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Video Fluorescence Microscopic Techniques to Monitor
Local Lipid and Phospholipid Molecular Order and
Organization in Cell Membranes During Hypoxic Injury
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INTRODUCTION

Digitized video microscopy (DVM) is a powerful
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Digitized video microscopy is rapidly finding uses in a number of fields of biological investigation
because it allows quantitative assessment of physiological functions in intact cells under a variety of
conditions. In this review paper, we focus on the rationale for the development and use of quantitative
digitized video fluorescence microscopic techniques to monitor the molecular order and organization
of lipids and phospholipids in the plasma membrane of single living cells. These include (1) fiuo-
rescence polarization imaging microscopy, used to measure plasma membrane lipid order, (2) fluo-
rescence resonance energy transfer (FRET) imaging microscopy, used to detect and monitor
phospholipid domain formation, and (3) fluorescence quenching imaging microscopy, used to spa-
tially map fluid and rigid lipid domains. We review both the theoretical as well as practical use of
these different techniques and their limits and potential for future developments, and provide as an
illustrative example their application in studies of plasma membrane lipid order and topography
during hypoxic injury in rat hepatocytes. Each of these methods provides complementary information;
in the case of hypoxic injury, they all indicated that hypoxic injury leads to a spatially and temporally
heterogeneous alteration in lipid order, topography, and fluidity of the plasma membrane. Hypoxic
injury induces the formation of both fluid and rigid lipid domains; the formation of these domains
is responsible for loss of the plasma membrane permeability barrier and the onset of irreversible
injury (cell death). By defining the mechanisms which lead to alterations in lipid and phospholipid
order and organization in the plasma membrane of hypoxic cells, potential sites of intervention to
delay, prevent, or rescue cells from hypoxic injury have been identified. Finally, we briefly discuss
fluorescence lifetime imaging microscopy (FLIM) and its potential application for studies monitoring
local lipid and phospholipid molecular order and organization in cell membranes.
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cells [1-3]. The advantage that DVM provides over
more classical experimental strategies which employ
large cell populations or intact organs is that many of

technique with which scientists can examine a variety of
cellular functions as they actually occur in single living

! Department of Cell Biology and Anatomy, University of North Car-
olina at Chapel Hill, Chapel Hill, North Carolina 27599-7090.

2 Department of Pathology, Duke University Medical Center, Durham,
North Carolina 27710.

3 Cell Biology Program, Lineberger Comprehensive Cancer Center,
University of North Carolina at Chapel Hill, Chapel Hill, North Car-
olina 27599-7090.

4 To whom correspondence should be addressed.

71

the events which occur within a cell or tissue population
are heterogeneous in nature, and may occur in a rapid
or sudden fashion (i.e., important individual events may
be buried in the noise of the population). This is partic-
ularly important in studies of plasma membrane activity,
as regional differences in membrane structure and func-
tion would be obscured in studies using large cell pop-
ulations. In addition, the organization of the plasma
membrane could be altered by the isolation procedures
commonly employed to obtain purified plasma mem-
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branes. The spectroscopic techniques of fluorescence po-
larization, fluorescence resonance energy transfer
(FRET), and fluorescence quenching have provided im-
portant information about membrane structure and func-
tion [4-6], but have historically employed purified
membrane fractions, artificial membranes, or large pop-
ulations of cells and thus could potentially suffer from
the concerns listed above. However, the combination of
the light microscope with these spectroscopic techniques
can overcome these limitations and provide important
additional information regarding the dynamics of mem-
brane structure. Recent advances in optical microscope
technology and digital image processing techniques cou-
pled with the availability of highly sensitive video cam-
eras and newer, more specific fluorescent probes of
membrane function have provided the opportunity to ex-
amine the structure and function of plasma membranes
in single intact cells with very high temporal and spatial
resolution.

In this paper, we discuss three quantitative video
fluorescence microscopy techniques which have been
adapted for use with fluorescence spectroscopic ap-
proaches to monitor the molecular organization in the
plasma membrane of single living cells. These include
(1) fluorescence polarization imaging microscopy, used
to measure plasma membrane lipid order, (2) fluores-
cence resonance energy transfer (FRET) imaging mi-
croscopy, used to detect and monitor phospholipid
domain formation, and (3) fluorescence quenching im-
aging microscopy, used to spatially map fluid and rigid
lipid domains. We review these different technologies
and their practical utilization, limits, and potential future
developments. As an example of the application of these
technologies to a biological question, recent findings re-
garding plasma membrane lipid order and topography
during hypoxic injury in rat hepatocytes [7-9] are dis-
cussed. The development of these digitized video micro-
scopic techniques has led to an increased understanding
of the role of the plasma membrane in hypoxic injury
and has pointed to specific sites for the development of
interventional strategies designed to protect cells against
hypoxic injury. Lastly, we discuss fluorescence lifetime
imaging microscopy (FLIM) and how FLIM can be ap-
plied to studies of plasma membrane lipid/phospholipid
cytoarchitecture and function.

FLUORESCENCE POLARIZATION IMAGING
MICROSCOPY

One of the most widely used methods for measur-
ing membrane lipid order has been fluorescence polari-
zation spectroscopy [10,11]. Localized alterations in
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lipid order are thought to modulate the activity of plasma
membrane proteins (e.g., receptors, transport enzymes)
[12]. The ability to measure plasma membrane lipid or-
der with high temporal and spatial resolution would be
of great value in understanding the effects of lipid or-
ganization on plasma membrane protein activity [13,14].
Fluorescence polarization is based on the principle that
fluorescent molecules absorb light most efficiently when
their absorption transition moments are near parallel to
the electric field vector of the excitation light [15]. For
fluorophores embedded in a membrane, only those mol-
ecules whose absorption dipole moments are oriented
exactly or near parallel to the plane of polarization of
the excitation light will be excited. Light emitted from
the excited fluorophores will also be polarized, but the
amount of polarized emission parallel to the plane of
excitation will decrease if there is rotational motion of
the fluorophores during its excited-state lifetime. In a
bilayer, rotation is related to the local acyl-chain order,
with highly ordered lipid (gel phase) allowing limited
angular rotation and disordered lipid (fluid phase) allow-
ing greater rotational motion.

