) than in the former (circles) type of analysis (Fig. 6D). Therefore,
only the rectangle-based analysis was used in the second set of FRAP ex-
periments performed in MC mode (Table 1, MC mode2nd).

We have also collected and analyzed the data from the confocal
plane adjacent to the Glass Support (Table 1, GS mode). This type of
analysis used the circular ROI only because the cell area adjacent to
theGlass Supportwas identicalwith that of the plasmamembrane itself.
Under these conditions of screening, the whole cell area was shining
bright and the signal corresponding to the plasma membrane was
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Fig. 3. Averaged records of recovery of TRH-R-eGFP fluorescence in 2- (A), 3- (B) and 6- (C) μm bleached spots and dependence of mobile fraction of receptor molecules on the bleached
spot size (D). Fluorescence intensity data were collected in control (β-CDX-untreated) (○) and β-CDX-treated (●) cells before the bleach and in the course of recovery phase of FRAP ex-
periment. The spots of three different widths were analyzed: 2 μm (A), 3 μm (B) and 6 μm (C). Average intensities for each ROI were then normalized according to Eq. (1) as described by
Phair et al. [21]. In A (2 μm spot), data represent an average % of pre-bleach intensities collected from 14 control (○) and 12 β-CDX-treated (●) cells; in B (3 μm spot), data represent an
average % of pre-bleach intensities collected from 10 control (○) and 10 β-CDX-treated (●) cells; in C (6 μm spot), data represent an average % of pre-bleach intensities collected from 9
control (○) and 9 β-CDX-treated (●) cells. Thus, the time-course of fluorescence recovery was determined in a total of 64 cells. In (D), the mobile fraction of receptor molecules was
calculated from the data shown in panels A–C according to Eq. (2) (see Materials and methods). The difference between data collected in control (open columns) and β-CDX-treated
(full columns) cells was analyzed by unpaired Student's t-test and found not significant, NS (p N 0.05).
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identical with the total fluorescence of TRH-R-eGFP molecules deter-
mined in the circular ROI of a given size (Figs. 5B, D and 6C).

Collection of primary FRAP data in the second set of FRAP experi-
ments, calculation of Mf and Dapp values and estimation of statistical
significance of the difference between the average Dapp in control and
β-CDX-treated cells were performed in a total of 138 cells (Table 1,
MC mode2nd and GS mode). As before, the mobile fraction of TRH-R-
eGFP molecules was not significantly altered by cholesterol depletion
(data not shown). The numerical values of Dapp were comparable with
those determined in 2- and 3-μm spots in the first set of FRAP experi-
ments (MC mode1st). When viewed together, the values of Dapp were
distributed between 0.115 and 0.271 μm2/s in control cells and between
0.102 and 0.168 μm2/s in β-CDX-treated cells. Surprisingly, when the
doubly-normalized data collected from 5-μm spot, i.e. the Inorm (t)
values calculated according to Eq. (3), were fitted by quadratic polyno-
mial in an interval 0–0.8, a significant decrease of Dapp was noticed in
cholesterol-depleted cells (p b 0.01, Table 1). The same type of analysis
in 3-μm spot indicated no difference between the control and β-CDX-
treated cells.

When compared with previous literature data, the numerical values
of Dapp determined by us corresponded to the results of other authors
(Table 5). The highly significant decrease of Dapp values by cholesterol
depletion was detected for numerous membrane-bound proteins by
Kenworthy et al. [36] and Kusumi et al. [37].
3.4. Analysis of TRH-R-eGFP mobility by raster image correlation
spectroscopy (RICS)

To verify the results obtained by FRAP analysis, the apparent mobil-
ity of TRH-R-eGFP molecules in the plasma membrane of HEK293 cells
treated and untreatedwith β-CDXwas determined by raster image cor-
relation spectroscopy (RICS) [24].

RICS represents an up-to-date methodological approach providing
information about the movement of fluorescent molecules, which may
be used for analysis of diffusion of fluorescent protein molecules within
the two-dimensional space of a fluid membrane. This is performed in a
set of specifically positioned and quickly screened cell images collected
in confocalmicroscope. RICSwas shown to be a complementarymethod
to FRAP [27]. First of all, it is suitable for quantitative characterization of
higher speeds of motion (up to ~500 μm2/s)when comparedwith FRAP
[25]; moreover, it imposes less power on the sample. FRAP, on the other
hand, can determine the immobile fraction of thefluorescentmolecules,
which is eliminated in RICS by subtracting themoving average within a
given set of images. Therefore, we found the combination of these two
methods as a robust tool for capturing the effect of cholesterol depletion
on the TRH-R-eGFP mobility in the plasma membrane.

