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ABSTRACT: Although plasma membrane (PM) cholesterol-rich and -poor domains have been isolated by
subcellular fractionation, the real-time arrangement of cholesterol in such domains in living cells is still
unclear. Therefore, dehydroergosterol (DHE), a naturally occurring fluorescent sterol, was incorporated
into cultured L-cell fibroblasts. Two PM markers, the enhanced cyan fluorescent protein (ECFP-Mem)
and 3′-dioctadecyloxacarbocyanine perchlorate [DiOC18(3)], were used to distinguish DHE localized at
the PM of living cells. Spatial enrichment of DHE in the PM of living cells was visualized in real time
by multiphoton laser scanning microscopy (MPLSM). Quantitative models and image-processing techniques
were developed for statistical analysis of the distribution of DHE within the PM. The PM was resolved
from the cytoplasm in a two-step process, and a smooth trajectory reference of the PM was refined by
statistical regression and moments-based techniques. Thus, DHE intensities over the PM were measured
following the major DHE intensity distributions. Spatial distributions of DHE within the PM were examined
by a statistical inference technique, complete spatial randomness (CSR). For PM regions densely populated
with DHE, the distributions of DHE exhibited statistical arrangements that were notspatial random(i.e.,
homogeneous Poisson process) orregular but, instead, exhibited strongclusterpatterns. In effect, real-
time MPLSM imaging data for the first time demonstrated that sterol enrichment occurred in clustered
regions in the PM, consistent with the existence of cholesterol-rich domains in the plasma membrane of
living cells.

Cholesterol is an essential component of cells and their
membranes; it contributes to membrane permeability, fluidity,
and activity of membrane enzymes or receptors and serves
as a precursor to steroid hormones. Thus, cellular influx and
efflux of this lipid must be tightly regulated to maintain a
dynamic steady state and overall health of the cell. The
mechanism(s) for transmembrane and intracellular cholesterol
transport is (are) still emerging, and few techniques exist
for real-time visualization of these pathways. Resolving the
dynamics of cholesterol transport pathways and how cells
maintain cholesterol homeostasis is critical to basic under-
standing not only of normal cholesterol homeostasis but also
of abnormal cholesterol dynamics associated with athero-
sclerosis, cytotoxicity, Alzheimer’s disease, diabetes, and
obesity (reviewed in refs1-5).

Growing evidence suggests that plasma membrane cho-
lesterol is organized into cholesterol-rich microdomains such
as lipid rafts (e.g., caveolae) that are involved in multiple
cellular functions including cholesterol transport, signaling,
potocytosis, and the action of a variety of toxins (reviewed
in refs6-18). Although the existence of cholesterol-rich and
-poor regions in plasma membranes has been inferred from
biochemical fractionation studies of cell plasma membranes
(19-24) and from model membrane investigations (reviewed

in refs 8 and 25), it has yet to be demonstrated whether
cholesterol is actually distributed into cholesterol-rich and
-poor regions in the plasma membranes of living cells. It is
not known whether such asymmetry is totally random or
exhibits certain spatial “patterns” or “ signatures” that can
be generalized and used for correlation with physiological
functions.

Major impediments to progress in this field have been (i)
the absence of a selective, nonperturbing “tag” to detect
cholesterol and (ii) the lack of noninvasive, nonperturbing
techniques for real-time visualization of cholesterol structures
in biological membranes of living cells. These obstacles have
been overcome by the use of the naturally occurring
fluorescent sterol dehydroergosterol (DHE)1 and multiphoton
laser scanning microscopy (MPLSM).

Dehydroergosterol (DHE) is an intrinsically fluorescent
sterol found in high quantity in membranes of yeast and
sponge (reviewed in refs26 and27). DHE is readily taken
up from the culture medium by microorganisms and cultured
fibroblasts wherein it codistributes with endogenous sterol
among intracellular membranes (replaces nearly 90% of
endogenous membrane cholesterol) without altering cell
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growth, membrane fluidity, or sterol-sensitive enzymes and
proteins in the plasma membrane (reviewed in refs6 and
28-30). Both the structural and functional properties of DHE
closely mimic those of cholesterol in lipoproteins and
membranes (reviewed in refs6, 23, and27-29).

Although the above studies suggest that DHE would be
an excellent probe molecule for detecting sterol and deter-
mining sterol distribution in the plasma membrane of living
cells, unfortunately DHE absorbs in the ultraviolet (300-
325 nm), and visualization of DHE by confocal and
conventional fluorescence microscopy is complicated by
significant photobleaching and toxicity (31, 32). While
ultrasensitive fluorescence video imaging circumvents some
of these problems (33, 34), video images are taken through
the entire thickness of the cell and do not provide cross-
sectional slices necessary for accurate determination of DHE
distribution within the plasma membrane. However, ad-
vancement of recent fluorescence imaging technologies such
as multiphoton laser scanning microscopy (MPLSM) and the
use of nondescanned external detectors (35, 36) has given
researchers the ability to attain high-resolution images of
multiple membrane and cellular forms of DHE in living cells
(23, 31). In contrast to confocal, conventional, and video
imaging which require single photon ultraviolet excitation
(in the range of 300-325 nm) of DHE (31, 33), MPLSM
utilizes infrared radiation and three-photon excitation to
overcome these problems (23, 31, 32, 37).

While MPLSM and DHE can provide high-resolution,
real-time images of plasma membrane sterol in living cells,
an equally important issue is the development of methodol-
ogy for measuring and quantifying the new data. A consistent
mathematical framework must be established for determi-
nation of DHE distributions within the plasma membrane.
One of the noted works related to analysis of the image of
plasma membrane is the spatial-temporal analysis approach
(38), which is based on the image correlation spectroscopy
technique (39). This approach is based on the theory that
the time series of the relative intensity fluctuation of the
signal are inversely proportional to the average number of
independent fluorescent particles per laser beam area (40,
41). The extension from time domain to spatial domain is
particularly valid in a system with “monodisperse particles
of uniform brightness” (38). In lieu of this transformation
to the dynamic environment of the plasma membrane of
living cells, new statistical approaches are necessary for the
following reasons.

First, the thickness of the plasma membrane (<10 nm)
(42) is much smaller than the MP excitation diameter of the
laser beam (∼266 nm), and thus the beam will sample any
aggregated data of the PM and also intracellular/extracellular
components within its proximity. It is unclear whether one
can directly apply the image correlation spectroscopy
techniques on the plasma membranes of living cells, where
organic metabolic processes are quite dynamic. (This system
may not contain monodisperse particles of uniform bright-
ness.)

Second, a central theme of this study is to examine the
very nature of the cholesterol storage and transport under
physiological conditions. It is necessary to employ a hy-
pothesis-based testing approach to determine the spatial
relationship of the observed cholesterol intensity distributions
within the plasma membrane of living cells under physi-

ological conditions where transport and metabolic processes
are not slowed by lowered temperatures (43) and with image
acquisition times of<10 s. New techniques are meant to
utilize typical data acquisition methods with subsequent
calculations to be performed on desktop computers.

The present investigation reports image-processing algo-
rithms combined with statistical analysis methods to deter-
mine the statistical spatial properties of these distributions
of dehydroergosterol (DHE). Cross-checking techniques that
test hypotheses without using a (statistically) biased analysis
methodology are developed for (a) imaging of living cells
using multiple probes that discriminate PM from the intra-
cellular region (cytosol) and (b) image segmentation tech-
niques based on different algorithms. In the present analysis,
the data show for the first time that sterol arrangement in
plasma membranes of living cells was not random but
clustered within specific interaction distances, consistent with
nonuniform distribution of cholesterol in plasma membranes
of living cells.

MATERIALS AND METHODS

Materials

The dehydroergosterol [∆5,7,9(11),22-ergostatetraen-3â-
ol] was synthesized as described elsewhere (44). 1-Palmitoyl-
2-oleoylphosphatidylcholine (POPC) was obtained from
Avanti (Alabaster, AL). Plasmid pECFP-Mem was obtained
from Clontech (Palo Alto, CA). ECFP-Mem contains the
N-terminal 20 amino acids derived from neuromodulin,
which is posttranslationally palmitoylated and selectively
targeted to the plasma membrane. The fluorescent probes
Nile red and Vybrant DiO containing DiOC18(3) (3′-
dioctadecyloxacarbocyanine perchlorate) were obtained from
Molecular Probes (Eugene, OR). All glassware was sulfuric
acid and/or solvent washed.

Methods: (A) Image Acquisition

Cell Culture and OVerexpression of Enhanced Cyan
Fluorescent Protein-Mem (ECFP-Mem).L-cells expressing
ECFP in the plasma membrane were generated by stable
transfection with 1 mg of the plasmid pECFP-Mem (Clon-
tech) using Superfect (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. Twenty-four hours after
transfection, cell cultures were placed on selection medium
containing G418 (700 mg/mL of medium). Resistant clones
were selected and screened by PCR analysis and fluorescence
imaging to ensure stable expression of pECFP-Mem.