There are a large number of reports employing
measurements of fluorescence polarization (anisotropy)
in studies of plasma membrane lipid structure/function.
Most of these studies employ measurements of cells or
membranes in suspension and thus provide only aver-
aged information regarding plasma membrane structure
and function. The rationale for two-dimensional fluores-
cence polarization microscopic measurements arises be-
cause the physical state of the plasma membrane is
spatially heterogeneous not only between cells, but also
within an individual cell. For example, we have been
monitoring alterations in plasma membrane lipid order
and topography during hypoxic injury in rat hepatocytes.
During hypoxic injury, plasma membrane blebs form
which contain membrane that is structurally distinct
from that found in the cell body region [8,9]. Even
though there are a large number of reports employing
fluorescence polarization for studies of membrane lipid
order and topography, only a few reports use fluores-
cence polarization microscopy coupled with imaging
technologies for the study of cellular membrane structure
and physiology.

Fluorescence polarization microscopic measure-
ments can be performed in two ways. The first is steady-
state fluorescence polarization imaging: In this approach,
a standard fluorescence microscope equipped with ex-
citation and emission polarizers is used to generate two-
dimensional maps of fluorescence anisotropy which can
then be used to determine the rotational mobility of a
fluorescent analog and detect anisotropic orientational
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distributions [8,16,17]. The second approach is time-de-
pendent fluorescence polarization imaging. In time-de-
pendent fluorescence polarization imaging, the
alterations in the rotational mobility of the fluorophore
are monitored during the excited-state lifetime, thercby
providing two-dimensional maps of the time-dependent
emission anisotropy and rotational correlation time of
the molecule of interest. Two-dimensional time-depend-
ent emission anisotropy measurements can be made us-
ing fluorescence lifetime imaging microscopy (FLIM)
(see below). The use of fluorescent probes to monitor
molecular order and motions within liposome bilayers
has been recently reviewed [11]. In this review, the ad-
vantages and/or limitations of fluorescent versus other
methods of monitoring membrane order and dynamics
were discussed. Fluorescence polarization using multiple
probes to evaluate the fluidity of liposomes and other
lipid assemblies has also been recently described [18].
This publication focused on (1) how to select the proper
extrinsic probe, (2) how to optimize polarization meas-
urements in terms of both theoretical and practical is-
sues, (3) the determination of the location of the
fluorescent probe in the sample being examined, (4) how
to introduce the probe into the sample, (5) the ideal ratio
of probe to the lipid, and (6) how to overcome artifacts
introduced by light scattering.

Microscopic fluorescence polarization measure-
ments on single cells present certain problems not as-
sociated with fluorometric measurements [13,14]. The
major difficulties include the depolarizing effects of the
microscope optics, the orientational dependence of the
observed fluorescence polarization, and the lower fluo-
rescence signals obtainable from individual cells. The
depolarization effects of the microscope optics arise
from the necessity of using objective lenses with high
apertures for maximal collection of fluorescence, rather
than a narrow slit of effectively zero aperture. A theo-
retical treatment of high-aperture observation and the
corrections required for use with high-numerical-aper-
ture microscope objectives has been previously de-
scribed [13,19]. The orientational dependence of the
observed fluorescence polarization is due to the fact that
the surface of all cells is three dimensional, rather than
a two-dimensional bilayer. Thus, surface curvature, in
addition to the rotational mobility of the fluorophore
during its excited-state lifetime, will determine the final
observed depolarization. Corrections for the effects of
surface curvature require knowledge of the probe ex-
cited-state orientation distribution in order to determine
orientation-dependent fluorescence polarization [8].
Lastly, since microscopic measurements are performed
on single living cells, it is imperative to keep the probe
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concentration as low as possible in order to minimize
alterations in membrane function. Thus, the overall flu-
orescence signal from membranes covering single cells
is relatively low compared to that obtained with suspen-
sions of cells. This problem can be overcome by using
highly sensitive image devices and additional image
processing techniques. In summary, successful use of the
microscope to undertake measurements of fluorescence
polarization requires the consideration of a variety of
factors and requires a balance between selection of
probes which can accurately sense different membrane
structure and function, yet provide the requisite sensitiv-
ity for accurate detection of a relatively small numbers
of fluorophores.

In the future, several developments can be antici-
pated. The current selection of probes is limited. For
example, [1-(4-trimethylammoniumphenyl)-6-phenyl-
1,3,5-hexatriene, p-toluenesulfonate] (TMA-DPH), a
widely used fluorophore for measurements of plasma
membrane lipid order, absorbs maximally in the ultra-
violet wavelength range (i.e., 360 nm), where cells are
most susceptible to damage. In addition, NADP(H) and
other cellular constituents absorb strongly in this wave-
length range and therefore background nonspecific au-
tofluorescence can diminish the sensitivity (signal to
noise) of the measurement. In order to improve sensitiv-
ity, new types of probes for the study of plasma mem-
brane lipid order and topography need to be developed
[20,21]. In terms of the instrumentation to perform mi-
croscopic fluorescence polarization measurements, more
accurate polarization measurements will require the abil-
ity to perform polarization detection over a wider range
of angles and the use of more sensitive imaging devices.
By combining total internal reflection fiuorescence
(TIRF) microscopy and polarization measurements, it
has recently become possible to observe melecular mo-
tion, order, rotation, and orientation in greater detail with
higher accuracy in a flat bilayer [14]. In addition, surface
plasmon techniques [22] can be used to further enhance
surface fluorescence polarization imaging. Recently,
confocal fluorescence microscopes have become widely
available for imaging cell structure and function in three
dimensions. In principle, it is possible to modify a con-
focal microscope for confocal polarization measure-
ments [23,24]. The advantage of such an approach is
that better spatial resolution as well as three-dimen-
sional interrelationships with regard to the rotational mo-
bility of membrane components become amenable to
study. Another improvement for polarization imaging
measurements may evolve from ‘‘phase-lock’ polari-
zation detection techniques, in which the excitation and
emission polarization are modulated and detected using
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a polarization modulator [25]. This technique will sig-
nificantly increase dynamic range and sensitivity for flu-
orescence polarization imaging. Thus, though the use of
fluorescence polarization imaging to study molecular
events and structure in living cellular membranes is only
just beginning, it is likely that its application will rapidly
expand.