The depletion of PM cholesterol level by β-CDX changed neither the
values of apparent diffusion coefficients determined by RICS, nor the
ratio of the amplitudes of the correlation function for the horizontal
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Fig. 4.Normalized records of recovery of TRH-R-eGFP fluorescence (A–C) and dependency of apparent diffusion coefficient on the bleached spot size (D). Fluorescence intensity data pre-
sented in Fig. 3A–C were normalized according to Eq. (3) as described in the Materials and methods. Data obtained by analysis of 2 μm (A), 3 μm (B) and 6 μm (C) wide circular spots in
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were fittedwith amodel considering the two-dimensional diffusion as described by Soumpasis [22] according to Eq. (4) using themodified Bessel functions of a given order (seeMaterials
andmethods). Finally, the numerical values ofDappwere calculated according to Eq. (5):Dapp=ω2 / 4 τ, whereω is the radius of the given bleach spot. Data represent the average diffusion
coefficient ± SEM. The difference between control (open) and β-CDX-treated (full) cells was analyzed by unpaired Student's t-test and found not significant, NS (p N 0.05).
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and vertical directions in a significant manner (Fig. 7). In contrast to
FRAP analysis, the mathematical model applied in RICS is derived for a
membrane lying strictly in the focal plane. Therefore, we used data re-
corded near and in parallel to the Glass Support (GS mode) and not in
the cell cross-section (MC mode). The obtained results summarized in
Table 2 show that cholesterol depletion did not significantly alter the
values of Dapp of TRH-R-eGFP molecules in VTGP plasma membrane.
This conclusion opposes the one provided by FRAP for the 5 μm spot.
We assume that the evaluation of the RICS data on this longer “length-
scale” is not as robust as in the case of FRAP. Therefore, changes in the
lateral mobility of TRH-R-eGFP upon cholesterol depletion lie within
the experimental error of the method and thus remain undetectable.

The apparent diffusion coefficients Dapp obtained by RICS were con-
siderably higher than those determined by FRAP (compare Tables 1 and
2). A direct comparison of numerical values of Dapp determined by these
twomethods is, however, questionable because quantitative analysis by
RICS relies on the assumption that the focal volume is strictly Gaussian.
Obviously, this is just a rough approximation in the analysis of plasma
membrane of living cells. Furthermore, RICS requires external calibra-
tion by aqueous solution containing the fluorescent dye, such as Alexa
488. This represents an additional source of error since the refractive
index of the cell interior is differentwhen comparedwithwater. Finally,
both RICS and FRAP trace an overall average of all different types of
motions/movements proceeding in many smaller compartments of
the plasma membrane. Yet, the values of Dapp obtained by RICS are
principallymore defined in terms of spatial recognitionwhen compared
with FRAP, because collection of primary data in the course of FRAP ex-
periment comprises the non-bleached areas of plasma membrane as
well.

3.5. Steady-state fluorescence anisotropy of DPH

Movement of TRH-R-eGFP molecules has to proceed in the hydro-
phobic lipid matrix of the plasma membrane. Therefore, β-CDX-
induced change of “fluidity” of PM isolated from VTGP cells was deter-
mined by measurement of steady-state anisotropy of DPH fluorescence
(rDPH). Direct exposure of PM to increasing concentrations ofβ-CDXwas
reflected in a marked decrease of rDPH values (Table 3A). This indicated
an increase of “membrane fluidity”. The same result was obtained by
measurement of rDPH in PM isolated from control and β-CDX-treated
cells (Table 3B). PM prepared from VTGP cells treated with 10 mM β-
CDX for 30 min at 37 °C exhibited significantly lower rDPH values than
PM prepared from control cells. This decrease was noticed at both tem-
peratures of measurement, 25 °C and 40 °C.

3.6. Studies of hydrophobic plasma membrane interior by dynamic
depolarization of DPH fluorescence

Biophysical state of the PM isolated from control and β-CDX-treated
cells was also studied by analyzing the time-resolved fluorescence of



Table 1
FRAP analysis: dependence of TRH-R-eGFP diffusion coefficient on the bleached spot size.

ROI μm Diffusion coefficient (μm2/s)

Control +β-CDX

MC mode1st (circle-based analysis)
2 μm 0.26 ± 0.06 (N = 14) 0.28 ± 0.04 (N = 12) p N 0.05, NS
3 μm 0.24 ± 0.05 (N = 10) 0.26 ± 0.07 (N = 10) p N 0.05, NS
6 μm 0.57 ± 0.10 (N = 9) 0.53 ± 0.14 (N = 9) p N 0.05, NS

MC mode2nd (rectangle-based analysis)
3 μm 0.124 ± 0.009 (N = 15) 0.138 ± 0.031 (N = 19) p N 0.05, NS
5 μm 0.271 ± 0.022 (N = 19) 0.168 ± 0.012 (N = 17) p b 0.01

GS mode (circle-based analysis)
3 μm 0.115 ± 0.011 (N = 19) 0.102 ± 0.006 (N = 17) p N 0.05, NS
5 μm 0.191 ± 0.009 (N = 16) 0.146 ± 0.012 (N = 16) p b 0.01