Incorporation of Dehydroergosterol into Cultured Cells
OVerexpressing the Plasma Membrane Marker ECFP-Mem.
To establish the distribution of fluorescent sterol at the
plasma membrane of living cells using a plasma membrane
protein marker, the fluorescent sterol dehydroergosterol
(DHE) was incorporated into the cell plasma membranes of
L-cells (L arpt-tk-) and L-cells overexpressing pECFP-Mem.
Cells were cultured in Higuchi medium containing 10% fetal
bovine serum and supplemented with 20µg/mL DHE in the
form of 10 mM 65:35 large unilamellar vesicles of POPC
and DHE (23). The cells were cultured with the DHE for 2
days in two-well Lab-Tek chambered coverglasses (VWR,
Sugarland, TX). Prior to imaging, the cells were washed with
Puck’s buffer.
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Incorporation of Dehydroergosterol and the Lipidic Plasma
Membrane Marker DiOC18(3) into Cultured Cells.The
fluorescent sterol dehydroergosterol (DHE) was incorporated
into the cell plasma membranes of L-cells (L arpt-tk-) or
L-cells overexpressing ECFP-Mem as described in the
preceding section. To determine the distribution of DHE in
the plasma membranes of living cells, the plasma membranes
were labeled with the plasma membrane probe Vybrant DiO
[DiOC18(3)], which was incorporated into L-cells (L arpt-tk-)
according to the manufacturer’s instructions as follows: cell
media supplemented with DHE were removed and 100µL
of staining medium (5µL of Vybrant DiO/mL of medium)
was pipetted into a corner of the coverglass and gently
agitated so that the cells were covered. The coverglass was
incubated at 37°C for 15-20 min and the medium drained
off. This was followed by three wash cycles with fresh warm
culture medium with incubation times of 10 min.

Incorporation of Dehydroergosterol and the Neutral Lipid
Marker Nile Red into Cultured Cells.The fluorescent sterol
dehydroergosterol (DHE) was incorporated into the cell
plasma membranes as described in the preceding section.
Nile red brightly stains neutral lipid droplets and intracellular
structures containing neutral lipids in L-cells (23). To
determine the usefulness of Nile red in resolving the cell

boundary (when using a probe that has bright emission within
the plasma membranes) from intracellular lipid droplets and
membranes of living cells, these cells were also labeled with
Nile red. Nile red was incorporated into L-cells (L arpt-tk-)
and L-cells overexpressing ECFP-Mem by incubating the
cells with 100-400 nM Nile red (Molecular Probes, Eugene,
OR) for approximately 30 min.

Multiphoton Laser Scanning Microscopy (MPLSM).Im-
ages were acquired with a Bio-Rad MRC1024 multiphoton
laser scanning microscopy (MPLSM) system equipped with
Bio-Rad external nondescanned three-channel detectors as
used in Figure 1A or external three-channel detectors
provided by Dr. Warren Zipfel (Cornell University, Ithaca,
NY) (Figure 1B-D). The overall system included an
Axiovert 135 (Zeiss Inc., New York, NY) microscope with
a Zeiss 100× Fluar (1.3 NA) oil immersion objective and a
femtosecond Coherent Mira 900 Ti:sapphire laser pumped
at 12 W with a Coherent Sabre Ar ion laser (Coherent, Palo
Alto, CA). The Coherent Mira 900F was tuned to an
excitation wavelength of 920 nm for simultaneous three-
photon excitation of dehydroergosterol and two-photon
excitation of the plasma membrane probes [ECFP-Mem and
DiOC18(3)] and Nile red. To prevent photobleaching and
saturation of the excitation focal volume, the probes under-

FIGURE 1: Multiphoton laser scanning microscopy (MPLSM) of living fibroblasts using 920 nm excitation. (A, B) L-cell fibroblasts were
supplemented with dehydroergosterol in the form of LUVs and subsequently labeled with Nile red (as described in Materials and Methods).
Dichroic filters were used to separate emission components in the wavelength regions from 360 to 430 nm (A, DHE) and from 525 to 650
nm (B, Nile red), respectively. (C) Plasma membrane demarcation was accomplished by transfecting the plasmid pECFP-Mem in L-cells.
During MPLSM, fluorescence emission of the enhanced cyan fluorescent protein (ECFP) was detected in the wavelength region of 485-
515 nm. (D) L-cell fibroblasts were labeled with DiOC18(3) and imaged by MPLSM with emission detection in the wavelength region of
485-515 nm.
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going two-photon absorption at this excitation wavelength,
ECFP-Mem and DiOC18(3), were imaged initially at 50%
attenuation of the average laser power used for three-photon
excitation of DHE. Total acquisition time of the sequential
images was<10 s. Filters D375/50, D455/30, and HQ575/
150 purchased from Chroma Technology (Brattleboro, VT)
or with the INDO filter set supplied by Dr. Warren Zipfel
provided separation of the fluorescence emission from DHE
and the plasma membrane fluorescent probes used. The filter
regions of this filter set comprised the 360-430, 485-515,
and 525-650 nm ranges. The gain and black levels of each
photomultiplier tube were optimized to minimize detection
of background cellular autofluorescence. To minimize the
effect of overlapped plasma membrane from upper and lower
cell surfaces, a planar slice was chosen at a depth near the
half-height of living cells grown on a chambered coverglass
for subsequent data collection. The images of live cells were
collected at 512× 512 pixels with pixel sizes of 188 nm×
188 nm.

Plasma Membrane MPLSM Imaging with Nile Red,
ECFP-Mem, and DiOC18(3). The distribution of DHE at the
plasma membrane was visualized in real time using three
independent fluorescent probe approaches.

First, dehydroergosterol-supplemented cells were incubated
with Nile red as described above. Monomeric DHE and
crystalline DHE were detected through Bio-Rad external
detectors using D375/50 and D455/35 nm dichroic filters,
respectively. The monomeric DHE was pseudocolored green
while the crystalline portion was colored blue. No crystalline
DHE was observed in the plasma membrane sections of the
cells, confirming earlier results (23). Thus, in all following
experiments potential contributions of crystalline DHE were
neglected. The cells were simultaneously labeled with the
neutral lipid stain Nile red (23), which was monitored
through a HQ575/150 nm filter and pseudocolored red. Nile
red and DHE were most highly colocalized in lipid droplets,
producing a bright yellow intensity (red plus green), and Nile
red was basically nondetectable at the plasma membrane (at
these concentrations). Besides these bright structures, the Nile
red emission was diffused over the entire intracellular
cytoplasm. DHE clearly labeled a topological region that
formed a contour around this area of diffuse Nile red
intensity, apparently the plasma membrane. This contouring
effect in the imaging plane provided the basis for determining
the edge of the cell and therefore the plasma membrane. This
was a result of a contrasting effect created by one probe with
a strong intensity versus a probe with no or extremely low
intensity within the PM. Subsequent statistical refinement
allowed discrimination of DHE at the plasma membrane from
DHE associated with intracellular lipidic structures.

Second, DHE was fed cells overexpressing the fluorescent
plasma membrane protein marker ECFP-Mem, followed by
incubation with Nile red for segmentation of plasma mem-
brane. Once again, Nile red emission was seen throughout
the intracellular regions of the cell but not at the edges of
the cell wherein the plasma membrane marker ECFP-Mem
produced bright intense fluorescence emission. Clearly, the
L-cell plasma membrane was highly targeted by this
modification, although not exclusively. The individual probe
images were collected in real time in living cells by MPLSM
using external detectors obtained from Dr. Warren Zipfel
(Cornell University, Ithaca, NY) with the INDO filter set.

DHE, ECFP-Mem, and Nile red emission was collected over
the regions 360-430, 485-515, and 525-650 nm, respec-
tively.

Third, L-cells were incubated with DHE, followed by
incorporation of DiOC18(3) to cells as described above.
DiOC18(3), a lipophilic oxacarbocyanine dye readily incor-
porated into membranes, produced bright emission at the
plasma membrane under two-photon excitation as reported
previously (45). The INDO filter set described previously
was used to individually collect the emission from DHE and
DiOC18(3).

Methods: (B) Image Analysis

A geographical contour of the membrane-rich portion of
the cell was obtained using the Nile red image as a boundary
reference to determine the statistical properties of DHE
distributions over the detected PM area. Images were
analyzed using application routines written in Microsoft
Visual C#.Net, Matlab (Version 6.1) and R. To generate a
collocating reference map for the membrane-rich area of the
living cells, the DHE distributions were segmented or
extracted from the images acquired via the Bio-Rad MRC-
1024MP laser scanning microscopy system.