FLUORESCENCE RESONANCE ENERGY
TRANSFER (FRET) IMAGING MICROSCOPY

Fluorescence resonance energy transfer (FRET) im-
aging [26,27] is a microscopic technique for quantifying
the distance between two molecules conjugated to dif-
ferent fluorophores. In principle, if one has a donor mol-
ecule whose fluorescence emission spectrum overlaps
the absorbance spectrum of a fluorescent acceptor mol-
ecule and is spatially close enough to the acceptor mol-
ecule, the donor will transfer its excitation energy to the
acceptor nonradiatively via a dipole—dipole interaction.
This energy transfer manifests itself as both quenching
of donor fluorescence (in the presence of acceptor) and
an increase in the emission of acceptor fluorescence
(sensitized emission). Because FRET decreases in pro-
portion to the inverse sixth power of the distance be-
tween the two probes, this phenomenon is effective at
measuring separation of the donor and acceptor labeled
molecules when they are within 10-100 ° of each other
[28]. Recently, two reviews on FRET theory, relevant
literature, practical suggestions, application in the study
of membrane organization, and new developments in
FRET techniques have been published [27,29]. In these
papers, extensive bibliographies are provided as well as
a table containing R, values for a variety of different
donor—acceptor pairs. In principle, the measurement of
FRET through a microscope can provide the same in-
formation that is available from macroscopic solution
measurements of FRET; however, FRET microscopy
has the additional advantage that the spatial distribution
of the FRET can be measured throughout the image
rather than providing average information over the entire
object of interest. Because energy transfer occurs over
distances of 10-100 °, a FRET signal corresponding to
a particular field (or pixels) within a microscope image
provides additional information beyond the microscopic
limit of resolution down to the molecular scale. The abil-
ity to measure interactions and distances of molecules
provides the principal and unique benefits of FRET for
microscopic imaging [26,27,30]. FRET imaging is par-
ticularly useful in examining temporal and spatial
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changes in the distribution of fluorescent molecules in
membranes of the living cell [4,29,31].

In practice, there are two ways to perform FRET
microscopy imaging, through the use of steady-state or
time-resolved methods. In steady-state sensitized ratio
FRET imaging, FRET imaging is performed using a
standard fluorescence microscope equipped with exci-
tation/emission filters and sensitive video cameras which
are currently used for the popular technique of ratio im-
aging. In FRET imaging, one typically measures the
emission at two wavelengths, that of the donor and ac-
ceptor. Since FRET results in an increase in acceptor
emission (sensitized emission) and a decrease in donor
emission, the ratio of the intensity of the acceptor-to-
donor fluorescence emission when excited at donor ex-
citation can be taken as a convenient experimental
measure of FRET [26]. The value of this ratio depends
on the average distance between donor-acceptor pairs.
Since this method is simple and easy to perform, it has
been used in a variety of different FRET imaging ap-
plications [9,32]. The drawback of using steady-state
FRET imaging is that it is difficult to perform rigorous
quantitative measurements, since there are several
sources of distortion which need to be corrected for (e.g.,
polarization effects, overlapping of the donor and accep-
tor emission spectra). Time-resolved FRET imaging al-
lows the quantitative measurement of donor—acceptor
separation distances and is based on measuring the life-
time of the donor in the presence and absence of the
acceptor. FRET imaging can be performed using FLIM.

Successful undertaking of FRET imaging requires
that several points be considered. First, the concentration
of the donor and acceptor fluorophore and the ratio of
donor to acceptor need to be tightly controlled. In order
to achieve high S/N, high fluorescence signals are pre-
ferred. However, too high a concentration of dye can
cause self-quenching and disordered membrane function
[33]. Second, photobleaching needs to be prevented. Al-
most all fluorescent molecules are sensitive to photo-
bleaching. Photobleaching can alter the donor—acceptor
ratio and therefore the value of FRET. To prevent pho-
tobleaching, highly sensitive image devices and lower
levels of excitation intensity are preferred. Third, ideally,
the donor emission spectrum should substantially over-
lap the absorption spectra of the acceptor. Fourth, there
should be relatively little direct excitation of the acceptor
at the excitation maxima of the donor. Fifth, the emis-
sion of both the donor and acceptor should occur in a
wavelength range in which the detector has maximum
sensitivity. Sixth, there should be little if any overlap of
the donor absorption and emission spectra, thus mini-
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mizing donor—donor self-transfer. Seventh, the emission
of the donor should ideally result form several overlap-
ping transitions and thus exhibit low polarization. This
will minimize uncertainties associated with the K? factor.
Lastly, when antibodies are used for FRET imaging, it
is necessary to determine whether the antibody reagent
itself may be affecting the FRET measurements. For ex-
ample, because antibody labeling may affect the original
molecule’s structure and therefore distance information,
the correct selection of labeling procedure and antibody
needs to be seriously evaluated.

In the future, the following developments may play
an important role in the successful application of FRET
imaging techniques. As previously mentioned, donor
and acceptor fluorophore labeling for quantitative FRET
imaging is a critical problem. New labeling methods
need to be developed. Recently, green fluorescent pro-
tein (GFP) has been introduced as a marker for gene
expression [34]. GFP is a unique protein which can also
be used for FRET measurements. By inserting the GFP
c¢DNA into the donor molecule cDNA using molecular
biology techniques, direct labeling of the donor molecule
can be achieved. It also has been reported that a rho-
damine-like fluorescent protein also exists. Thus, it may
be possible to obtain directly labeled donor and acceptor
molecules where the label is actually part of the mole-
cule itself. Of course, it will be imperative to prove that
the insertion of GFP does not affect the activity of the
labeled molecules in any way. The continuing develop-
ment of FLIM will become more important in the in-
creasing research applications of FRET microscopy.
FLIM will provide more quantitative FRET imaging
measurements; however, currently existing FLIM instru-
mentation is too expensive to be adopted for a wide
variety of applications. It is likely that within a short
time, commercially available FLIM will be available at
a reasonable price, which will serve to enlarge the num-
ber of FRET imaging applications. Other types of FRET
imaging instruments will be developed for different ap-
plications. Confocal FRET imaging is one logical exten-
sion of this instrument. Recently, near-field optics
[35,36] have been developed, and by combining near-
field optics with FRET, observation of membrane—sub-
strate interactions with high resolution will be possible.