Time-course of fluorescence recoverywas determined in bleached spots of three different
sizes: 2 μm(14 control and 12β-CDX-treated cells), 3 μm(10 control and 10β-CDX-treat-
ed cells) and 6 μm (9 control and 9 β-CDX-treated cells) in diameter, respectively.
Thus, the total number of cells analyzed in this first set of data was 64.
In the first set of experiments (MC mode1st), FRAP analysis was performed in bleached
spots of 2-, 3- and 6 μm in diameter as described in the Materials and methods
(Section 2.6). All data were collected from confocal planes through the middle part of
the cells using the circular ROI of the same size as the bleached spot which was placed
in the plasma membrane area (circle-based analysis).
In the second set of experiments, the primary data were collected from 138 cells (69 con-
trol and 69 β-CDX-treated) in two types of ROI: circles of 3- or 5-μm in diameter placed at
the cell surface containing the extra- and intracellular spaces around the plasma mem-
brane in roughly the sameproportions (Fig. 6A) and rectangles, whichwere selectedwith-
in the 3- or 5-μm circles located exactly in the plasma membrane area (Fig. 6B). Results
presented in Table 1 (MC mode2nd) were derived from the rectangle-based analysis be-
cause comparison of the circle-based and rectangle-based type of analysis indicated that
the signal to noise ratio was higher in the latter (rectangles) than in the former (circles)
type of analysis (compare with Fig. 6D).
We have also collected and analyzed the data from the confocal plane adjacent to theGlass
Support (GS mode). This type of analysis used the circular ROI because the cell area adja-
cent to theGlass Supportwas identicalwith that of the plasmamembrane itself. Therewas
no need for selection of rectangles. Under these conditions of screening, the whole cell
area was shining bright and the signal corresponding to the plasma membrane was iden-
tical with the total fluorescence of TRH-R-eGFP molecules determined in the circular ROI
of a given size (Figs. 5B, D and 6C).
Diffusion coefficients were calculated for each size of the bleached spot and mode of
screening as described in the Materials and methods. Data represent the average ± SEM.
The difference between control and β-CDX-treated samples was analyzed by unpaired
Student's t-test. N, the number of cells analyzed in each mode and a given condition of
screening.

789J. Brejchová et al. / Biochimica et Biophysica Acta 1848 (2015) 781–796
DPH in ns range by determination of fluorescence lifetime (τ) and
dynamic depolarization of DPH fluorescence [32,33]. Data presented
in Table 4 indicated a significant decrease of S-order parameter and
increase of wobbling diffusion constant, Dw. This result may be inter-
preted as increased mobility and more chaotically organized plasma
membrane interior in cholesterol-depleted samples of PM. Thus, when
combined with the results of the steady-state measurements of DPH
fluorescence, cholesterol depletion was reflected in a lower friction of
the DPH microenvironment and a higher rate of the DPH rotation.

3.7. Cholesterol depletion attenuates functional coupling of TRH-R-eGFP
with the cognate G-proteins of Gq/G11 family

In the last part of our work, the intrinsic efficacy of TRH-R-eGFPwas
determined by high-affinity [35S]GTPγS binding assay (Fig. 8). When
using the standard assay conditions, PM isolated from both control
(802 ± 46 fmol mg−1) and β-CDX-treated (1112 ± 40 fmol mg−1)
cells exhibited a high basal level of binding which was not increased
by TRH even at 10−5 M concentration (Fig. 8A). This type of result
was expected as the attempts to employ standard membrane [35S]
GTPγS binding assay to measure activation of Gq/G11 family of G pro-
teins by agonist were frequently compromised by the high basal signal
to which the Gq/G11 G proteins contribute only a small fraction. Under
such conditions, significant stimulation of these G proteins is masked
by other contributions [38] because the binding of [35S]GTPγS to
membranes in the absence of agonists represents a combination of
guanine nucleotide exchange proceeding on many different cellular
populations of heterotrimeric G proteins together with other proteins
(e.g. tubulin) that exchange guanine nucleotides.

Therefore, selection of Gq/G11α proteins from the overall pool of
Gα subunits endogenously expressed in HEK293 cells was performed
by immuno-precipitation with Gq/G11α-oriented antibodies. TRH-
stimulated [35S]GTPγS binding was clearly detectable and the net-
increment or % of TRH-stimulation was lower in the plasma mem-
branes prepared from cholesterol-depleted cells than from control
cells (Fig. 8B). The basal level of [35S]GTPγS binding was drastically
decreased in PM prepared from both control (7.3 ± 1.5 fmol mg−1)
and β-CDX-treated (6.6 ± 1.3 fmol mg−1) cells and this low level was
increased by increasing concentrations of TRH with maximum stimula-
tion (360% of the basal level) at 10−5 M TRH. TRH-stimulation was
severely attenuated, to 185% of the basal level, in PM isolated from β-
CDX-treated cells. We could therefore conclude that the unchanged
cholesterol level in PM represents an obligatory condition for optimum
functioning of TRH-R-stimulated cascade, namely, for optimum cou-
pling of TRH-R to the cognate G-proteins of Gq/G11 family.

