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Differential Membrane Dipolar 
Orientation Induced by Acute and 
Chronic Cholesterol Depletion
Parijat Sarkar1, Hirak Chakraborty1,2 & Amitabha Chattopadhyay1

Cholesterol plays a crucial role in cell membrane organization, dynamics and function. Depletion of 
cholesterol represents a popular approach to explore cholesterol-sensitivity of membrane proteins. 
An emerging body of literature shows that the consequence of membrane cholesterol depletion often 
depends on the actual process (acute or chronic), although the molecular mechanism underlying the 
difference is not clear. Acute depletion, using cyclodextrin-type carriers, is faster relative to chronic 
depletion, in which inhibitors of cholesterol biosynthesis are used. With the overall goal of addressing 
molecular differences underlying these processes, we monitored membrane dipole potential under 
conditions of acute and chronic cholesterol depletion in CHO-K1 cells, using a voltage-sensitive 
fluorescent dye in dual wavelength ratiometric mode. Our results show that the observed membrane 
dipole potential exhibits difference under acute and chronic cholesterol depletion conditions, even when 
cholesterol content was identical. To the best of our knowledge, these results provide, for the first time, 
molecular insight highlighting differences in dipolar reorganization in these processes. A comprehensive 
understanding of processes in which membrane cholesterol gets modulated would provide novel insight 
in its interaction with membrane proteins and receptors, thereby allowing us to understand the role of 
cholesterol in cellular physiology associated with health and disease.

Biological membranes are complex, non-covalent, highly organized, two-dimensional assemblies of a diverse 
variety of lipids and proteins that allow confinement of intracellular contents in selective compartments. They 
impart an identity to individual cells and organelles, besides providing an appropriate environment for proper 
functioning of membrane proteins. A major representative lipid in higher eukaryotic cellular membranes is cho-
lesterol which is the end product of a long and multistep sterol biosynthetic pathway that parallels sterol evolu-
tion1, 2. Understanding the role of cholesterol is important to gain insight into membrane structure, function, 
organization and dynamics3–5. This is evident from the range of effects it exerts on membranes such as modu-
lation of membrane order, extent of water penetration and membrane thickness6–9. Cholesterol is often found 
distributed nonrandomly in domains or pools in biological and model membranes3, 10–14. Many of these domains 
(sometimes termed as ‘lipid rafts’) are believed to be important for the maintenance of membrane structure and 
function. The idea of such specialized membrane domains assumes significance in cell biology since many phys-
iologically important functions such as membrane sorting and trafficking15, signal transduction processes16, in 
addition to the entry of pathogens17, 18 have been attributed to these domains.

Dipole potential is an important electrostatic property of organized molecular assemblies (such as membranes 
and micelles). The origin of dipole potential is the electrostatic potential difference within the assembly due to 
the nonrandom arrangement of amphiphile dipoles and solvent (water) molecules at the assembly interface19–24. 
Dipole potential has received relatively less attention in the literature as opposed to transmembrane and zeta 
potential, and its role in membrane protein function25 has not been comprehensively addressed. Depending on 
the orientation of electric dipoles at the membrane interface, the magnitude of dipole potential has been esti-
mated to be 200–1000 mV. Since dipole potential is operative over a relatively small distance within the mem-
brane, the electric field generated due to dipole potential could be very large (~108–109 Vm−1)20–23.

In this work, we have explored the possible correlation between cell membrane cholesterol content and mem-
brane dipole potential, under conditions of acute (e.g., by using carriers such as methyl-β-cyclodextrin (MβCD)) 
and chronic (metabolic depletion using cholesterol biosynthetic inhibitors) cholesterol depletion. In order to 
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understand the mechanistic framework of membrane organization accompanying modulation of membrane cho-
lesterol, we carried out dipole potential measurements of CHO-K1 cells by a dual wavelength ratiometric imaging 
approach using an electrochromic probe di-8-ANEPPS26–30. Interestingly, membrane cholesterol has been shown 
to increase dipole potential in model and natural membranes25, 29, 30 in a stereo-specific manner31. In spite of these 
important structural correlates, the molecular mechanism underlying the modulation of membrane cholesterol is 
not clear, particularly with reference to the manner in which depletion is carried out (acute vs. chronic). We show 
here, by measurement of membrane dipole potential, that dipolar reorganization could be very different in acute 
and chronic cholesterol depletion, even when the extent of cholesterol depletion is identical.