Multiple analysis techniques were used to determine the
most likely PM areas and to cross-examine the consistency
between different probe results. An overview of the image
processing routines was diagrammed in Figure 2. Here, two
segmentation techniques, simple subtraction (T1) and rank-
statistic (T2), were used to compare the consistency of their
analysis outcomes. Knowing that both T1 and T2 worked
effectively for PM extraction, T2 was used to analyze two
probing techniques based on ECFP (T3) and DiOC (T4).
Pixelization of the PM images made it difficult to create a
direct measurement reference along the PM trajectory.
Subsequently, a moments function based technique was used
to smooth the PM trajectory (T5) for intensity measurement.
Finally, the completely spatial randomness (CSR) test was
used to assert the statistical properties of the DHE intensity
distributions (T6). Details of routines T1-T6 are discussed
next.

T1: Plasma Membrane Image Extraction by a Simple
Subtraction.In the image produced by the multiphoton laser
scanning microscopy (MPLSM) technique, Nile red primarily
accumulated in intracellular components and not the PM,
while DHE not only labeled some intracellular components
but also produced significant emission at the cell boundary
just beyond the diffuse staining of the Nile red. This diffusive
staining was quite low but above the noise level within the
plasma membrane region. By using this lack of specificity
of Nile red for the plasma membrane, an intensity dif-
ferentiation technique proved useful. Through this technique,
where the intensity of the red channel was subtracted from
the green channel, the pixels along the PM area were isolated
or segmented from the original image. Differences less than
zero were set to zero while positive differences remain
unchanged. After this protocol was applied to the enhanced
red channel (Nile red), the coarse PM region in the green
channel was produced albeit with some noise.

The step mentioned above accurately extracted the PM
area, but it did not directly differentiate the PM from low-
level noise, most of which was randomly scattered. The noise
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was removed by using a simple clustering technique and, in
the process, advantageously derived a high-level classifica-
tion of the PM regions based on their cluster sizes. An
analysiswindowrefers to a small number of adjacent pixels
arranged in a particular shape (usually a square or rectangle),
within which the pixels were analyzed using the image
analysis algorithms. In the sliding window based analysis,
two adjacent analysis windows overlap with each other while
in the jumping window based analysis, no analysis windows
overlap with each other. The sliding window based denoising
technique was characterized by three parameters: window
size, signal/noise ratio, and the intensity threshold values.
In each analysis window, the ratio parameter measured the
difference in densities between the signal and the noise. The
value of a pixel was set to zero if its intensity was smaller
than the threshold value.

T2: Plasma Membrane Image Extraction by a Rank-
Statistic-Based Method (RCM).The PM region was also
extracted using arank-statistic-based technique (46). Es-
sentially, this technique used a rank-based comparison rule
to remove the intracellular and extracellular regions, with
minimal elimination of the PM area. In the first step, a small
window (with window sizek × k) was manually selected
along the membrane, and then the whole image was searched
with the same window size, pixel by pixel. By using a rank-
based comparison procedure as shown in the Appendix 1,
the intensity distribution in each window was compared with
that of the seed window. The null hypothesis was that the
color intensity distributions in two windows were identical.
A separate test at each of three color channels was performed

for acceptance or rejection of this null hypothesis. From this
comparison procedure applied to the entire image, most of
the cellular edge (PM) was segmented from the intracellular
portion of the cell. A small number of dispersed intracellular
pixels remained, but removal of the latter noise pixels was
achieved for each experiment through a binary masking
technique created by subtraction of the red and blue channel
intensity from the green channel intensity. The mask’s binary
values of 0 and 1 represented the cases when the difference
was negative or positive, respectively. This mask was then
applied to the segmented data.

T3: Validating DHE Segmentation at the Plasma Mem-
brane with ECFP-Mem as a Plasma Membrane Marker.To
confirm the validation of our DHE PM segmentation
technique, the experiment was repeated using Nile red again
and a plasma membrane marker, ECFP-Mem, overexpressed
in the cultured L-cells. The enhanced cyan fluorescent protein
(ECFP) was excited through two-photon absorptive processes
with relatively high quantum yield while monomeric DHE
was excited through three-photon absorptive processes with
a much lower quantum yield. The stronger laser excitation
power needed for three-photon excitation of DHE produced
significant bleaching effects of ECFP, so color images were
obtained at different attenuation levels of excitation for this
analysis. Furthermore, sensitivity levels were enhanced from
the previous experiment as a result of different detector and
filter sets. As a result, the image obtained at low excitation
energy was used to define the ECFP-Mem, and the high
excitation energy image was used to define the DHE labeling.
Although ECFP-Mem was known to target the plasma

FIGURE 2: Flowcharts for image analysis. First, a schematic overview of the procedures involved in the image analysis: segmentation
using subtraction (T1) and rank statistical method (T2), validation with ECFP-Mem (T3) and DiOC (T4), smoothing and geometric reference
with spatial intensity measurement (T5), and completely spatial randomness test (T6). Second, flowcharts of the steps involved in each of
these procedures, T1-T6, are shown in the following diagrams as discussed in Materials and Methods.
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membrane of living cells, other intracellular membranes were
labeled to a much lesser degree. The RCM was applied,
utilizing the Nile red channel of both images (formed by
low and high excitation intensity) in order to remove the
intracellular labeled regions. It was determined that there was
60-80% overlapping of the DHE emission pixels with the
pixels containing ECFP-Mem emission in the segmented
regions.

Next, the hypothesis that the ECFP-Mem PM area fol-
lowed a polynomial line was proposed. If this was valid,
then based on our estimator of coefficients of this polynomial
line, a 95% confident interval for our predicted membrane
position could be given. This interval would cover DHE spots
with 95% probability if DHE were also on the cell membrane
region.

T4: Validating DHE Segmentation at the Plasma Mem-
brane with DiOC18(3) as a Plasma Membrane Marker.To
further validate the use of the above markers to help to
segment the DHE localized at the plasma membrane,
segmentation of the plasma membrane was repeated using a
well-known lipophilic PM marker DiOC18(3). This cationic
carbocyanine dye is known to have a higher level of
partitioning into gel phases as opposed to fluid phases when
the alkyl chains of the dye approximate the length of the
lipid acyl chains combined with the lower headgroup. In the
merged image, the red and green channels represented
DiOC18(3) and DHE, respectively. This merged image was
used to determine whether the segmented DiOC18(3) PM
regions overlapped with DHE at the PM. The DHE channel
was subtracted from the DiOC18(3) channel. When the
difference was greater than zero, the mask value was set to
1; otherwise, it was set to zero. This binary mask was applied
to the original data with the subsequent evaluation of the
data revealing that there was 98% confidence overlap of the
DiOC18(3) emission with the DHE emission at the plasma
membrane segments.

T5: Establishment of a Geometric Reference and Spatial
Measurement of DHE Intensity for Plasma Membrane
Segmentation.The PM regions, even after being denoised,
were highly irregular. Spatial measurement of DHE based
on the raw data did not yield useful models because of the
scattered local maxima/minima. To solve this problem, a
smoothed geometric trajectory of the PM zone was obtained
using moments functions (47), as shown in Appendix 2. After
applying the steps to the entire image, the PM areas were
transformed into smooth planar structures.

Next, each PM segment to be measured and analyzed for
its DHE intensities was chosen, and a Matlabline thinning
routine was used to reduce the segment into a single-pixel
line. The thinning algorithm removed spurious edge points
to a single reference line wherein the degree of connectivity
can be preserved between discrete points. Empirically,
8-connectivity was used for the foreground objects, and
4-connectivity was used for background objects.

Selection of the PM segments for analysis turned out to
be a nontrivial problem, because when the cell was imaged,
the lamellipodia portions of adjacent cells tended to overlap
more heavily with each other, making it less reliable for
assessment of the DHE intensity distributions. As a result,
only nonoverlapped PM regions were chosen, and five were
randomly selected for analysis. DHE distributions were
measured using both sliding window and jumping window

techniques instead of measuring the DHE distributions pixel
by pixel. More specifically, along the geometric reference
line created by the aforementioned steps, the DHE intensities
were determined within the specifiedwindow sizeand the
bin size. The window size specified how wide the DHE
measurement would be taken along the perpendicular direc-
tions of the current point on the reference line, and the bin
size specified how far along the reference line to define a
measurement window. All intensity values were summed in
the window to represent the DHE intensity measurement.

Normality probability plots and the Anderson-Darling
method were used on the DHE channel to check the
normality assumption for intensity of this channel and found
that it was not the case. On the basis of this observation
peak DHE spotswere defined as those pixels with intensities
higher than the median intensity.

T6: Statistical Analysis of Spatial Distributions of DHE
in the Plasma Membrane.The statistical properties of the
spatial distributions of DHE spots were analyzed pixel by
pixel. A two-dimensional spatial analysis was performed on
the segmented data sets based on the complete spatial
randomness (CSR) test and Monte Carlo simulation of the
peak and of the full DHE spot data sets of the five PM
segments, S1-S5, studied.