4. Discussion

FRAP is an established method for examining the translational
mobility of fluorescent molecules in cell membranes [39,40] and, as
reviewed in Table 5, this method was intensively used for characteriza-
tion of the lateralmotions ofmembrane receptor proteins in a variety of
cell types. Kenworthy et al. [36] presented results of an extensive FRAP
study aiming at clarification of the lipid raft hypothesis. Similarly to our
analysis, the apparent diffusion coefficients and fractional mobilities
were measured over large areas of PM in circular spots of 4 μm in diam-
eter designed to be much larger than the assumed size of raft regions
(b50 nm). FRAP measurements were carried out in COS-7 cells. None
of these proteins, however, was a member of 7TM receptor family
such as TRH-R-eGFP. Importantly, FRAP measurements performed by
Kenworthy et al. [36]were carried out as a function of temperature, cho-
lesterol depletion and cholesterol enrichment.

Cholesterol depletion, performed under almost identical conditions
as in our experiments using HEK293 cells (10 mM β-CDX for 30 min),
was reflected in a significant decrease of apparent diffusion coefficients
for both raft and non-raft proteins. The authors concluded that although
models in which a small fraction of raft proteins is found in such do-
mains or partitions rapidly between raft and non-raft regions cannot
be ruled out, the association with rafts is not the dominant factor
governing the overall lateral mobility of membrane proteins. Instead,
the apparent diffusion coefficients were much better correlated with
themanner inwhich the proteinswere anchored to themembrane rath-
er than with their propensity to enter lipid rafts: Dapp (acylated or
prenylated) N Dapp (GPI-anchored) N Dapp (transmembrane).

The detailed FRAP analysis of mobility of serotonin1A receptors
(5HT-1A), using bleached spots of varying sizes (3-, 4-, 5- and 6-μm in
diameter) in control CHO cells [17], was consistent with themodels de-
scribing diffusion of receptor proteins in a homogeneous membrane.
These characteristics were altered in cholesterol-depleted cells in a
manner thatwas consistentwithdynamic confinement of receptormol-
ecules in the plasma membrane. Interestingly, the number of specific
agonist binding sites was increased by cholesterol depletion in intact
cells but decreased in isolated membranes [17].

In this work, we have used CLSM, FRAP and RICS to examine
the structural organization and dynamics of motion of TRH-R-eGFP
molecules in living HEK293 cells. CLSM analysis did not reveal any
change of receptor distribution or intensity of fluorescence signal
induced by cholesterol depletion (Fig. 1). Receptor distribution in the
plasma membrane was homogeneous under both experimental con-
ditions (± β-CDX) and the intensity of fluorescence localized at the
cell surface was unchanged. When discussing this result in the context



1 The absence of an effect of cholesterol depletion on the size of an immobile fraction
suggests that the immobile fraction of TRH-R-eGFPmolecules in VTGP cells is not generat-
ed by recruitment to lipid rafts.
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Fig. 5. Confocal microscopy images of VTGP cells in the course of the second set of FRAP experiments; analysis of 3- and 5-μm spots in MC and GS modes. Pictures of the cells and 3-μm
bleached spot (red circle) in confocal plane placed through theMiddle of the Cell (A,MCmode) or in confocal plain situated close to theGlass Support (B, GSmode) before the bleach (left),
immediately after the bleach (middle) and after recovery of TRH-R-eGFP fluorescence (right). Pictures of the cells and 5-μm bleached spot (red circle) in MC mode (C) or in GS mode
(D) before the bleach (left), immediately after the bleach (middle) and after recovery of TRH-R-eGFP fluorescence (right). In order to obtain satisfactory data in GS mode, the confocal
plane had to be carefully chosen in an optimum distance from the glass because the data collected from the plane in too close apposition to the glass surface were obscured by the
high intensity light scattered from the glass surface. Note please that in GS mode the whole cell area was shining because the TRH-R-eGFP fluorescence signal in the plasma membrane
was identical with the signal collected from the cell surface.
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of domain-like organization of the cell membrane, this could mean ei-
ther that a negligible portion of receptormolecules was actually present
inmembrane domains, or the size of these structures was under the de-
tection limit of our fluorescence microscope.

Fully in line with the simple CLSM screening of VTGP cell morpholo-
gy, the first set of our FRAP experiments did not reveal any significant
alteration of receptormobility by cholesterol depletion. Themobile frac-
tion of receptor molecules (Mf) determined in bleached spots of differ-
ent sizes (2-, 3- and 6-μm) was unchanged as the number of mobile
receptor molecules expressed as % of the pre-bleach intensity in a
given spotwas not affected byβ-CDX treatment (Fig. 3). The same result
was obtained when apparent diffusion coefficients of TRH-R-eGFP mol-
ecules (Dapp) were calculated by fitting the data withmodel considering
a two-dimensional diffusion [22]: there was no significant difference of
Dapp values between the control and cholesterol-depleted cells [Fig. 4
and Table 1 (MC mode1st)].