Results
Concentration-dependent cholesterol depletion from cell membranes by MβCD. Modulation 
of membrane cholesterol has proved to be an important tool to address cholesterol-dependent function of mem-
brane proteins. For example, we have previously shown that membrane cholesterol is required for the organiza-
tion and function of the serotonin1A receptor, an important member of the G protein-coupled receptor family 
(GPCR)32, 33. This was shown by the depletion of membrane cholesterol either in an acute34, 35 or chronic36, 37 
manner. Acute cholesterol depletion is achieved by physical depletion of cholesterol using carriers such as MβCD, 
a water soluble carbohydrate polymer that can selectively and efficiently extract cholesterol from membranes by 
including it in a central nonpolar cavity38, 39. Figure 1a shows cholesterol content in membranes of cholesterol-de-
pleted CHO-K1 cells. Upon treatment with increasing concentration of MβCD, the cholesterol content of cell 
membranes shows progressive reduction. For example, cholesterol content was reduced to ~70% of control (with-
out treatment) upon treatment of membranes with 2.5 mM MβCD. Maximum (~50%) reduction in cholesterol 
content was achieved with 10 mM MβCD (see Fig. 1a). The concentration range of MβCD was carefully chosen 
to minimize replenishment of membrane cholesterol during the experiment and to avoid loss of phospholipids. 
The change in phospholipid content under these conditions was negligible, even when 10 mM MβCD was used 
(see Fig. S1).

Chronic cholesterol depletion upon statin treatment. Membrane cholesterol depletion using MβCD 
suffers from a number of limitations38, 40. A major limitation is that cholesterol depletion using MβCD is an 
acute process due to the relatively short time of treatment. Acute cholesterol depletion therefore may not be a 
faithful indicator of physiologically relevant cholesterol modulation due to its short time scale. On the other 

Figure 1. Membrane cholesterol depletion upon acute or chronic treatment. Effect of increasing concentration 
of (a) MβCD and (b) lovastatin on cholesterol content of CHO-K1 cell membranes. Values are expressed as 
percentage of cholesterol content for cell membranes in the absence of MβCD or lovastatin treatment. Data 
represent means ± S.E. of at least three independent measurements (* and *** correspond to significant 
(p < 0.05 and p < 0.001) difference in cholesterol content of MβCD or lovatstatin-treated cell membranes 
relative to untreated membranes). See Methods for other details.
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hand, metabolic (chronic) depletion of cholesterol is typically achieved using inhibitors of cholesterol biosynthe-
sis such as statins. Statins are a class of molecules that act as competitive inhibitors of HMG-CoA reductase, the 
rate-limiting key enzyme in the cholesterol biosynthetic pathway41, 42. Statins are top selling drugs globally and in 
clinical history43. They are extensively used as oral cholesterol lowering drugs to treat hypercholesterolemia and 
dyslipidemia41. Lovastatin is a commonly used statin which lowers cholesterol content by inhibiting HMG-CoA 
reductase. Since cholesterol lowering (depletion) by statins takes place over a relatively long period of time, it 
represents a chronic process, and is physiologically more relevant37, 44. Figure 1b shows that upon treatment of 
CHO-K1 cells with increasing concentrations of lovastatin, the cell membrane exhibits progressive reduction in 
cholesterol content, and ~13% of cholesterol is metabolically depleted when 10 μM lovastatin was used. Control 
experiments using MTT assay showed that cell viability remained invariant under conditions of acute and chronic 
cholesterol depletion (data not shown).

Cholesterol depletion reduces dipole potential of cell membranes. We utilized the 
voltage-sensitive fluorescent probe di-8-ANEPPS (see inset in Fig. 2c) for estimating dipole potential of control 
and cholesterol-depleted cell membranes. The underlying mechanism for the voltage sensitivity of this probe is 
believed to be electrochromic in nature, leading to a shift of its excitation spectrum, and the shift is proportional 
to the local electric field strength45, 46. The advantage of using di-8-ANEPPS is that it undergoes very slow inter-
nalization47. As a result, the entire fluorescence of di-8-ANEPPS originates from the cell membrane.