A spatial pattern was said to exhibitcomplete spatial
randomness(CSR) if there was a high probability that it was
a realization of a homogeneous Poisson process (48). If a
pattern did not follow CSR, it was considered to be either
regular or clustered,based on test outcomes. In a regular
pattern, nearest neighbor distances between pixels would be
larger than those from a CSR point pattern. In a clustered
pattern, nearest neighbor distances would be less than those
originating from a CSR point pattern. A major summary
description of a statistical spatial pattern,G(r) (48), measured
whether the proportion of distance from aneVent to the
nearest othereVent was at mostr, where an event was any
specific system state of interest, such as a pixel whose
intensity was greater/smaller than a threshold value. The
nearest neighbor distance,was defined in the present inves-
tigation as follows: forn spots in an areaA of a PM segment,
ri denoted the distance from theith spot to the nearest other
spot in A. This typically included duplicate measurements
between reciprocal nearest neighbor pairs. Theempirical
distribution functions(EDF), Ĝ1(r), of the nearest neighbor
distance were calculated by using the spatial Kaplan-Meier
estimator ofG(r) (49) in this test.

Since the DHE spots were in a narrow area (PM), the
distribution theory of these spatial point patterns was
intractable. So, to test models against the data, the Monte
Carlo test was used (50) as shown in Appendix 3. A total of
99 random samples of the same size as the pixels in our
DHE sample under the hypothesis of CSR were simulated.
DHE sampleĜ1(r) was compared with the Monte Carlo
envelope formed by simulation data set to get the test result.

RESULTS

Intracellular Distribution of Probes Used To Distinguish
DHE at the Plasma Membrane of L-Cell Fibroblasts.To
visualize and determine the distribution of sterol in real time
at the plasma membrane of living cells in culture, four
different probe molecules were used. First, a naturally
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occurring fluorescent sterol, dehydroergosterol (DHE), was
incorporated into L-cell fibroblasts. While DHE could be
added directly to the culture medium, the very low aqueous
solubility of DHE resulted in formation of microcrystals
adherent to the cell surface. Such microcrystals are endocy-
tosed via the lysosomal pathway (23), but the presence of
microcrystals (very brightly fluorescent) at the plasma
membrane or within lysosomes readily saturated the photo-
multiplier and prevented detection of noncrystalline DHE
throughout the rest of the PM. To avoid this potential
interference, DHE was incorporated into large unilamellar
membrane vesicles (LUV) comprised of POPC:DHE (65:
35) as described in Materials and Methods. Three-photon-
induced emission of DHE in the cells was imaged by
MPLSM. Monomeric DHE (Figure 1A) was prominently
visualized at the cell surface plasma membrane, in lipid
droplets, and in intracellular membranes. There was almost
no detectable crystalline DHE in the L-cells, confirming an
earlier study (23). Second, L-cells were labeled with Nile
red as described in Materials and Methods. The Nile red
brightly stained neutral lipid droplets as well as other lipidic
membranes (especially perinuclear) within the cell (Figure
1B) and a low intensity diffusive cytoplasmic labeling.
However, Nile red was only weakly detectable at the plasma
membrane (Figure 1B). Third, L-cells were transfected with
pECFP-Mem to overexpress ECFP-Mem as described in
Materials and Methods. Under two-photon excitation, ECFP-
Mem exhibited bright staining of the plasma membrane and
also some intracellular membranes as well (Figure 1C).
Fourth, L-cells were labeled with DiOC18(3) as described in
Materials and Methods. DiOC18(3) selectively stained the
plasma membrane (Figure 1D).

In summary, the absence of crystalline DHE in the L-cells
supplemented with POPC/DHE LUV allowed direct visu-
alization of the monomeric DHE in the PM not only of
monomeric DHE but also of the other probes used herein.
Finally, the differential labeling of intracellular regions by
Nile red and the plasma membrane by ECFP-Mem and
DiOC18(3) suggested that DHE at the plasma membrane
could be clearly distinguished from a majority of intracel-
lularly localized DHE.

Colocalization of DHE with Neutral Lipid and Plasma
Membrane Markers in LiVing L-Cell Fibroblasts by Mul-
tiphoton Laser Scanning Microscopy (MPLSM).As described
in Materials and Methods, the naturally occurring fluorescent
sterol, dehydroergosterol (DHE), was supplemented to
control L-cell fibroblasts and L-cell fibroblasts overexpress-
ing an enhanced cyan fluorescent protein that targets the
plasma membrane (ECFP-Mem). Cells were then washed
and incubated with Nile red (neutral lipid specific stain) or
DiOC18(3) for colocalization. MPLSM with external detec-
tion was used to acquire the images of the probe combina-
tions. Nile red (red pixels) brightly stained neutral lipid
droplets within the cell while DHE (green pixels) labeled
not only the plasma membrane but also neutral lipid-rich
areas, e.g., lipid droplets (yellow/orange) within the L-cell
interior (Figure 3A). To determine the distribution of ECFP-
Mem versus Nile red, cells containing all three labels (ECFP-
Mem, Nile red, DHE) were excited at low power (i.e., where
DHE was not excited). Under these conditions, the ECFP-
Mem was detectable at the plasma membrane (blue pixels)
and in intracellular membranes but not lipid droplets (red

pixels) within the cell interior (Figure 3B). To determine
the distribution of ECFP-Mem versus DHE, cells containing
all three labels (ECFP-Mem, Nile red, DHE) were excited
at high power (i.e., where DHE was also excited). When
the distribution of DHE (green) and ECFP-Mem (blue) was
simultaneously visualized, the DHE and ECFP-Mem were
both detectable at the plasma membrane (cyan pixels) (Figure
3C). To determine the distribution of DiOC18(3) versus DHE,
cells containing both labels were simultaneously imaged,
showing DiOC18(3) brightly staining the plasma membrane
(red/orange) where DHE (green) was also detectable (Figure
3D). Thus, the use of multiple labels preferentially distin-
guishing intracellular organelles (Nile red) and the plasma
membrane [ECFP-Mem and DiOC18(3)] allowed distinction
of the PM, DHE localized at the PM, and analysis of the
DHE distribution in the PM of living cells.

Segmentation of the Plasma Membrane from MPLSM
Images.Given that the physical structure of the PM in the
images is made up of many optically resolvable morphologi-
cal features that include microvilli, lamellipodia, filopodia,
and large vesicles such as coated pits as well as membrane
folds suggested the need for a comparison of different
segmentation methods. These procedures would extract pixels
containing the emission signal from fluorophores residing
in the plasma membrane portion of the cell as opposed to
the nucleus or cytoplasmic regions. The only topographical
feature of the plasma membrane assumed a priori was that
the PM formed a boundary around the intracellular portion
of the cell. The objective was to produce a two-dimensional
region with a 95% confidence interval containing the plasma
membrane region no matter what the actual topography.
Further refinement of this interval can be made and even a
mean perimeter calculated by fitting a polynomial to this
interval in order to perform subsequent analysis.

Thus, two different methods [simple subtraction method;
rank-statistic-based method (RCM)] were used to extract the
PM as described in Materials and Methods, and the com-
parative results are presented herein. The small white square
(see arrow in third cell from the top left edge of Figure 3A)
served as the seed for the searching process used in the latter
RCM. The rank-statistic searching process (Figure 4A) with
subsequent noise removal (Figure 4B) readily extracted the
DHE in the plasma membrane of living L-cell fibroblasts
imaged by MPLSM of Nile red/DHE (Figure 3A). The close
correlation in DHE signal extracted for the PM as a result
of the simple subtraction and sliding window denoising
method versus the rank-statistic based with binary masking
denoising method is shown in Figure 4C. In this figure, DHE
detection areas were delineated with the following pseudo-
colors: pseudogreen represents the areas detected by both
methods, pseudoblue represents the areas detected by the
simple subtraction and denoising method only, and pseudored
represents the areas detected by the RCM only.

While the simple subtraction and denoising method was
effective in extracting the plasma membrane DHE (Figure
4C, green pixels), it did not completely eliminate all of the
intracellular DHE (Figure 4C, blue pixels). In contrast, the
RCM was based on a more quantitative treatment that was
not only more efficient in extracting the DHE in the PM
area (Figure 4C, green plus red pixels) but also more effective
in removing intracellular DHE pixels (Figure 4C, no red
pixels inside the cells). In using Nile red for extraction of
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the plasma membrane, any structure or region containing Nile
red would be subject to exclusion, which did not present
any challenges for these techniques. However, any region
close to the plasma membrane that does not have any
fluorescence emission from Nile red but also contained
emission from DHE would be subject to inclusion in the
extracted PM. This effect was largely seen in the simple
subtraction method as evidenced by the larger amount of
intracellular DHE (Figure 4C, blue pixels). For its versatility,
the RCM was adopted and used unless otherwise stated.

Segmentation by Nile Red in Comparison to a Fluorescent
Protein PM Marker, ECFP-Mem.The RCM in combination
with Nile red was used to extract the plasma membrane from
cells overexpressing ECFP-Mem and labeled with DHE and
Nile red as described in Materials and Methods. Due to the
capacity of ECFP to be easily photobleached, two sequential
images were taken at different powers of excitation. The low-
power excitation image (Figure 3B) was used to define the
distributions of ECFP-Mem within the plasma membrane
since the lower intensity limited the amount of saturation
and photobleaching. Due to three-photon processes, excita-
tion of DHE was negligible under this initial power so that

a higher power was necessary to obtain DHE emission
(Figure 3C).