The results of thefirst set of our FRAP experimentswere subsequent-
ly extended and verified by an independent analysis of 3 and 5 μmspots
which was represented by the new way of collection of primary data,
calculation of Dapp and analysis of statistical significance of differences
between control and β-CDX-treated cells [Figs. 5–6 and Table 1 (MC
mode2nd and GS mode)]. As before, the mobile fraction of receptor
molecules (Mf) was not affected by cholesterol depletion.1 However,
when the doubly-normalized data collected from 5-μm spots were



Fig. 6.Methodology of FRAP analysis in the second set of experiments; the circle-based and rectangle-based procedures for collection of primary data from3- and 5-μmspots. (A, B) Picture
of theVTGP cells in confocal plane positioned through themiddle part of these cells, i.e., inMCmode. In (A), the 3-μmspot (red circle) containing the extra- and intracellular spaces around
the plasmamembrane in roughly the same proportions, is shown. Thewhole cell area (marked by a pink line)was in this case screened for photobleaching correction and the background
signal was collected from the extracellular space areamarked by the yellow square. In (B), the picture of the same VTGP cell and the same 3-μm spot (red circle) is shown, however, in this
case, the rectangular area (white rectangle) was selected within the 3-μm spot so that it was placed directly into the plasma membrane. In this case, the plasma membrane area only
(surrounded by a pink line)was screened for the photobleaching correction, i.e., not thewhole cell. As in (A), the background signalwas collected from the extracellular space areamarked
by the yellow square. (C) Picture of the different sets of VTGP cells and 3-μm spot (red circle) screened in the confocal plane adjacent to the Glass Support, i.e. in GSmode. As in Fig. 5, the
whole cell area was shining because the TRH-R-eGFP signal in the plasma membrane was identical with the signal collected from the cell surface. The whole cell area was screened for
photobleaching correction (marked by a pink line) and the background signal was again collected from the yellow square. (D) The signal to noise ratio was calculated for both the circle-
(A) and rectangle- (B) based types of analysis of 3-μmand 5-μmspots and expressed as average±SEM; *, p b 0.05; ***, p b 0.001. The rectangle-based collection of primary data produced a
higher signal to noise ratio when compared with circle-based analysis.
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fitted by quadratic polynomial in an interval of 0–0.8, a significant de-
crease of Dapp was noticed in cholesterol-depleted cells (p b 0.01,
Table 1). The same type of analysis in 3-μmspots indicated nodifference
between control and β-CDX-treated cells.

So, finally, we did obtain a result which was in agreement with data
reported by other authors for numerous membrane bound proteins
including GPCR [36,37,41] and which may be clearly interpreted in the
terms of “corral” or “membrane-skeleton fence” model of plasma
membrane organization [37,42]. The difficulties we observed with the
detection of alteration of Dapp values by cholesterol depletion may be
attributed to the small amount of TRH-R-eGFP present in membrane
domain/raft region of PM under control conditions.

The numerical values of average diffusion coefficients determined
by RICS in control and β-CDX-treated cells were higher than those
determined by FRAP and not significantly different from each other
(Fig. 7 and Table 2). This result was similar to that obtained in the first
set of FRAP experiments (Table 1) and may be explained simply by
the high experimental error of these two methodological approaches
when applied to the analysis of lateral mobility of receptor molecules
proceeding over long distances in large areas of plasma membrane.
We assume that the evaluation of the RICS data on the “long-length
basis” (5 μm) is not as robust as in the case of an optimum setup and cal-
culation of Dapp performed in the second set of FRAP experiments. The
small decrease of lateral mobility of TRH-R-eGFP molecules by choles-
terol depletion was lost within the high experimental error of RICS
method and remained undetected.

Taken together, the results of FRAP and RICS analyses of VTGP
cells were compatible with our previous results [9] indicating a very
small amount of TRH-R-eGFP in detergent-resistant membrane
domains. When discussing this result, it might be suggested that at
high-expression level of TRH-R-eGFP in the cell, the domain-bound
pool of receptors would be increased and, consequently, a large change
of receptor mobility within the plane of membrane could be noticed
[36]. However, under such conditions, it is unlikely that the func-
tional characteristics of TRH-R-eGFP signaling cascadewould be compa-
rable to those of TRH-R in native cells [18,19]. The [3H]TRH binding
studies performed with VTGP cells indicated the Kd for TRH of 3.8 ±
1.2 × 10−8 M with expression level of 120,000 copies per cell. This ex-
pression level was very close to the TRH-R content in GH3 cells, a clonal
strain of functional pituitary cells derived from a rat pituitary tumor.
GH3 cells endogenously express 130,000 molecules of TRH-R per cell
[43].



Fig. 7. Raster image correlation spectroscopy (RICS). (A) Cross-sections of the representa-
tive autocorrelation function G(ξ, ψ) in the horizontal (along the x-axis) and vertical
(along the y-axis) directions. (B) Average diffusion coefficients D ± S.D. in control
(open) and β-CDX-treated (full) VTGP cells. The difference between control (open) and
β-CDX-treated (full) cells was analyzed by unpaired Student's t-test and found not signif-
icant (p N 0.05, NS).

Table 3
Steady-state anisotropy of DPH fluorescence.