Figure 2. Effect of acute cholesterol depletion on membrane dipole potential. (a) Representative confocal 
micrographs of CHO-K1 cells labeled with di-8-ANEPPS (λex = 458 nm (upper panel), and λex = 514 nm (lower 
panel), the emission band pass being 650–710 nm in both cases) with increasing concentrations of MβCD. 
Fluorescence intensity of images was corrected for laser power at two different excitation wavelengths (458 and 
514 nm). (b) The corresponding fluorescence intensity ratio (R) map (color coded in a scale of 0.8–3) under 
these conditions. R is defined as the ratio of fluorescence intensities at an excitation wavelength of 458 nm 
to that at 514 nm (emission band pass at 650–710 nm in both cases) and was calculated using ImageJ (NIH, 
Bethesda, MD). (c) Effect of increasing concentration of MβCD on the R value (means ± S.E.), averaged over at 
least fifteen independent measurements (*** corresponds to significant (p < 0.001) difference in R). The inset 
shows the chemical structure of di-8-ANEPPS. The scale bar indicates 10 μm. See Methods for more details.
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Figures 2a and 3a show representative confocal micrographs of di-8-ANEPPS- labeled CHO-K1 cells using 
two excitation wavelengths (458 and 514 nm, upper and lower panels, respectively) and emission collected using 
a 650–710 nm band pass (for both excitation wavelengths), with increasing concentrations of MβCD or lovasta-
tin, respectively. The useful parameter in this method of dipole potential measurement is the fluorescence ratio 
(R) which is the ratio of fluorescence intensities at two different excitation wavelengths with emission wave-
length being fixed at the same wavelength. This ratio is sensitive to any change in the dipolar field where the 
potential-sensitive probe di-8-ANEPPS is localized, and is independent of specific molecular interactions26, 48. 
Figure 2b shows a representative map of R (calculated from the ratio of fluorescence intensities from two panels 
in Fig. 2a) of CHO-K1 cell membranes under conditions of acute cholesterol depletion using increasing concen-
tration of MβCD. Figure 2b shows that there is progressive reduction in R with increasing MβCD concentration, 
i.e., with decreasing membrane cholesterol. To obtain a quantitative estimate of R, averaged over a large number 
of cells, we plotted R (averaged over fifteen different fields) with increasing MβCD concentration (see Fig. 2c). The 
figure shows progressive decrease in R with increasing cholesterol depletion, in overall agreement with Fig. 2b. 
This is in agreement with previous work by us25, 30 and others29 where cholesterol was shown to increase dipole 
potential in membranes. Figure 2c shows ~33% reduction in R in cell membranes treated with 10 mM MβCD 
(corresponding to a ~50% reduction in membrane cholesterol, see Fig. 1a).

Figure 3. Effect of chronic cholesterol depletion on membrane dipole potential. Representative confocal 
micrographs of CHO-K1 cells labeled with di-8-ANEPPS (λex = 458 nm (upper panel), and λex = 514 nm (lower 
panel), the emission band pass being 650–710 nm in both cases) with increasing concentrations of lovastatin. 
Fluorescence intensity of images was corrected for laser power at two different excitation wavelengths (458 and 
514 nm). (b) The corresponding fluorescence intensity ratio (R) map (color coded in a scale of 0.8–3) under 
these conditions. R is defined as the ratio of fluorescence intensities at an excitation wavelength of 458 nm 
to that at 514 nm (emission band pass at 650–710 nm in both cases) and was calculated using ImageJ (NIH, 
Bethesda, MD). (c) Effect of increasing lovastatin concentration on the R value (means ± S.E.), averaged over at 
least fifteen independent measurements (*** corresponds to significant (p < 0.001) difference in R). The scale 
bar indicates 10 μm. See Methods for more details.
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Figure 3 shows the corresponding change in dipole potential (R) under conditions of chronic cholesterol 
depletion using lovastatin. The change in R upon chronic depletion (with increasing concentration of lovastatin) 
is shown in Fig. 3b (in a chosen field) and Fig. 3c (averaged over fifteen fields). The decrease in R under these con-
ditions was ~24% relative to control membranes. Interestingly, we observed that the change in membrane dipole 
potential upon cholesterol depletion was reversed upon replenishment with cholesterol (see Figs S2 and S3).