FLUORESCENCE QUENCHING IMAGING
MICROSCOPY

There are several good review papers on the use of
fluorescence quenching for probing membrane structure
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[37,38]. Generally, fluorescence quenching experiments
are relatively easy to perform, because they do not re-
quire sophisticated instrumentation. Fluorescence
quenching techniques have become a popular technique
for the study of protein structure and obtaining mem-
brane topographical information. The concept of fluo-
rescence quenching is based on the Stern—Volmer
equation. As is the case with fluorescence polarization
and FRET measurements, fluorescence quenching meas-
urements can be made using steady-state or time-re-
solved methods. Fluorescence quenching can occur via
different mechanisms (e.g., collisional vs. concentration
dependent) and occur over different time scales. De-
pending on which fluorescence quenching process is op-
erant, different time scales can exist and thus dictate the
optimal measurement approach (i.e., steady state vs. time
resolved). In studies examining membrane topography,
brominated or nitroxide-labeled phospholipids have be-
come popular probes because of their depth of penetra-
tion into the lipid bilayer. In lipid bilayers, these
quenching lipids align with their alkyl chains perpendic-
ular to the bilayer plane. The quencher group can be
positioned at different places along with the chain. In
the membrane, the quenching process occurs in a rela-
tively slow lateral motion, and the quenching by the
quencher lipids is considered to be largely a steady-state
phenomenon [37-39]. Certain spin labels (e.g., TEMPO)
have also found utility in studies of membrane structure
(see below). The quenching of biomacromolecular flu-
orescence by solute quenchers has also become a widely
used and powerful technique to obtain topographical
structural information about proteins, nucleic acids, and
membrane systems [37-39]. These quenching techniques
are based upon the accessibility of intrinsic (ie., the
amino acid tryptophan) or extrinsic fluorescence probes
which are attached to a biomacromolecule or to small
quenchers (e.g., iodide, acrylamide, oxygen). Confor-
mational changes in the biomacromolecule can then be
monitored in terms of changes in the accessibility of the
quencher to the intrinsic or attached extrinsic fluorop-
hore.

As was the case for fluorescence polarization and
FRET measurements, extension of solution fluorescence
quenching principles to the microscope and the two-di-
mensional state is a relatively easy procedure. It has re-
cently become possible to carry out two-dimensional
fluorescence quenching imaging of a single cell mem-
brane by simply modifying existing video fluorescence
microscopy techniques [9]. Such two-dimensional fluo-
rescence quenching can provide spatial information re-
garding the topographical structure and dynamics of the
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cell membrane. To the best of our knowledge, even
though there exists a large literature reporting on the use
of fluorescence quenchers, our recent publication is the
first to describe such an application of fluorescence
quenching imaging [9].

In practice, the most important aspect of performing
fluorescence quenching measurements is in the selection
of the proper fluorescent probes and quenchers. The size,
charge, and polarity of the quencher need be to consid-
ered. In addition, environmental factors such as pH, tem-
perature, pressure, and viscosity need to be carefully
controlled. Moreover, quenching measurements are af-
fected by photobleaching. Therefore, highly sensitive
image devices for low-light detection are needed to pre-
vent photobleaching. The future of fluorescence quench-
ing techniques will likely rest on the development of
more specific and efficient quenchers that display high
selectivity for specific lipid phases or distinct phospho-
lipid/lipid molecules.

MULTIPLE MICROSCOPIC TECHNIQUES FOR
THE MEASUREMENT OF PLASMA
MEMBRANE LIPID STRUCTURE IN
HEPATOCYTES DURING HYPOXIC INJURY

We have applied fluorescence polarization, FRET,
and TEMPO quenching imaging to the study of plasma
membrane lipid structure in hepatocytes during injury
due to chemical hypoxia. We describe our research aims,
experimental procedures, and results as an example of
application of these microscopic techniques.

Hypoxic Injury in Hepatocytes

There is increasing evidence that changes in the
physical state of the plasma membrane are a major factor
in the evolution of irreversible hypoxic injury. A number
of recent studies from our laboratory in which the pro-
gression of cell injury was examined in single rat he-
patocytes indicated that hypoxic injury in rat hepatocytes
is characterized by the formation of plasma membrane
blebs [7,40]. These blebs initially form from the tips of
microvilli and then fuse and coalesce, resulting in the
appearance of a few large blebs. The onset of cell death
was found to be a rapid event associated with the rupture
of one of these large blebs. As such dramatic alterations
in plasma membrane structure occur during hypoxic in-
jury, we hypothesized that alterations in the physical
state of the plasma membrane may underlie the injury
process. To test this hypothesis, we wished to define
changes in plasma membrane lipid structure that occur
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during the evolution of hypoxic injury in hepatocytes by
using video fluorescence microscopy. In order to identify
and monitor lipid and phospholipid molecular order,
several different fluorescence imaging approaches were
developed, which are described in detail below. The re-
sults of these studies, when combined with data obtained
from both our laboratory as well as those of other in-
vestigators, has led to the findings that activation of a
pH-dependent phospholipase A, leads to alterations in
the physical state of the plasma membrane resulting in
destabilization of the plasma membrane and eventually
in the breakdown of the plasma membrane permeability
barrier and onset of irreversible injury (cell death) [41—
44].