A. Direct effect of increasing concentrations of β-CDX

β-CDX concentration rDPH ± SEM

0 mM 0.231 ± 0.005
2.5 mM 0.212 ± 0.008
5 mM 0.194 ± 0.006
10 mM 0.189 ± 0.005

B. Plasma membranes isolated from control and β-CDX-treated VTGP cells

β-CDX concentration rDPH ± SEM

25 °C 40 °C

0 mM 0.216 ± 0.002 0.174 ± 0.002
10 mM 0.203 ± 0.003 0.149 ± 0.003

A. PM prepared from control VTGP cells was exposed to increasing concentrations of β-
CDX (2.5, 5 and 10 mM) for 30 min at 25 °C, labeled by DPH (1 μM, 30 min), and rDPH
values were determined as described in the Materials and methods. Numbers represent
the average ± SEM.
B. VTGP cells were cultivated to 60–70% confluency in 14flasks (80 cm2), divided into two
portions (7plus 7flasks) and either treated (+β-CDX) or untreated (control)with 10 mM
β-CDX for 30 min at 37 °C. Subsequently, both β-CDX-treated and control cells were har-
vested by centrifugation for 10 min at 1800 rpm, snap frozen in liquid nitrogen and stored
at−80 °C. To prepare sufficient amount of frozen cell paste for purification of PM, three
such cultivation procedures were made. PM was prepared from control (3 × 7 flasks)
and β-CDX-treated (3 × 7 flasks) cells by centrifugation in Percoll gradient (2 plus 2
tubes) as described in the Materials and methods.
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We do not exclude the possibility of detection of quantitatively
large alteration of TRH-R-eGFP mobility by cholesterol depletion if
more suitable biophysical methods were used for analysis of receptor
Table 2
Diffusion coefficients determined by raster image correlation spectroscopy (RICS).

Diffusion coefficient (μm2/s)

Control +β-CDX N (C, +β-CDX) p

GS mode 0.79 ± 0.09 0.85 ± 0.10 32, 21 NS, p N 0.05

Numbers represent the average value of apparent diffusion coefficient ± SEM. C, control
cells; β-CDX, β-CDX-treated cells. N, number of cells analyzed in a givenmode. The differ-
ence between control and β-CDX-treated samples was analyzed by unpaired Student's t-
test and found not significant, NS (p N 0.05). The data were collected near the Glass
Support (GS mode). The excitation light (488 nm) was focused onto the sample in a con-
focal manner and the emitted light was collected onto the detector. The spatial distribu-
tion of the emitted light was considered as Gaussian with the beam waist radius (1/e2)
ω0 of 280 nm. The scanning was performed on the overall area of 12.8 × 12.8 μm in
order to gain reasonable statistics on the larger part of the plasma membrane. However,
a meaningful correlation was observed within approximately 0.6 μm and 0.4 μm in the
horizontal and vertical directions, respectively. The obtained apparent diffusion coeffi-
cients are therefore calculated from this region, which is considerably smaller compared
to the bleached spots analyzed in FRAP experiments.
movements. Polarized FRAP can provide information about rotational
as opposed to lateral mobility of membrane constituents as it has been
reported that rotationalmotions ofmembrane proteins and lipid probes
are much more sensitive to differences in membrane composition than
lateral motions [44–46].

The extensive literature data dealing with the problem of localiza-
tion of GPCR in membrane domains indicate that some receptors are
localized in membrane domains/rafts under control conditions or re-
localized into or out of the domains as a consequence of agonist stimu-
lation [47–65]. In the case of δ-OR, cholesterol reduction by methyl-β-
CDX attenuated receptor-initiated signaling in neuronal cells but
enhanced it in non-neuronal cells [66]. More importantly, δ-OR in
resting state was enriched in phosphatidylcholine bilayers, whereas
the activated receptor was concentrated in sphingomyelin bilayers
characterized by greater thickness [67]. Since it is known that receptor
activation involves a change in the orientation of TMhelices [68] leading
to an increase of receptor vertical length along an axis perpendicular
to the plane of the plasma membrane, it was hypothesized that agonist
binding redistributed the receptor from phospholipid bilayer to
membrane domains enriched in sphingomyelin-enriched bilayer [69].
The driving force for receptor redistribution comes from the increased
hydrophobic match of the elongated receptor with the thicker
sphingomyelin-enriched bilayer, a sorting mechanism that has previ-
ously been observed in other subcellular compartments [70,71]. It was
also shown that β2-ARs are organized in dimeric complexes whose
Table 4
Dynamic depolarization of DPH fluorescence; the time-resolved parameters of DPH
fluorescence.

β-CDX
(mM)

τ1 τ2 r0 r∞ ϕ (ns) S Dw

(ns−1)

0 2.87 10.41 0.324 0.186 4.6 0.73 0.022
2.5 2.49 10.08 0.306 0.145 4.6 0.64 0.029
10 1.96 9.42 0.312 0.099 4.9 0.53 0.035

PM isolated from control VTGP cells was exposed to β-CDX (2.5 and 10 mM) for 30 min at
25 °C and labeled by DPH (1 μM, 30 min). Fluorescence lifetime and parameters of time-
resolved decays of anisotropy of DPH fluorescence were determined as described in the
Materials and methods. τ1 and τ2, short and long components of lifetime of DPH fluores-
cence, r0, limiting anisotropy at time zero, r∞, residual anisotropy, ϕ, rotational correlation
time, S, S-order parameter, Dw, wobbling diffusion constant.
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major interactions are mediated by palmitate residues bridged by cho-
lesterol molecules [72].