Differential membrane organization revealed by change in dipole potential under acute and 
chronic cholesterol depletion. Work from a number of laboratories have demonstrated the crucial role of 
membrane cholesterol in the function of membrane proteins and receptors32, 33, 49–55. However, the detailed mech-
anism underlying the effect of membrane cholesterol on the structure and function of membrane proteins appears 
complex56, 57. A popular approach to explore cholesterol-sensistivity of membrane proteins has been depletion 
of membrane cholesterol, followed by monitoring membrane protein function. As mentioned above, this can 
be achieved by acute34, 35, 58–63 or chronic36, 37, 44, 63–65 depletion of membrane cholesterol. Interestingly, the con-
sequences of acute and chronic cholesterol depletion are often different66–72 and this has resulted in a discussion 
on the molecular mechanism underlying these processes. For example, these two processes (acute and chronic 
depletion) have very different consequences on the organization of GPI-anchored proteins and caveole66, activ-
ity of Na-Pi cotransporter69, and induction of autophagy71. In addition, membrane dynamics (lateral diffusion) 
appears to be differentially modulated, depending on the actual process of cholesterol depletion67, 68, 70. We have 
previously shown that the function34, 37 and oligomerization72 of GPCRs such as the serotonin1A receptor exhibit 
differential response to the actual process of cholesterol modulation.

A closer inspection reveals that the process of cholesterol depletion by agents such as MβCD differs signif-
icantly from chronic cholesterol depletion using cholesterol biosynthetic inhibitors such as lovastatin. A hall-
mark of membrane cholesterol is its nonrandom distribution in domains (or pools) in biological and model 
membranes13, 14, 73, 74. Cholesterol depletion using carriers such as MβCD is known to be a multiphasic process, 
characterized by differential efficiency of extracting cholesterol from various membrane domains38, 75, 76. There 
appears to be little consensus regarding (differential) extraction efficiency of agents such as MβCD in relation 
to domain organization of membrane cholesterol and specific experimental conditions used play an important 
role39, 66, 76–78. Although it has been recently reported that acute cholesterol depletion results in loss of cholesterol 
preferentially from liquid-disordered regions in model membranes77, 78, this does not appear to be true in the 
complex and heterogeneous cellular environment where MβCD does not appear to extract cholesterol preferen-
tially from any specific type of membrane fraction (domain)79. On the other hand, chronic cholesterol depletion 
using biosynthetic inhibitors of cholesterol works in a completely different manner by simply reducing the cellular 
production of cholesterol, prior to cholesterol localization in various membrane domains. However, chronic cho-
lesterol depletion is complicated by the fact that the effects could be pleiotropic in nature80 and could even induce 
cell cycle arrest81. In the backdrop of this overall scenario, we addressed fundamental molecular level difference 
between these two processes by measurement of membrane dipole potential.

In order to gain insight into cholesterol-dependent changes in terms of membrane dipole potential, we plotted 
R (a measure of dipole potential, from Figs 2c and 3c) as a function of membrane cholesterol content following 
cholesterol depletion under these conditions (from Fig. 1). This plot is shown in Fig. 4. The figure shows that R 
drops linearly with decreasing membrane cholesterol content in both cases. A striking feature is the difference in 
slope observed under acute (~0.013) and chronic (~0.037) depletion conditions, with ~2-fold higher slope when 