Multiparameter Digitized Video Microscopy
(MDVM) System

The various digitized video fluorescence micro-
scope techniques described in this paper are based on
the design of a multiparameter digitized video micro-
scope (MDVM) (Fig. 1) [45,46]. The MDVM system is
comprised of a Zeiss IM-35 inverted microscope
equipped with epi-illumination and phase contrast op-
tics. The excitation light source is either a xenon or mer-
cury arc lamp. Fluorescence images are collected with a
microchannel plate (MCP) image intensifier (Genllsys,
Dage-MTI, Inc., Michigan City, IN) coupled by a relay
lens to a CCD camera (Model CCD-72, Dage-MTTI) op-
erating at video frame rates. Images are acquired and
digitized at 8 bits per pixel resolution by an imaging
board set (Datacube Inc., Danvers, MA) running in a
SUN 3/160 UNIX computer. Computer-driven filter
wheels allow for selection of both the intensity and
wavelength of excitation. The high sensitivity of the im-
age intensifier camera, together with the frame-averaging
capability of the computer, allow work at very low levels
of excitation energy and fluorophore concentration, thus
preventing photobleaching or photodamage that might
lead to disruption of normal cell activity. The image in-
tensifier camera can also be used to obtain bright-field
images, allowing the acquisition of phase and fluorescent
images from same cells. Image acquisition and analysis
software were developed in our laboratory. A tempera-
ture-controlled perfusion chamber is used to maintain
physiologic pH, CO, levels, and temperature during the
experiment [40].

Fluorescence Polarization Imaging

Digitized fluorescence polarization microscopy
(DFPM) was used to monitor lipid order during hypoxic
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Fig. 1. Schematic diagram of multiparameter digitized video microscopy (MDVM) system.

and anoxic injury [8,16]. DFPM allows plasma mem-
brane lipid order to be spatially and temporally quanti-
tated. However, as previously discussed, there are two
issues associated with quantitative measurements of flu-
orescence polarization through the optics of the micro-
scope which need to be addressed. First, the high
numerical aperture of the objective lens leads to partial
depolarization of collected fluorescence. This as well as
other polarization-dependent light transmission proper-
ties of other microscope optical components must be
corrected for. The second issue concerns the effect of
cell curvature on the observed polarization ratios. Since
membrane-bound fluorophores are oriented predomi-
nantly parallel to the phospholipid fatty acyl chains, their
orientation relative to the plane of polarization of excit-
ing light will change along a curved membrane surface.
Thus, corrections for the effects of membrane curvature
on the observed polarization measurements must also be
made. By a modification of the method of Axelrod [19],
expressions relating the observed polarization ratio to
lipid order, position on the cell surface, and lens nu-
merical aperture were developed. Models for the angular
freedom of movement of TMA-DPH in both fluid and
gel-phase states were developed, tested using liposomes
composed of fluid or gel-phase lipids at room tempera-
ture, and corrected for the effects of cell curvature and
objective numerical aperture. The polarization ratio val-
ues at any position on the cell perimeter as a function
of lipid order were then calculated [16].

The information on lipid order that is obtainable
from a single cell by this method is dependent on three
factors: cell geometry, the properties of the membrane
probe, and the particular combination of excitation/emis-
sion polarizer orientations used in image acquisition. In
studies examining hepatocyte hypoxic injury, the hepa-
tocyte and its blebs were modeled as the simple case of
a spherical membrane surface (a plasma membrane bleb)
labeled with a rod-shaped probe of known orientation in
the membrane (TMA-DPH). Using this approach, it was
possible to describe the plasma membrane lipid order
profile around the bleb perimeter with a set of four flu-
orescence images. A different cell geometry, or a probe
with different absorption/emission dipole orientations or
diffusion properties, would require the appropriate mod-
ifications to the equations used in order to determine the
functional dependence at the polarization ratio on lipid
order and membrane surface location. Image acquisition
at other polarizer orientations might also be necessary.

A set of polarization measurements consisted of
four images, each an average of 64 frames (2-sec illu-
mination time), obtained as follows. A film polarizer was
placed in the excitation light path in series with a 365-
nm bandpass filter, a neutral density filter (to minimize
probe photobleaching), and a heat filter. Fluorescence
was observed through a 395-nm dichroic mirror in series
with a 420-nm longpass filter and another film polarizer.
A pair of images was obtained with the emission polar-
izer oriented first parallel and then perpendicular to the
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polarization direction of the exciting light. The excita-
tion polarizer was then rotated 90° and a second pair of
images was obtained, again with the emission polarizer
oriented parallel and perpendicular to the exciting light
polarization direction. For each set of measurements the
camera/intensifier gain was set for maximal image in-
tensity without pixel saturation. Figure 2 is an example
of a DFPM measurement in a rat hepatocyte following
30 min of chemical hypoxia. Cultured hepatocytes on
glass coverslips were labeled with TMA-DPH (5 mM)
in a probe-containing buffer. After a 1 min of labeling
at 37°C, the TMA-DPH-containing solution was re-
moved and fluorescence polarization measurements were
made. Cell viability during the measurements was mon-
itored using the fluorescent probe propidium iodide,
which stains the nuclei of nonviable cells. Fluorescence
polarization ratios (F/F,) were computed on a pixel-by-
pixel basis from digitized image pairs after background
subtraction and image alignment. For display as pseu-
docolor ratio images, polarization ratios were converted
to gray levels (0-255), using a multiplication factor of
100, and were then assigned color values ranging from
violet (low ratio) to white (high ratio). From the ratio
images the corresponding cone angles were calculated.
The two blebs on the left and right sides of the cell are
nearly identical and the F/F, ratios correspond to cone
angles of 10-20° and a lipid order parameter of § =
0.91-0.98 [S = (1/2) cOS Gpax (1 + €OS ). For com-
parison, using lipid vesicles roughly the size of rat
hepatocytes, we found cone angles for TMA-DPH of 32
+ 4°(§ =078 = 0.05) and 17 = 2° (S = 0935 =+
0.015) in fluid and gel-phase lipid vesicles, respectively
[16]. The data indicated that the fluorophore resided in
a rigid membrane environment after hypoxic injury in
rat hepatocytes.