The abundant literature data presented in the previous paragraph
indicate clearly that there is not a general rule which might be used
for prediction of the effect of expression level of GPCR on membrane-
domain localization and distribution of 7TM proteins between
domain-bound and bulk-phase (i.e. detergent-soluble) plasma mem-
brane areas in the context of their physiological function. Obviously, in
cells living under optimum conditions in the organism and expressing
a physiological level of GPCRs, the domain-bound pool of a given type
of GPCR has to be properly controlled and a disturbance of an optimum
level has to lead to the alteration of efficiency of signal transmission
pathway further down-stream. In this study, the small decrease of re-
ceptor mobility by cholesterol depletion (Table 1) was associated with
a decrease of efficacy of TRH-stimulated [35S]GTPγS binding to the cog-
nate Gq/G11α proteins (Fig. 8).
Results presented in this work (Tables 1 and 2) together with earlier
literature data [36,40] support the view that FRAPmethod is unlikely to
provide unequivocal information about the existence or nonexistence of
GPCR in raft domains in living cells. Besides the small and highly variable
size of these structures [37], the methodological limitations of FRAP
have to be considered:

(a) data interpretation depends on the geometric details of the beam
shape as well as the fraction of fluorophores initially bleached
[39,73],

(b) FRAP is intrinsically macroscopic, ensemble-averaged method
that may obscure details arising from putative small, dynamic
and submicron lipid rafts. The same applies to RICS.

(c) The lateralmobility ofmembrane proteins is not sensitive to local
viscosity (compare with Tables 3 and 4).

Furthermore, a variety of physiological factors can contribute to
the rate and shape of fluorescence recovery. These factors may include
transient association with relatively stable membrane components
such as cytoskeletal elements, fast membrane traffic between intra-
and extracellular space, diffusion barriers, molecular crowding, hydro-
dynamic interactions, attractive or repulsive nonspecific protein–
protein interactions proceeding in the plane of the membrane, local
non-planarmembrane homologies and local fluctuations in the number
of lipid and protein molecules [40].

Visualization of plasma membrane structure in living cell as a dy-
namic organization of membrane lipids and proteins within i) transient
confinement zones (100–300 nm), nanodomains (20–30 nm), small
fluid regions and caveolae (50 nm) [74] or ii) “hierarchical and dynamic
super-structure” composed of three-tieredmesoscale compartments (2–
300 nm), raft domains (2–20 nm) and complexes of membrane-
associated proteins (3–10 nm) [37,41,42] is compatible with our results
because measurements of recovery of TRH-R-eGFP fluorescence were
carried out in large areas (7–28 μm2) of the plasma membrane (Figs. 5
and 6). Therefore, the overall receptor diffusion/mobility represents
the average of many different types of motions limited by “hops” from
one PM compartment to another. The validity of this statement is
best evidenced by the wide range of numerical values of diffusion
coefficients of TRH-R-eGFP molecules detected in our FRAP and RICS
experiments (Tables 1 and 2) as well as by previous literature data
(Table 5).

In the second part of our work, TRH-R-eGFP movement in PM was
compared with the well-known effect of cholesterol on the structural
and dynamic parameters of the hydrophobic phase of plasma mem-
brane [75]. Cholesterol molecules span approximately half of a bilayer,
preferentially interact with the saturated fatty acid chains of phospho-
lipids and, by increasing the packing and lateral assembly of phospho-
lipids, cholesterol reduces membrane fluidity and increases rigidity
[76,77]. Fully in line with these literature data, the direct exposure of
PM prepared from VTGP cells to increasing concentrations of β-CDX
was reflected in a large decrease of anisotropy of the hydrophobic
membrane probe DPH (rDPH) from 0.231 ± 0.005 to 0.189 ± 0.005
(Table 3A). The change of rDPH induced by 10 mM β-CDX (Δ rDPH =
0.042) was the same as that induced by heating the membranes from
25 to 40 °C (Δ rDPH = 0.042). Accordingly, PM isolated from β-CDX-
treated cells exhibited significantly lower rDPH values than membranes
isolated from control cells (Table 3B). Analysis of DPH fluorescence
thus documented a dramatic “fluidization” of hydrophobic plasma
membrane interior induced by cholesterol depletion.

The interpretation of FRAP and RICS data presented in this work is
compatible with our previous biochemical studies of the raft pool of
TRH-R in detergent-resistant domains (DRMs) [9]. This pool was very
small when compared with the amount of TRH-R in the bulk of plasma
membranes, ≈1–3%. As expected, relative content of caveolin and Gq/
G11α proteins in DRMs was high, about ≈40%. The difference between
TRH-R and 5HT-1A [17]may be simply explained by the large difference



Table 5
Diffusion coefficients of membrane receptors.