To examine the plasma membrane distributions, the
extraction procedure was applied to both MPLSM images
(Figure 3B,C), yielding the extracted results derived from
low-intensity (Figure 5A) and high-intensity (Figure 5B)
excitation powers. Only the Nile red (red) and ECFP-Mem
(blue) channels were shown in Figure 5A while only the
Nile red (red) and DHE (green) channels were shown in
Figure 5B. A specific spatial region of the extracted plasma
membrane was chosen and denoted S7 and S8 for the ECFP-
Mem and DHE channels, respectively. Also, nonoverlapping
pixels between the ECFP-Mem and DHE channels were
removed, and the remaining 609 overlapped pixels were
shown in black in Figure 5C. The amount of overlap between
these two channels for the full plasma membrane area
extracted for this cell was calculated to be 61.6% (Figure
5C). Furthermore, random selection of cells was made from
67 images collected as described in Materials and Methods.
For each cell selected, the overlap rate ranged from 60% to
80% with the ECFP-Mem predicted interval always spatially
encompassing the segmented DHE PM area.

FIGURE 3: MPLSM of dehydroergosterol distributions in living fibroblasts using 920 nm excitation. (A) A merged image showing L-cell
fibroblasts supplemented with DHE (green) in the form of LUVs and labeled with Nile red (red). The white square (see white arrow)
represents the region chosen as a seed in the rank-statistic procedure. (B) A merged image of the plasma membrane marker ECFP-Mem
(blue) expressed in L-cells with DHE (green) and also stained with Nile red (red); lower power for two-photon excitation. (C) A merged
image with ECFP-Mem (blue) overexpressed in L-cells with DHE (green) and also stained with Nile red (red); higher power for three-
photon excitation. (D) A merged image of L-cell fibroblasts labeled with the lipophilic probe DiOC18(3) (red) and DHE (green). Again, the
white square (see white arrow) represents the region chosen as a seed in the rank-statistic procedure.
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A 95% confidence level prediction interval was calculated
for the ECFP-PM area in order to determine the overlap of
segmented DHE. Two magenta lines forming the boundaries
of this interval were overlaid upon the DHE distributions as
shown in Figure 5B. Any pixels that fell outside this 95%
confidence interval were counted in segments randomly
chosen from different images. The average number of these
DHE emission pixels outside the interval was determined to
be 10.1% with standard deviance 2%. Thus, most of the
segmented DHE overlapped with that cellular portion fluo-
rescently outlined by the plasma membrane marker ECFP-
Mem. Within the plasma membrane area represented by the
95% confidence interval, pixels of DHE represented about
45% of the plasma membrane. This suggested that larger
concentrations of the fluorescent sterol, DHE, partitioned into
a major part of the plasma membrane area.

Segmentation by the Lipophilic Plasma Membrane Marker,
DiOC18(3). L-cell fibroblasts were supplemented with DHE
in the form of LUVs for 2 days, washed, and labeled with
DiOC18(3) as previously indicated in Materials and Methods.
In this case, Nile red was not used since DiOC18(3)
selectively stained the plasma membrane, and filter bleed-
through would have complicated extraction procedures. A
small section of the brightly stained region of the PM was
chosen as the seed for the RCM procedure (small white
square denoted by the white arrow in Figure 3D) with the
extracted result presented in Figure 5D. The DiOC18(3)
fluorophore (red pixels in Figure 5D) was highly localized
in the PM area with almost no intracellular staining, so that
the segmented DHE (green pixels in Figure 5D) was located
solely on the plasma membrane. Varying levels of intensity
occurred along the PM for both probes with some brightly

FIGURE 4: Plasma membrane extraction results and comparison from Figure 2A. (A) The comparison result of the PM extraction procedure
using a rank-statistic segmentation procedure using a seed whose position and region are denoted by the white square in Figure 2A. (B)
Result after removing noise from (A) through a binary masking technique. (C) Image of dehydroergosterol fluorescence detected at 350-
400 nm and color-coded to illustrate the differences in the extracted PM areas by the rank-statistic method versus the simple subtraction
method. Green pixels represent DHE emission segmented by both methods, blue pixels represent DHE emission segmented by the simple
subtraction method only, and red pixels represent DHE emission segmented by the rank-statistic method only. The rank-statistic method
with subsequent binary masking denoising technique provided the most effective segmentation result.

Analysis of Plasma Membrane Sterol Distribution Biochemistry, Vol. 44, No. 8, 20052873



overlapping pixels containing equivalent amounts of red and
green intensity, as evidenced by the bright yellow pixels.
Segment S8 (white oval in Figure 5D) was chosen for further
statistical analysis from a cell without neighboring cellular
overlap.

Smoothing Filtering Technique for Constructing a Refer-
ence Line along the Plasma Membrane.The objective of
using a smoothing filtering technique on the PM was to create
a geometric trajectory along the intensity centroid of the PM,
so that the contour of the PM could be roughly followed. In
principle, it was possible to directly trace and measure the
DHE intensities over the extracted plasma membrane pixel
by pixel. Unfortunately, this process was susceptible to
discontinuous measurements, hence not accurately following
the structure of the PM (data not shown). In contrast, a
smoothing window filtering technique based on the moments
function (Appendix, eqs 1-8) method was found to provide
consistent results (Figure 6). Once the raw data were
smoothed, a geometric reference line was synthesized for
the PM, enabling smooth measurement and characterization
of the patched DHE intensity distributions over the PM.

The smoothing algorithm was essentially a nonlinear
median filter, where the size of the PM window changed

FIGURE 5: Plasma membrane segmentation results from Figure 2B,C (ECFP-Mem) and Figure 2D [DiOC18(3)]. (A) The ECFP-Mem image
segmentation result with S7 denoting the region of this image used for later statistical analysis. (B) Segmented PM area of DHE, superimposed
with the predicted interval from PM-marker (ECFP-Mem) PM area. S6 marks the PM region chosen for later analysis. (C) Binary image
formed from subtraction of (B) minus (A) to illustrate the localization of relative higher intensity DHE pixels colocalized with ECFP-Mem
pixels in the plasma membrane segmented area. (D) DiOC18(3) and DHE segmented result from the white square in Figure 2D. DiOC18(3)
was used for direct plasma membrane delineation. S8 marks the PM region chosen for later analysis.

FIGURE 6: Image smoothing using a nonlinear median window filter
based upon a moments function. The smoothed image shows the
result after application of a continuous planar model of the DHE
image using window size 20× 20 and neighborhood 5× 5. Each
pixel in the smoothed image represents the intensity centroid
calculated from the application of this filter to the raw data. A
blowup of a particular plasma membrane region from the raw data
was shown to illustrate the window and its intensity centroid.
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with the intensity distributions of the DHE within each
smoothing window (zoomed raw data image in Figure 6).
The size of the PM window of the intensity centroid for each
smoothing window diminished with sparseness of the DHE
pixels. As a result, a chance for the central pixel in the current
smoothing window being retrained also diminished with
implication that this procedure tended to eliminate isolated
spots and preserved dense signals, regardless of their
amplitudes. This was evidenced by the fact that both strong
and weak DHE patches were captured in the resulting image.
The shallow patches within the cell were not removed from
the smoothing process, but their presence did not affect our
study because only a few selected PM segments were used
for spatial analysis.

Selection of Plasma Membrane Segments for Measurement
and Analysis.Selection of the PM segments for statistical
analysis was critical to the analytical modeling. PM segments
from cells overlapping each other were avoided. The
segments chosen consisted of two types: high DHE density
or low DHE density. The set of DHE measurements was
extracted from the DHE and Nile red image (Figure 3A) to
produce the DHE measurement map (Figure 7A). On the
basis of the experimental procedures and from visual
inspection of the image, PM regions that exhibited fairly
clean signals without overlapped readings were chosen. From
these regions, five PM segments (S1-S5) were randomly
selected and used in the subsequent spatial measurement and
analysis.

Geometric reference lines were produced for the five
segments using a Matlab thinning routine for determining
the trajectory along each of the raw data segments (Figure
7B). These reference lines approximately represented the
central points of the DHE intensity over the PM “band/belt.”
However, other types of alternative reference lines, such as

using the interface between PM and cytosol, provided similar
data.

To validate the use of Nile red in the segmentation
procedure and to compare plasma membrane distributions
of DHE with those of the plasma membrane protein marker,
ECFP-Mem, segment S6 (Figure 5B) from the DHE channel
and segment S7 (Figure 5A) from the ECFP-Mem channel
were chosen using the criteria mentioned above.

Next, in using a lipophilic membrane marker, DiOC18(3),
to segment the PM area, the merged segment S8 (Figure 5D)
was picked for examination and comparison of the DHE
distributions from this extraction procedure to those obtained
utilizing Nile red. Also, the DHE distributions were com-
pared to the carbocyanine dye distribution itself. This
segment contained both the DHE channel (green) and the
DiOC18(3) channel (red), which was subsequently separated
for further analysis.