Figure 4. Differential dependence of membrane dipole potential on membrane cholesterol content under acute 
and chronic depletion conditions. A plot of R (a measure of membrane dipole potential, values taken from 
Figs 2c and 3c) with membrane cholesterol content for acute (MβCD; maroon triangle) and chronic (lovastatin; 
blue circle) depletion of cholesterol. The cholesterol content data is from Fig. 1. Data points represent 
means ± S.E. and the lines shown are linear fits. An interesting feature is the difference in slope observed under 
acute (~0.013) and chronic (~0.037) depletion conditions, thereby indicating a stronger dependence of R 
on cholesterol content under chronic depletion condition. The orthogonal projections on the axes show that 
membrane dipole potential could vary appreciably even when membrane cholesterol content is identical. See text 
for more details.
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cholesterol was depleted in a chronic fashion. This indicates stronger dependence of R on cholesterol content 
under chronic depletion condition, implying thereby that there is an intrinsic difference between these two pro-
cesses. When highest concentration (10 μM) of lovastatin was used, ~87% of cholesterol was retained, correspond-
ing to R of ~1.6. A careful inspection of the figure shows that at identical R, ~63% cholesterol remained when 
depletion was carried out in an acute manner. While it has been previously reported that increasing membrane 
cholesterol results in higher membrane dipole potential25, 29, 30, our present work shows that membrane dipole 
potential could depend on the actual process used to deplete cholesterol, and not on absolute cholesterol content 
in the membrane. To the best of our knowledge, these results provide, for the first time, difference between acute 
and chronic cholesterol depletion at the molecular level in terms of membrane dipolar reorientation.

Discussion
A fundamental difference between chronic and acute cholesterol depletion is the kinetics of the process. Chronic 
depletion is a relatively slow process and therefore there is enough time for membrane reorganization, even allow-
ing some of the slowest steps to take place. This will have an effect on membrane dipole potential. Acute depletion, 
on the other hand, is a faster process and membrane reorganization may not be complete under these conditions. 
The fact that results from acute cholesterol depletion varies tremendously with experimental conditions (time of 
treatment, concentration of MβCD and cell type)38 further supports this proposition.

Work from a number of groups has shown that membrane dipole potential is a sensitive indicator of the 
nature of membrane lipid29–31, 82, the function of membrane proteins and peptides25, 28, 83–85 and in monitoring 
lipid-protein interaction86, 87. Interestingly, we recently introduced the concept of membrane dipole potential 
in case of organized molecular assemblies such as micelles and showed that micellar dipole potential is a reli-
able indicator of the process of micellization and shape transition24, 88. In this work, we provide a simple and 
straightforward method to measure dipole potential of cell membranes using commercially available fluorescence 
confocal microscopic set-up. Our results show that membrane dipole potential, in addition to be dependent on 
membrane cholesterol content, could reveal interesting difference in dipolar reorientation of membrane compo-
nents (possibly due to differential membrane reorganization) induced by acute and chronic cholesterol depletion. 
We believe that these results provide novel insight at a molecular level in the complex interplay between choles-
terol and membrane proteins which gets manifested in a variety of biological phenomena. In addition, this could 
be useful in future drug design since statins represent the best selling drugs in clinical history43, 89.

Methods
Materials. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), CaCl2, EDTA, gentamycin sulfate, 
MβCD, 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyl-tetrazolium bromide (MTT), MgCl2, Na2HPO4, penicillin, 
phenylmethylsulfonyl fluoride (PMSF), sodium bicarbonate, streptomycin, and Tris were obtained from Sigma 
Chemical Co. (St. Louis, MO). DMEM/F-12 [Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (Ham) 
(1:1)] and fetal calf serum (FCS) were from Gibco/Life Technologies (Grand Island, NY). Bicinchoninic acid 
(BCA) reagent for protein estimation was from Pierce (Rockford, IL). Lovastatin was obtained from Calbiochem 
(San Diego, CA). 4-(2-(6-(Dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-pyridinium inner salt 
(di-8-ANEPPS) was purchased from Molecular Probes (Eugene, OR). The concentration of stock solution of 
di-8-ANEPPS in methanol was estimated from its molar extinction coefficient (ε) of 37,000 M−1cm−1 at 498 nm46. 
All other chemicals used were of the highest available purity. Water was purified through a Millipore (Bedford, 
MA) Milli-Q system and used throughout.