Diffusion coefficient Receptor Cell type

0.005 μm2/s
Axelrod et al. [83]

nAChR, fluorescent α-bungarotoxin Rat myotubes

0.08 μm2/s
Levi et al. [84]

NGFR, fluorescent NGF Embryonal chicken sensory cells from DRG, PC-12 cells

0.26 μm2/s
Poo [85]

nAChR, local inactivation by α-bungarotoxin Xenopus embryonic muscle cells

0.15–0.40 μm2/s
Young and Poo [86]

nAChR, local inactivation by α-bungarotoxin Myotomal muscle cell membrane of Xenopus tadpoles

0.4–1.2 μm2/s
Barak et al. [87]

β2-AR GFP fusion protein (β2-AR/S65T/GFP) HEK293 cells

0.12–0.16 μm2/s
Nelson et al. [88]

GnRHR GFP fusion protein (GnRHR-GFP) αT3 and CHO cells

0.21 μm2/s
Lill et al. [89]

NK1R eGFP fusion protein (eGFP-NK1R) HEK293 cells

0.18 μm2/s
Pucadyil and Chattopadhyay [17]

5-HT1A receptor eYFP fusion protein (5-HT1A-R-eYFP) CHO cells

0.12–0.27 μm2/s
Brejchova, Table 1

TRH-R-eGFP, C-terminus eGFP fusion protein (TRH-R-eGFP) HEK293 cells

β2-AR, β2-adrenergic receptor; CHO, Chinese hamster ovary; DRG, dorsal root ganglion; eGFP, enhanced green fluorescent protein; eYFP, enhanced yellow fluorescent protein; GnRHR,
gonadotropin-releasing hormone receptor; HEK, human embryonic kidney; 5-HT, 5-hydroxytryptamine; nAChR, nicotinic acetylcholine receptor; NGF, nerve growth factor; NGFR,
nerve growth factor receptor; NK1R, neurokinin 1 receptor; PC-12 cells, pheochromocytoma cell line; TRH-R, thyrotropin-releasing hormone receptor.
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in the relative content of these receptors in membrane domains: 1–3%
in the case of TRH-R [9] versus 33% for 5HT-1A [78,79].

5. Conclusions

1) The effect of cholesterol depletion on lateral mobility of fully func-
tional TRH-R-eGFP molecules stably expressed in HEK293 cells [18,
19] may be interpreted by preferential localization of TRH-R in the
bulk of PM which is soluble in non-ionic detergents such as Triton
X-100 at 0 °C [9]. The bulk of PM in living cells is composed ofmem-
brane compartments separated from each other by fences represent-
ed by cytoskeleton network attached to the intracellular side of the
membrane. Perturbation of PM integrity by cholesterol depletion
[9,11] results in the release of a small amount of receptor molecules
from rafts into the bulk of plasmamembrane. This redistributed pool
is difficult to detect because the alteration of an overall mobility of
the total receptor population in PM is small when compared to the
high experimental error of FRAP and RICS methods applied to the
analysis of large areas of PM. Consequently, a significant decrease
of Dapp values by cholesterol depletion may be detected only under
special conditions of collection, analysis and calculation of FRAP
data.

2) A decrease of PM cholesterol level results in the release of Gq/G11-
proteins from membrane domains to the bulk of PM. Gq/G11-
proteins are in the resting state present in the domains in high
amount and structural order [9,80] and exposed to inhibition by cav-
eolin [81,82]. This may explain why the basal level of [35S]GTPγS
binding was increased in PM isolated from cholesterol-depleted
cells (Fig. 8A). Here, G proteins randomly meet receptors moving
at high speed within a given membrane compartment (Tables 1, 2
and 5). The functional coupling of Gq/G11with TRH-R-eGFP proceeds
under such (artificial) conditions with lower efficacy than in PM
containing intact, properly organized membrane domains (Fig. 8B).
Accordingly, the affinity of Gq/G11α response to TRH stimulation
was decreased by one order of magnitude in PM isolated from
HEK293 cells stably expressing TRH-R and a large amount of G11α
[11].
Similar datawere obtained in PM isolated from cholesterol-depleted
HEK293 cells stably expressing δ-OR-Gi1α (C351I) fusion protein
[28]: receptor coupling to both covalently bound, PTX-insensitive
Gi1α (C351I) and endogenously expressed Gi/Go proteins proceeded
with one order of magnitude lower affinity than in PM prepared
from control cells.
3) Fully in line with previous literature data [8,77], degradation of
membrane domains by β-CDX treatment resulted in a large increase
of “membrane fluidity” of hydrophobic PM interior. This was evi-
denced by a decrease of steady-state anisotropy of hydrophobic
membrane probe DPH (Table 3). More detailed analysis of fluores-
cence lifetime (τ) and dynamic depolarization of DPH in the same
PM indicated a significant decrease of τ, large decrease of residual
anisotropy (r∞) as well as of S-order parameter. Wobbling diffusion
constant (Dw) was increased (Table 4). Similar effects of cholesterol
depletion on hydrophobic PM matrix were found in HEK293 cells
stably expressing δ-OR–Gi1α (C351I) fusion protein [28].

4) The unchanged, intact state of plasma membrane represents an
obligatory condition for an optimum functioning of TRH-initiated
signaling cascade. Distortion of an optimum composition and struc-
tural order of PM results in deterioration of the efficacy of coupling
between TRH-R and the cognate Gq/G11 proteins.
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