Fluorescence Resonance Energy Transfer (FRET)
Imaging

Sensitized fluorescence was monitored to indicate
the extent of FRET and hence the distance between two
fluorophore-conjugated lipid analogs (donor and accep-
tor) during hypoxic injury [9]. Since FRET results in an
increase in acceptor emission (sensitized fluorescence)
and a decrease in donor fluorescence, using direct ex-
citation of the donor, the ratio of acceptor to donor flu-
orescence (I,/I;) (which is measured at the peak of the
acceptor and donor emission intensity, respectively) was
used as an experimental measure of FRET [47]. The
value of this ratio depends on the average distance be-
tween the donor—acceptor pairs, and thus on the state of
aggregation of lipids in the membrane. The main advan-
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tage of this approach for the study of single cells is its
speed, simplicity, and experimental convenience. Its
main drawback is that FRET efficiencies cannot be cal-
culated from these data. Uncertainties in determining
FRET efficiency in plasma membranes are due to (1) the
complex geometry of the cell surface, (2) the nonrandom
distribution of lipids in the plasma membrane, (3) the
variation of the donor and acceptor relative to one an-
other when in the plasma membrane, and (4) the fact
that each donor in the cell membrane sees a unique sur-
rounding distribution of possible acceptors. FRET effi-
ciencies could in theory be calculated from the 7,/I,
ratio, but only through the use of a rather complicated,
cumbersome calibration procedure [48]. For these rea-
sons only relative changes in average proximity of the
donor and acceptor which can be monitored without re-
lating these changes to absolute distance were moni-
tored.

The lipid analogs N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)-1,2-hexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (NBD-PE) and 2-(12-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino)dodecanoyl-1-hexadeca-
noyl-sn-glycero-3-phosphocholine (NBD-PC) were used
as donors, and N-(lissamine rhodamine B sulfonyl)-1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine, triethy-
lammonium salt (Rhd-PE) was used as acceptor [9].
Selection of optimal donor—acceptor ratio is important
to ensure optimal transfer efficiency [47]. Before meas-
urements were performed on hepatocytes, donor—accep-
tor phospholipid concentrations were varied to determine
the maximum amount of energy transfer observed for a
given donor—acceptor pair. From these measurements, a
donor concentration of 2 mM and a donor—acceptor ratio
(NBD-PE:Rhd-PE) of 1:2.5 (acceptor concentration of 5
mM) were found to provide maximum energy transfer
signal without photodynamic damage to the hepatocyte
plasma membrane. Hepatocytes were incubated with the
donor-acceptor phospholipids for 2 min at 37°C and
washed twice in buffer, and FRET imaging measure-
ments were carried out.

Fluorescence images were collected from labeled
cells with two filter arrangements: (a) excitation (460
nm) and emission (520 nm) filters for donor, and (b)
excitation filter for donor (460 nm) and emission filter
for acceptor (620 nm). By ratioing the images obtained
with filter combination (b) with respect to filter combi-
nation (a), regional changes in the relative concentration
of donor and acceptor were imaged very sensitively. An
example of FRET images obtained with the NBD-PE/
Rhd-PE lipid probe pair at different stages of hypoxic
injury is shown in Fig. 3. A high amount of FRET (large
ratio: red) indicates a closer packing of PE lipid mole-
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cules, whereas a lower ratio (blue) signifies less FRET
and a looser packing of PE lipid molecules.

A normoxic hepatocyte demonstrates a relatively
loose packing of PE lipid molecules as indicated by a
low FRET image (Fig. 3A). As previously discussed, in
hepatocytes, hypoxic injury is associated with plasma
membrane blebbing. This blebbing occurs in three
stages; stage I is characterized by the development of
small surface blebs, stage II is characterized by the fu-
sion and coalescence of stage I blebs, and stage III is
characterized by rupture of one of the stage II cell sur-
face blebs. During stage I blebbing, cells display a mix-
ture of areas of high and low FRET in the cell body,
while blebbed regions display a low degree of FRET
(i.e., looser packing of lipid) (Fig. 3B). In late stage Il
blebbing, FRET increased both in nonblebbed and bleb-
bed regions (Fig. 3C); at this point in the injury process,
blebs show a high degree of FRET, potentially indicative
of changes in lipid topography that occur just prior to
bleb rupture. A FRET image of a hepatocyte in stage II1
of blebbing is shown in Fig. 3D. One of the surface
blebs has ruptured, resulting in the onset of cell death;
a high degree of FRET (closer packing of lipid) was
found in the plasma membrane. Quantitation of the
FRET imaging data in both nonblebbed and blebbed
regions of hepatocytes during hypoxic injury indicated
that the nonblebbed regions (cell body) were the first to
demonstrate an increase in FRET, which continued to
increase up until just prior to loss of cell viability. Con-
versely, blebbed regions of the plasma membrane
showed a more delayed and smaller increase in FRET
(about 50%) relative to that seen in the nonblebbed
regions. Similar results were obtained using NBD-PC/
Rhd-PC as a donor-acceptor pair. Interestingly, when
NBD-PC and Rhd-PE were used as a donor—acceptor
pair, no increase in FRET was seen (compared to nor-
moxic cells) during hypoxic injury, indicating that
plasma membrane phospholipids of the same type in-
crease their packing density as hypoxic injury pro-
gresses.

Fluorescence Quenching Imaging

TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy) was
employed as a quencher of plasma membrane TMA-
DPH fluorescence to measure plasma membrane lipid
structural changes during hypoxic injury [9]. TEMPO is
a water-soluble lipophilic spin label that has been shown
to selectively partition into fluid regions of membranes
and cause contact quenching of membrane probe fluo-
rescence [49]. We have found it to be a very efficient
fluorescence quencher for several membrane-localized
fluorophores, a notable exception being the long-chain
indocarbocyanine dyes. The use of TEMPO and TMA-
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DPH allowed the development of a difference ratio im-
aging method to measure the degree of TEMPO
quenching imaging; the spatial organization and quan-
titative amount of TEMPO quenching in membrane re-
flects the order of the phospholipids of the plasma
membrane. For example, fluid regions of the plasma
membrane would have a higher amount of quenching
compared to rigid gel-phase regions of the plasma mem-
brane.