Intensity Measurements of DHE in the Plasma Membrane
Segments.The physical measurements of S1-S5 (Figure 8)
were obtained using jumping windows (column A) and
sliding windows (column B), respectively. In each case, the
intensity was well below the maximum value of the display
dynamic range, indicating the carefully controlled experi-
mental process to keep the imaged cells alive.

In the jumping window mode, local peaks had the potential
of being missed when located between two adjacent win-
dows. On the contrary, certain data in the dense DHE
locations were counted twice in the sliding window mode.
The number of peaks was determined for each of the
segments S1-S5: 13 peaks for S1, 19 peaks for S2, 19 peaks
for S3, 10 peaks for S4, and 9 peaks for S5. These peak
numbers were hypothesized to be the number of DHE
clusters along the membrane. Also, for the DHE traces
generated from both techniques, the DHE intensity distribu-
tion was highly discrete and scattered. Normality testing as

FIGURE 7: Five segments of the dehydroergosterol emission in rank-statistic extracted plasma membranes from MPLSM images of living
fibroblasts. (A) The monomeric DHE along the plasma membrane with the five segments marked that were used for spatial measurement
study. (B) The geometric reference lines from a Matlab thinning routine on the PM and the corresponding raw data values for each segment.
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FIGURE 8: Intensity measurement of DHE along plasma membrane segments of different cells. DHE intensity measurements from segments
1-5 using a sliding window (A) and a jumping window (B), with window size 10 and bin size 3. The vertical axis represents the sum of
the intensities within the window, while the horizontal axis represents the window sequence number. The dashed line represents the mean
intensity over the segment sequences.
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applied to the intensity distribution indicated that the intensity
spectrum did not conform to a normal distribution.

Furthermore, for S1-S5, the number of peak DHE pixels
(using a 50% threshold) as well as the total number of pixels
within a 95% confidence interval was defined as the plasma
membrane. These values were then used to calculate the PM
area enriched in DHE: (S1) 8.51%, (S2) 11.2%, (S3)
12.83%, (S4) 9.69%, and (S5) 8.31%. These data implied
that 10.1( 0.9% of the PM was highly enriched in sterol.
Likewise, using the full DHE data set, a value of 27( 4%
was calculated for the percentage area of the PM that
contained detectable amounts of DHE. This calculated
percentage was highly dependent upon detection sensitivity.

Statistical Analysis of the Spatial Properties of DHE in
the Plasma Membrane.Statistical analysis on the spatial
properties of the DHE locations was performed using theR
system (51) to implement analytical models (see Materials
and Methods). This analysis was focused upon the spatial
locations of DHE pixels whose intensities were above various
threshold values. Typical PM segments before (Figure 9A)
and after (Figure 9B) removal of DHE pixels with values
below the median value were analyzed to generate a spatial
map of the peak DHE pixels, whose intensities represent
strong dehydroergosterol emission.

The objective of the complete spatial randomness (CSR)
test was to examine the statistical spatial nature of the data
set. The CSR test was applied to the eight data sets in the
preceding section. In this approach, the proportion of nearest
neighbor distance in the data set was compared to that of
simulated homogeneous Poisson process data. The position
of the peak DHE data points from S1 was plotted (Figure
10A). To isolate the PM area, a polynomial line was fitted
using linear regression over these points, and a 95%
prediction interval was calculated for this regression line.
The two lines (Figure 10A) were drawn to illustrate the
spatial localization of this predicted interval in addition to
the location of the DHE pixels. Subsequently, 99 simulations
were performed in this particular interval. For illustrative
purposes, a simulation was presented in Figure 10B. At each

nearest neighbor distancer, 99Ĝ1(r) were calculated utilizing
Monte Carlo simulations. The Monte Carlo envelope, the
maximum and minimum forU(r) andL(r), was taken from
these 99Ĝ1(r). The upper and lower bound of this envelope
was represented by dashed lines in Figure 10C and the
estimatedG function from our peak DHE data set S1 as a
solid line. Since the smallest nearest neighbor distance
between any two pixels was one, those distances below one
pixel were neglected. Clearly, the data set has higher nearest
neighbor distance proportion than that of the homogeneous
Poisson process upper bounding envelope, showing an
obvious cluster pattern. The same test result from the S1
full data set also gave a similar result (Figure 10D). Although
results were shown only for CSR tests of peak and full DHE
data sets of S1, the same test procedures were applied to all
the five segments, both for the peak DHE data set and for
the full raw data sets. In the “nearest neighbor EDF” plots,
all of the smallĜ1(r) values were larger than the upper bound
of the Monte Carlo envelope, indicating that the peak and
full DHE spots have markedly higher proportion in the small
nearest neighbor distance than that of Poisson process. This
result explicitly indicated that the DHE pixels exhibited a
clustered pattern.

Comparison Study of DHE and ECFP-Mem Spatial
Properties in the Plasma Membrane.The spatial properties
of ECFP-Mem and DHE were examined by statistical
analysis. Once again, a spatial plot of the position of peak
DHE pixels was constructed (Figure 11A). Peak DHE pixels
from segment 6 (S6; Figure 5B) were determined by using
a threshold at the 85 percentile. Similarly, peak ECFP-Mem
spots in segment 7 (S7; Figure 5A) were obtained using the
same threshold and plotted (Figure 11B). Due to the greater
detection of dehydroergosterol emission from increased filter
transmission and bandwidth, this threshold was also increased
for a closer comparison to the initial experiment (Figure 3A).
With this enhanced sensitivity, emission from lower con-
centrations of DHE combined with low-level autofluores-
cence was detected. Since the primary focus was on regions
of sterol enrichment, the threshold was increased to select
the higher peak pixels while eliminating these “noisy pixels”.
The empiricalG function was calculated from the peak DHE
data set and its 99 simulation Monte Carlo envelope (Figure
11C). Similar calculations were performed for the peak
ECFP-Mem data set (Figure 11D). In comparing the twoG
functions estimated result, both ECFP-Mem and the DHE
had the statistical cluster property, although under the same
threshold, the peak ECFP-Mem data set had a larger
estimated probability over the same nearest neighbor distance
than the peak DHE data set.

The correlation coefficients were calculated between DHE
and ECFP-Mem. Two directional approaches were used since
DHE was not always colocalized with ECFP-Mem: ECFP-
Mem to DHE channel and DHE channel to ECFP-Mem. The
calculated correlation coefficients were 0.1272 and 0.2992,
respectively. The correlation was significant as thep-values
for both calculations were<0.0001. Clearly, the intensity
of DHE was positively correlated with that of ECFP-Mem.

Comparison Study of DHE and DiOC18(3) Spatial Proper-
ties in the Plasma Membrane.For direct visual comparison
between the two probes, the positions of peak DHE spots
and peak DiOC18(3) spots were plotted (Figure 12A,B), both
using the 85 percentile threshold. These peak spots repre-

FIGURE 9: Zoomed images comparing thresholded (peak) data to
the full data set of a typical plasma membrane segment of DHE
emission detected over the wavelength region 350-400 nm. (A)
Image before 50% thresholding was applied. (B) Image after 50%
thresholding was applied.
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sented about 4% of the segmented PM area in comparison
with the full data set, which represented 40% of the
segmented PM area. TheG function of DHE peak data and
its Monte Carlo envelopes were shown in Figure 12C while
the same result for the peak DiOC18(3) data was shown in
Figure 12D. Both the DHE and DiOC18(3) have similar
results with high estimated probability over their nearest
neighbor distance with strong cluster property. In this
comparison, the estimated probability was much higher than
the results from the previous analysis.

The correlation coefficients were calculated between
DiOC18(3) and DHE. Again, two approaches were used since
not every DHE pixel was overlapped with a pixel containing
DiOC18(3) emission: DiOC18(3) channel to DHE channel
and DHE channel to DiOC18(3) channel in this image. The
results were 0.4056 and 0.4469, respectively, for the two
approaches withp-values<0.0001 for testing the hypothesis
of no correlation. Eachp-value was the probability of
observing a correlation as large as the observed value by
random chance, when the true correlation is zero. The

positive correlation between the DHE channel intensity and
DiOC18(3) channel intensity was quite significant as deter-
mined from the lowp-value. This revealed that for a position
along the plasma membrane area with high-intensity DiOC18-
(3) might also have high-intensity DHE.

DISCUSSION

As previously indicated, while cholesterol-rich and -poor
domains have been detected by biochemical fractionation of
the cell/plasma membrane (19, 20, 22-24) or model
membranes (reviewed in refs8 and25), it is not yet clear
whether such cholesterol-rich and -poor domains exist in the
plasma membrane of living cells.