Cell culture and cholesterol modulation of cells in culture. Chinese Hamster Ovary (CHO-K1) cells 
were maintained in DMEM/F-12 (1:1) supplemented with 2.4 g/l sodium bicarbonate, 10% FCS, and 60 μg/ml 
penicillin, 50 μg/ml streptomycin, 50 μg/ml gentamycin sulfate (complete DMEM) in a humidified atmosphere 
with 5% CO2 at 37 °C. Stock solution of lovastatin was prepared as described previously90. Cells were grown 
for 24 h in complete DMEM and then treated with increasing concentration of lovastatin for 48 h in complete 
DMEM. Control cells were grown under similar conditions in the absence of lovastatin. Acute cholesterol deple-
tion was carried out using MβCD as described previously34. Briefly, cells were grown for 3 days followed by 
incubation in serum-free DMEM for 3 h at 37 °C. Cholesterol depletion was carried out by treating cells with 
increasing concentration of MβCD in serum-free DMEM for 30 min at 37 °C, followed by washing with PBS, 
pH 7.4 buffer. Replenishment of cholesterol to MβCD or lovastatin-treated cells was carried out as decribed 
previosly81.

MTT viability assay. Viability of cells upon cholesterol depletion was assessed using MTT assay as described 
earlier91.

Cell membrane preparation. Cell membranes were prepared as described previously92. Briefly, confluent 
cells were harvested by treatment with ice-cold buffer containing 10 mM Tris, 5 mM EDTA, 0.1 mM PMSF, pH 
7.4. Cells were then homogenized for 10 s at 4 °C at maximum speed with a Polytron homogenizer. The cell lysate 
was centrifuged at 500 x g for 10 min at 4 °C and the resulting post-nuclear supernatant was centrifuged at 40,000 
× g for 30 min at 4 °C. The pellet obtained was suspended in 50 mM Tris buffer, pH 7.4, flash frozen in liquid 
nitrogen and stored at −80 °C till further use. The total protein concentration in the isolated membranes was 
determined using BCA assay93.

Estimation of cholesterol and phospholipid contents. Cholesterol content in cell membranes was 
estimated using Amplex Red cholesterol assay kit94. Total phospholipid content of membranes was determined 
subsequent to digestion with perchloric acid using Na2HPO4 as standard95. DMPC was used as an internal stand-
ard to assess lipid digestion. Samples without perchloric acid digestion produced negligible readings.
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Di-8-ANEPPS labeling of CHO-K1 cells. Membrane dipole potential measurements were carried out 
by dual wavelength ratiometric approach using voltage sensitive fluorescence probe di-8-ANEPPS26–30. Briefly, 
cells were plated at a density of ~104 on glass cover slips and grown in complete DMEM. Following lovastatin or 
MβCD treatment, cells were washed with PBS and stained with 1 μM di-8-ANEPPS in serum-free DMEM for 
30 min at 4 °C. Cells were then washed, fixed with 3.5% (v/v) formaldehyde for 10 min and mounted.

Ratiometric fluorescence imaging. All images were acquired on an inverted Zeiss LSM 510 Meta confocal 
microscope (Jena, Germany) with a 63×/1.4 NA oil immersion objective under 1 airy condition. Di-8-ANEPPS 
labeled CHO-K1 cells were imaged using two excitation wavelengths (458 and 514 nm, corresponding to Argon 
laser lines) with a 650–710 nm emission band pass. The choice of the emission wavelength at the red edge of the 
fluorescence spectrum has previously been shown to rule out membrane fluidity effects27. Fluorescence intensity 
of images was corrected for the laser power at two different excitation wavelengths (458 and 514 nm). The fluo-
rescence intensity ratio (R), defined as the ratio of fluorescence intensities at an excitation wavelength of 458 nm 
to that at 514 nm (650–710 nm emission band pass in both cases) was calculated using ImageJ (NIH, Bethesda, 
MD). A background intensity image was subtracted from the data for each image.

Statistical analysis. Significance levels were estimated using Student’s two-tailed unpaired t-test using 
Graphpad Prism version 4.0 (San Diego, CA). The correlation between fluorescence intensity ratio and membrane 
cholesterol content was analyzed using the same software. Plots were generated using Microcal Origin version 6.0 
(OriginLab, Northampton, MA).
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