TEMPO quenching measurements were performed
using MDVM. A 365-nm bandpass filter and a neutral
density filter were used in the excitation light path. The
fluorescence image was observed through a 395-nm di-
chroic mirror in series with a 420-nm longpass filter.
Fluorescent-probe-containing buffer was prepared by
adding an aliquot from a 2 mM stock solution of TMA-
DPH in dimethylformamide to buffer (to a final probe
concentration of 5 mM), followed by brief vortex mix-
ing. Cultured hepatocytes at various stages of hypoxic
injury were mounted on the microscope stage. Once a
cell was located, TMA-DPH-containing buffer was
added for 2 min, the cells were washed twice, and then
TEMPO quenching measurements were made. An image
of the cell was obtained before TEMPO addition (the
‘before’ image, /;;); then 25 mM TEMPO was added and
after a 2-min equilibration period (determined empiri-
cally in other studies) another image of the cell was ob-
tained (the ‘after’ image, /,). Following acquisition of
the before and after images, a difference ratio image [(I;
— IJ/I.] X C, was calculated on a pixel-by-pixel basis,
where C is a constant used to bring the values of the
ratio image into the full range of gray-scale values. The
resultant difference image is thus related to the degree
of quenching; the difference image was pseudocolored
and displayed on the computer monitor. A high ratio
represents greater TEMPO accessibility, more quench-
ing, and a more fluid lipid environment, whereas a low
ratio represents less TEMPO accessibility and a more
rigid lipid environment based on the phase partition be-
havior of TEMPO.

TEMPO quenching imaging of a TMA-DPH-la-
beled hepatocyte at different stages of hypoxic injury is
shown in Fig. 4. A high amount of quenching (large
ratio: red) indicates a more fluid membrane, whereas a
lower ratio (blue) signifies less quenching and a more
rigid (gel) membrane [39]. A normoxic hepatocyte has
a relatively fluid membrane as indicated by a high ratio
after TEMPO addition, as shown in Fig. 4A. Within 15—
20 min after initiation of hypoxia, cells are in stage T of
blebbing and small blebs have formed. Initially, stage 1
blebs are more fluid than the normoxic plasma mem-
brane. Subsequently, these cells display a mixture of ar-
eas of high and low quenching in both the cell body and
blebs. However, on average, the cell body displays less
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Fig. 2. Digitized microscopic fluorescence polarization measurement of a hepatocyte labeled with TMA-DPH after 30 min of hypoxic injury. Top
and middle: fluorescence images, after background subtraction, obtained with the emission polarizer oriented perpendicular and parallel (top and
middle) to the excitation light polarization direction for each of two excitation polarizer orientations (indicated by the arrows). Bottom: pseudocolor

polarization ratio images. Cell diameter is 25 pm.

Fig. 3. Temporal and spatial changes in the FRET images (from I/I,,
ratio) of hepatocytes at different stages of hypoxic injury. Following
hypoxic injury the hepatocytes were labeled with NBD-PE/Rhd-PE
lipid probe pair (D:A, 1:2.5) and images recorded with a 60X, 1.3
numerical-aperture glycerol immersion objective. A large amount of
FRET (large ratio: red) indicates a tighter lipid domains, whereas a
smaller ratio (blue) signifies less FRET and a more fluid membrane.

Fig. 4. TEMPO quenching images of TMA-DPH-labeled hepatocytes
at different stages of hypoxic injury. TEMPO quenching images were
recorded with a 40X, 1.3 numerical-aperture glycerol immersion ob-
jective. A high amount of quenching (large ratio: red) indicates a more
fluid phase membrane, whereas a lower ratio (blue) signifies less
quenching and a more rigid (gel phase) membrane.
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quenching than the blebbed regions of the cell, indicat-
ing that the plasma membrane of the cell body is in a
more rigid state than that of the blebs (Fig. 4B). These
data indicate that the plasma membrane of hypoxic cells
undergoes a transition from a fluid to a more rigid (gel)
state as the injury evolves and that there exists spatial
heterogeneity with respect to the extent and amount of
gel-state lipid that forms. Over the next 20—40 min, cells
enter stage Il of blebbing. Blebs remain fluid for a longer
time than the rest of the plasma membrane (Fig. 4C); in
fact, little change in order of the lipids in the blebs oc-
curs throughout the injury process. Figure 4D shows a
cell in stage III of blebbing. This cell is dead; all of the
blebs had ruptured and the nucleus was positive for pro-
pidium iodide staining (data not shown). The entire
plasma membrane seems to be in a gel state, as evi-
denced by a low degree of quenching over the entire cell
surface. To determine whether these results could be ar-
tifactual to the use of TMA-DPH, similar experiments
using a variety of plasma-membrane-localized fluorop-
hores (NBD-PC, NBD-PE, and Rhodamine PE) were
performed. In all cases examined in stage I of hypoxic
injury, the blebbed regions of the plasma membrane
were more fluid than the rest of the cell surface (K.
Florine-Casteel and B. Herman, unpublished data). Thus,
the data obtained with TEMPO quenching imaging sug-
gest that there is a transition from a fluid to a more rigid
state in the plasma membrane as hypoxic injury pro-
gresses. Importantly, the use of an imaging approach to
measure TEMPO quenching allowed us to discern that
the transition in lipid order from that in a normoxic
plasma membrane to that of a hypoxic membrane occurs
in a spatially heterogeneous fashion, with blebbed por-
tions of the membrane remaining in a fluid state while
the membrane surrounding the cell body (nonblebbed
region) becomes much more rigid.

FLUORESCENCE LIFETIME IMAGING
MICROSCOPY (FLIM)

The previously described digitized video fluores-
cence microscopy measurements were performed under
steady-state conditions. However, steady-state fluores-
cence microscopy is limited in its ability to quantitate
and study rapid dynamic events (i.e., on the order of
nano- to milliseconds) in plasma membranes. Measure-
ments of time-dependent fluorescence emission an-
isotropy and time-resolved spectra of fluorescent plasma
membrane protein or lipid probes can provide quantita-
tive dynamic information about plasma membrane lipid
fluidity, topography, and interactions among membrane
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components. Use of these techniques requires the ability
to measure the fluorescent lifetime of the probe of in-
terest in a spatially defined manner at high temporal res-
olution in intact single living cells. Recent technological
advances in laser light sources, high-speed and highly
sensitive image detection devices, and image processing
techniques have allowed the development of fluores-
cence lifetime imaging microscopy (FLIM) [51-55].
FLIM is an extremely important advance, as it allows
for the first time the combination of the sensitivity of
fluorescence lifetime to environmental parameters to be
monitored in a spatial manner in single living cells. As
such, FLIM provides a sensitive technique capable of
obtaining data regarding the dynamics and heterogene-
ous nature of plasma membrane components which can-
not be obtained by using the methods mentioned above,
which are based on time averaging of the fluorescent
signal.