The issue of demonstrating cholesterol enrichment in the
plasma membrane was recently overcome by directly visual-
izing DHE in living cells with multiphoton laser scanning
microscopy (MPLSM) (23, 31, 32). Clearly, bright dehy-
droergosterol emission occurred around the perimeter of the
cell, but this region was not contiguous and the intensity

FIGURE 10: Statistical analysis results for S1. (A) A spatial plot of peak DHE pixels with curves marking the location of the 95% prediction
interval. (B) Simulated CSR points in this same spatial interval. (C) The nearest neighbor EDF plot (line) and Monte Carlo envelope from
99 simulations for the peak DHE data set and (D) for the full DHE data set.
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was not uniform. Also, despite the resulting bright DHE
emission in the plasma membrane, DHE also accumulated
in various membranes and intracellular organelles, thereby
adding to the complexity of isolating long stretches of the
plasma membrane. The present investigation developed
advanced image analysis techniques not only to provide
consistent segmentation of the plasma membrane from
intracellular and cytosolic components but also to provide
reliable new methods for examining and understanding sterol
(DHE) distribution in the plasma membrane of living cells.
The statistical behavior of the two types of PM regions
(cholesterol-rich, cholesterol-poor) was confirmed by blind-
folded statistical tests that arrived at consistent conclusions
using different methods.

Visually, each of the probes used herein showed a pattern
of pixel grouping within the PM, suggesting clustering.
However, a more consistent assessment was needed to
determine the statistical significance of the observed distribu-
tions. Subsequently, a test of CSR was performed upon PM
segments using the nearest neighbor distances of pixels of
detected DHE, ECFP-Mem, and DiOC18(3) emission in living

L-cell fibroblasts. A main assumption for spatial randomness
was that the number of points in this area follows a Poisson
distribution and, given the events in the area, the position of
these points were an independent random sample from a
uniform distribution. In each case, CSR was rejected from
one-sided Monte Carlo tests at the 1% level. Furthermore,
the fact the largest proportion (∼69%) of the nearest neighbor
distances of DHE distributions gave the probabilistic assess-
ments on the spatial distribution of the pixels of dehydro-
ergosterol emission indicates that there was an underlying
clustered (rather than spatially random) pattern to sterol
distribution in the plasma membrane of living cells with
cluster patterns of highest sterol emission exhibiting typical
lengths of 3 pixels (565 nm). Notwithstanding the statistical
properties of these patterns, these data for the first time
provided support for the existence of sterol-rich and -poor
regions in the plasma membrane of living cells and were
achieved without cell perturbation (e.g., cholesterol depletion,
treatment with cross-linking reagents or antibodies, etc.). For
example, in the isolation of lipid rafts, biochemical methods
that use detergents for separating cholesterol-rich lipid rafts

FIGURE 11: Statistical analysis results for S6/S7. (A) Location of peak DHE pixels from S6 using a threshold level of 85%. (B) Location
of ECFP-Mem pixels using the same threshold. (C) The nearest neighbor EDF plot (line) and Monte Carlo envelope from 99 simulations
for the peak DHE data set and (D) for the peak ECFP-Mem data set.
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(i.e., detergent-resistant membranes) yielded ranges of
proportions of cholesterol-rich domains from almost none
to essentially the entire membrane, depending on the
temperature used during the isolation procedure (8, 21). In
contrast, another biochemical method that does not use
detergents suggested that the cholesterol-rich lipid rafts
comprise very little (a few percent) of the plasma membrane
(19). Through MPLSM acquisition of actual sterol distribu-
tions in living cells, the results presented herein established
that sterol-rich regions comprise a significant (nearly 30%)
part of the extracted plasma membrane section. Consistent
with this observation, when the purified plasma membrane
isolated from L-cells was resolved into lipid raft/caveolae
and nonraft-enriched fractions by affinity chromatography,
the lipid rafts/caveolae fraction constituted about 30% of the
plasma membrane (52).

Although it is known that the cell surface of most cells
contains a variety of membrane extrusions, the size range

of the DHE-rich domains, i.e.,<565 nm, suggested that the
DHE-rich domains were not likely to be an artificial result
of plasma membrane morphology. For enhancement of
emission from randomized sterol domains, a high degree of
overlap would be necessary for statistical significance,
especially in peak data sets with their narrowed intensity
histograms. Largely, plasma membrane folding was not
observed in the electron micrographs of mouse fibroblasts
(53, 54), and the segments in this analysis were selected away
from areas of the “sheetlike” regions of lamellipodia and
the very long cylindrical projections of filopodia. On the
other hand, these selected regions would contain the smaller
cellular projections, microvilli. Electron microscopy of LM
fibroblasts revealed that microvilli with widths of ap-
proximately 100 nm and lengths on the order of 1000 nm
protruded mostly outward (normal to the surface) from much
of the plasma membrane surface area (53-55). This was
unlike the situation in other cell types, such as in human

FIGURE 12: Statistical analysis results for S8. (A) Location of peak DHE pixels from S8 using an 85% threshold. (B) Location of peak
DiOC18(3) pixels using the same threshold. (C) The nearest neighbor EDF plot (line) and Monte Carlo envelope from 99 simulations for
the peak DHE data set and (D) for the peak DiOC18(3) data set.
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fibroblasts (56) and in cells overexpressing certain ezrin/
radixin/moesin binding membrane proteins (55), where
significantly larger microvilli have been observed. In the
present analysis, typical cluster lengths were∼565 nm,
significantly smaller than the typical length of microvilli in
L-cell fibroblasts. If the nearest neighbor distances were
solelydue to enhancement of randomized DHE distributions
in folded microvilli, the clustering observed in peak pixels
of ECFP-Mem and DiOC18(3) should strongly correlate with
the clustering of DHE pixels. There was positive correlation
of the ECFP-Mem with DHE but not at the level necessary
for all observed DHE clustering to be purely a result of
microvilli folding in such a way as to give the appearance
of domains. Certainly, the data were consistent with the
majority of the clustering due to sterol enrichment in optically
resolvable regions rather than the sole enhancement of
randomized domains provided by microvilli folded along the
excitation plane. This does not preclude the observed
clustering from originating from sterol domains within
microvilli. Interestingly, microvilli were reported to contain
cholesterol-enriched raft domains (57), and the regions where
DHE correlated well could be indicative of sterol-enriched
regions residing within microvilli.

The analysis of DiOC18(3) revealed the largest amount of
cluster overlap with DHE and exhibited much higher positive
correlation, but notably the peak clustering of DHE also
occurred in some areas void of DiOC18(3) clustering and vice
versa. The high degree of positive correlation between DHE
and the probe, DiOC18(3), could be explained by the fact
that DiOC18(3) preferentially locates in ordered phases (58)
and could represent rafts or raft-like domains. Furthermore,
those areas wherein DHE did not colocalize with DiOC18-
(3) could represent other areas of sterol enrichment of large
structures such as coated pits (59) or other vesicles involved
in the endocytic recycling pathway (6, 33, 34, 60-62). In
fact, the coalesced DHE could represent budding or docking
places for sterol transport. However, the high correlation
involved with clustering in these two lipids underlined the
importance of ordered lipid phases within the plasma
membrane.

Membrane domain sizes similar to those reported herein
with the fluorescent cholesterol analogue, DHE, were
observed in other studies involving various techniques and
probes as well as different cell types. A previous imaging
study involved fluorescently tagged phospholipids in human
coronary artery smooth muscle (HASM) cells (63). A
saturated phospholipid, DMPE (1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine), and a monounsaturated phopho-
lipid, DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine), were tagged with the fluorescent label Cy5, inserted
by vesicular exchange with the PM, and imaged by fluores-
cence microscopy with a 633 nm dye laser and liquid
nitrogen-cooled CCD camera (63). The sizes of domains
exhibiting liquid-ordered phase characteristics ranged be-
tween 200 and 2000 nm with a calculated mean of 700 nm
and covered approximately 13% of the total plasma mem-
brane area. This investigation also provided analysis of single
probe molecule trajectories monitored over time which
showed the saturated probe undergoing fast but restricted
diffusion in a confined area. The lengths of these confinement
regions, evidenced by the dye molecule trajectory, were in
the range of 620-700 nm (63). In another report, several

micron size sterol-rich domains were observed by filipin
staining in the plasma membranes of the fission yeast,
Schizosaccharomyces pombe(64). The formation of these
domains of ergosterol occurred in the middle or the tips of
the cell, which are regions of cell growth and cytokinesis.
However, filipin has been shown to disrupt raft/caveolar
domains, and filipin staining has not always provided
accurate reporting of sterol in the plasma membrane of cells,
since proteins underlying the cell surface membrane can
affect the filipin staining of sterol (reveiwed in ref6).

While spatial localizations of high concentrations of DHE
have dimensions larger than those of caveolae, a subclass
of lipid rafts (18), the resolution of optical microscopy is
sufficient to directly visualize clusters of caveolae. Typical
caveolae, first seen using electron microscopy as flask-shaped
invaginations of the plasma membrane, are in the range of
50-100 nm. The size of the DHE-rich domains obtained by
MPLSM (i.e., <650 nm) is in the range of clusters of
caveolae, consistent with clustering of the caveolae domains
shown by use of protein markers (57, 65). Caveolae are also
observable in clustered formations along the plasma mem-
branes of HeLa and MDCK cells as detected by GFP-tagged
caveolin protein in both fluorescence and immunogold
techniques (66). Further investigation involving caveolin-1
and the identification of filamin as a ligand of caveolin-1
also produces evidence of groupings of multiple caveolae
in the plasma membranes of NIH/353 fibroblasts and T4.5
trophoblasts (16).

Clearly, this investigation supports the evidence of sterol
residing in raft and nonraft structures within the PM. The
many different subtypes of these PM structures present many
challenges in understanding sterol storage, metabolism, and
trafficking within cells. Moreover, isolating each individual
sterol contribution in PM structures, such as rafts, caveolae,
coated pits, endocytic vesicles, and microvilli, is beyond the
scope of this paper. Notwithstanding, the techniques devel-
oped and reported herein form a strong statistical analysis
framework for examining the overall organization of PM
sterol at the cellular level.

In summary, the techniques presented herein demonstrated
that a fluorescent sterol analogue (DHE), shown to mimic
cholesterol in membrane packing and cellular functionality,
forms enriched clustered patches within in the plasma
membrane with typical sizes near 650 nm. Similar peak
clustering of DiOC18(3) took place within many of these
sterol-enriched patches indicating not only the involvement
of a substantial portion of the DHE in highly ordered domains
but probabilistic tendencies for these types of domains to
group in ranges that are optically resolvable but yet with a
typical maximal size. Two probes that particularly label the
PM provided verification of the success of the segmentation
technique while statistical spatial point pattern analysis of
the real-time images of plasma membrane DHE of L-cell
fibroblasts revealed the underlying clustered (rather than
random) pattern to sterol distribution in the plasma membrane
of living cells. The analyses established that sterol enrichment
in living cells occurs within a substantial portion of the
plasma membrane (27-40%) with the areas of highest sterol
enrichment (4-10%) exhibiting the clustering patterns of
lengths<565 nm. These findings have contributed to our
understanding of a major unanswered question regarding the
uncertainty of the relative proportion of cholesterol-rich
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versus cholesterol-poor domains in plasma membranes of
living cells by directly probing these domains through the
use of a fluorescent sterol, MPLSM, and statistical image
analysis.

APPENDIX

(1) Rank-Based Comparison Procedure.For eachi ) 1,
2 window, there wereri (in our case,ri ) k2) pixels with
intensity [fi1, fi2, ..., fir i]. The combinedN ) ∑i)1

2 ri (in our
case,N ) 2k2) pixels from the two windows and their
intensities (fij) at each pixel were ranked from smallest to
largest.Rij was then designated as the rank offij in the
combined sample. The total and mean rank was computed
as

Miller’s rank statistic was calculated; that is, the density
distributions of pixels in two windows were considered to
be different if

whereq was the value for the studentized range (67). Of
course, different segmentation results were obtained when
different threshold values were used.

(2) Smoothed Geometric Trajectory of the PM Zone Using
Moments Functions.Moments methods have been widely
used in image processing applications for shape analysis.
Geometric moments of different orders capture different
spatial characteristics of the image’s intensity distribution
(68, 69), where high-order moments were more sensitive to
noise.

The geometric moments of an image were defined as

wherempq is the (p + q)th order moment of the continuous
image functionf(x,y) over the regionR. For digital images
the integrals were replaced by summations, andmpq became

By definition, the zeroth order momentm00 represented
the total intensity in the region. The first-order moments,
m10 and m01, provided the intensity information along the
x-axis and they-axis, respectively. The intensity centroid
(x0,y0) of the region was given by

The moments computed with respect to the intensity centroid
were called central moments and were defined as

The second-order central momentsµ20, µ02 gave the variances
about the centroid, and the covariance measure was given
by µ11.

The PM area under analysis typically had a long, narrow
shape that was roughly characterized as a rectangle, centered
at the intensity centroid. As such, the PM “band/belt” was
modeled into rectangle segments. The width and length of
each rectangular segment were respectively denoted by
variablesa andb and were determined on the basis of the
characteristics of each individual data set. The objective was
to delineate a smooth PM trajectory, and its perpendicular
components, so DHE measurements took place along these
two directions. Here, the second-ordergeometric moments
function was adopted to create the two reference directions
over a PM area, based on the observation that DHE spots
on the PM had the largest degree of “lengthening” along a
particular direction, i.e., the PM trajectory, and the maximum
“widening” along its perpendicular directions (47). These
two directions were referred to asprincipal axesof the shape
under analysis, and they had the largest and smallest
variances for the signal samples through the intensity centroid
of the shape.

In the experiments presented herein, the value ofa ranged
from 6 to 7 pixels, andb ranged from 1 to 3 pixels. This
represented relatively fine resolution in calculating the
trajectory shapes of the PM at this level of analysis. Thea
× b window around a selected pixel was called itsPM
window. The second-order moments of a data set are widely
used to determine the principal axes. By setting the reference
line along the direction that had the maximal lengthening,
the probability of losing data was minimized when an
enveloped measurement of DHE was taken along the
trajectory. To facilitate the actual DHE measurement over
the PM, the objective here was to create a smoothed,
continuous PM trajectory map.

The intensity centroid of aw × w, w > a, b, smoothing
windowof a pixel located at (X,Y) was calculated. On the
basis of empirical results,w was set to be 20 pixels. This
allowed calculation of the PM window of the intensity
centroid. If the central pixel (X,Y) of the smoothing window
fell inside the PM window of the intensity centroid, then
the pixel’s intensity was replaced by the average value of
its n × n neighboring pixels. In this study,n was set to be
5. Otherwise, the value of the pixel (X,Y) was set to be zero.
On the basis of the definition of central moments, the
following was obtained:

where

The orientation of the rectangle was determined by

The algorithm for the smoothing PM region was formally
described as follows.

Step 1: For any pixel at (X,Y), define its smoothing
window R(X,Y) as

Ri ) ∑
j)1

ri

Rij Rh i )
Ri

ri

|Rh i - Rh j| g q(R,t,∞) x2(N + 1)
12

mpq ) ∫R∫xpyq(x,y) dx dy p,q ) 0, 1, 2, 3, ... (1)

mpq ) ∑
x
∑

y

xpyqf(x,y) (2)

x0 ) m10/m00 y0 ) m01/m00 (3)

µpq ) ∫R∫(x - x0)
p(y - y0)

q f(x,y) dx dy (4)

a ) 4(I1/m00)
1/2 b ) 4(I2/m00)

1/2 (5)

I1 ) ((µ20 + µ02) + [(µ20 - µ02)
2 + 4µ11

2]1/2)/2 (6)

I2 ) ((µ20 + µ02) - [(µ20 - µ02)
2 + 4µ11

2]1/2)/2 (7)

θ ) 1/2 tan-1(2µ11/(µ20 - µ02)) (8)
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Step 2: Find the intensity centroid(x0,y0) of R(X,Y) and
calculate its second-order momentsµ20, µ02, andµ11.

Step 3: Calculate the PM window of the intensity centroid,
which is represented by a rectangle, whose size and orienta-
tion are evaluated by eqs 5 and 8.

Step 4: If the pixel at (X,Y) is inside the PM window of
the intensity centroid, or

and

then f(X,Y) ) avg(R); otherwise,f(X,Y) ) 0.
(3) Monte Carlo Test.In the Monte Carlo test,s - 1

random samplesui, i ) 2, ...,s, of the same size as the DHE
pixels are generated under the null hypothesis, which DHE
pixels have a CSR point pattern, and letu(j) denote thejth
largest amongui, i ) 1, ...,s. Then, under the null hypothesis
(48)

Rejection of the null hypothesis occurs ifu1 rankkth largest
or higher gives an exact, one-sided test of sizek/s. For a
one-sided test at the conventional 1% level,s ) 100 is
adequate.

The Monte Carlo simulation was used to form a simulation
envelope as follows: The EDF pointsĜi(y), i ) 2, 3, ...,s,
were calculated froms - 1 independent simulations ofn
(e.g., n ) 114 for S1) spots that were independently and
uniformly distributed onA. The areaA formed from fitting
a 95% predict interval over DHE spots. The upper and lower
bounds of the simulation were defined as (48)

The maxima and minima of each testing point were set as
the upper and lower bounds of the testing point. Each testing
point was simulated for a given numbers (99 times in this
study) of simulation runs, and based on the rank ofĜ1(y)
amongs - 1 Ĝi(y)’s, a conclusion was derived (48, 50, 70).

After the simulations,Ĝ1(y) and the Monte Carlo envelopes
were plotted against theG(y). If the data set is compatible
with CSR, the EDF line should fall inside the envelopes.
The data set was called a cluster pattern if the data set line
exceeds the upper part of the Monte Carlo envelope and a
regular pattern if it was below the lower part of the Monte
Carlo envelope (48).
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