FLIM uses a very fast and highly sensitive MCP
gated image intensifier {50,54]. The configuration of the
system is shown in Fig. 5. A picosecond pulsed light
source consisting of a mode-locked YAG laser and a dye
laser with a third harmonic generator and cavity dumper
provides picosecond pulses tunable from the UV to the
IR at rates from single shot to 76 MHz. The pulsed ex-
citation light is guided to a fluorescence microscope us-
ing a series of mirrors, and the beam is adjusted to
illuminate the entire field of view. The fluorescence mi-
croscope has two output ports, one for the gated image
intensifier and the other for single-photon counting
(SPC) detection. The SPC detection system is used for
sensitive measurement of fluorescent lifetimes with high
temporal resolution. Time-resolved fluorescence micro-
scopic images are obtained by using a high-speed gated
MCP image intensifier (minimum gatewidth 3.0 ns). The
principal features of the gated image intensifier are very
small image distortion, wide spectral response, compact
size, and high sensitivity, gain, and spatial resolution.
The input gate signal for the gated image intensifier is
delayed relative to the excitation laser pulse, using a dig-
ital delay/pulse generator. The gated image intensifier is
operated at a maximum frequency of 10 kHz, and there-
fore the laser pulse frequency is fixed at 10 kHz at the
cavity dumper. The output image of the intensifier on
the phosphor screen is focused at unity magnification
onto a slow-scan cooled CCD camera. For weak fiuo-
rescence emission, target integration in the CCD is ef-
fective at enhancing the signal-to-noise ratio (S/N) of the
detected image. In a given experimental situation, the
available fluorescence light level determines the integra-
tion time required to obtain acceptable images with ad-
equate signal-to-noise ratio. A method to calculate
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Fig. 5. Schematic diagram of fluorescence lifetime imaging microscope (FLIM). In the SPC (single-photon counting) mode, a photomultiplier
(PMT, C2773, Hamamatsu Photonics K.K.), a photodiode (P.D), amplifiers (AMP, HP-8447F), constant-fraction discriminators (C.F.D, TC454,
Oxford Instruments Inc.), a time-to-amplitude converter (TAC, TC864, Oxford Instruments Inc.), and a multichannel analyzer (MCA, Oxford
Instruments Inc.) are used to measure fluorescence lifetimes from a single spot. The gated image intensifier and cooled CCD are used to image

fluorescence lifetimes as described in the text.

lifetime images from FLIM images for single-exponen-
tial decay of fluorescence which results in extremely
short calculation times has been developed [51,56]. Flu-
orescence lifetimes and preexponential factors can be
calculated directly without fitting a large number of data
points as required by conventional least-squares meth-
ods.

Recently, FLIM has been applied to study the ex-
tent of membrane fusion of individual endosomes in sin-
gle cells [57]. By using fluorescence resonance energy
transfer techniques and FLIM, the extent of fusion and
the number of fused and unfused endosomes were
clearly visualized. Currently, we are applying FLIM to
monitor the time-dependent emission anisotropy of flu-
orescently labeled fatty acids and phospholipid probes
in hepatocytes during hypoxic injury. We hope these
studies will allow a more accurate description of the
changes in membrane organization that accompany hy-
poxic injury. For example, do phospholipids in different
portions of the membrane display distinct rotational mo-
bilities? Are particular rotational mobilities associated
with sites of loss of the plasma membrane permeability
barrier? Does the segregation of plasma membrane phos-
pholipids underlie the mechanism of the formation of
lipid domains with varying degrees of gel and fluid
phases? What characterizes a plasma membrane that is
irreversibly injured by hypoxia from one that is revers-
ibly injured? These questions and others can be ad-

dressed by employing the powerful combination of
time-resolved (lifetime) measurements with the ability to
visualize the spatial location of these changes in indi-
vidual cells as these processes unfold. In the future, if
proper probes can be developed and the cost of instru-
mentation can be decreased, FLIM should find wide ver-
satility as a research tool for studies on membrane local
lipid and phospholipid organization. FLIM will become
a powerful approach to provide more quantitative infor-
mation and insight about membrane structure and dy-
namics.

CONCLUSIONS

In this paper, we have reviewed several different
digitized video fluorescence microscopic techniques for
the study of molecular order in cell plasma membranes.
Using these techniques, it is possible to measure detailed
changes in plasma membrane structure and organization.
Fluorescence polarization imaging provides two-dimen-
sional lipid/phospholipid membrane order and viscosity
mapping. FRET imaging can be used to monitor lipid/
phospholipid domain formation, interaction, and topog-
raphy. Fluorescence quenching imaging can be used to
examine the spatial heterogeneity in membrane fluidity.
These different approaches can be used to investigate
membrane structure and function and provide comple-
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mentary information. The use of these different tech-
nologies was illustrated in studies addressing alterations
in plasma membrane lipid architecture that accompany
hypoxic injury in rat hepatocytes. The data indicate that
shortly after induction of hypoxia, major alterations in
plasma membrane lipid and phospholipid order and to-
pography occur, which initially leads to a more fluid
plasma membrane. Subsequently, as injury progresses,
there occurs a spatially and temporally heterogeneous
change in both the organization and the degree of flu-
idity/rigidity of the membrane of hypoxic cells. These
findings have identified the plasma membrane as a site
of hypoxic injury. Digitized video fluorescence micros-
copy can be used to extract important spatial and tem-
poral information from cell membranes and the hope is
that the methods described in this paper will be adopted
and modified by other groups for different applications.
Application of these techniques, as well as others yet to
be developed (e.g., near-field microscopy), will undoubt-
edly provide a more detailed view of cellular microar-
chitecture and function.
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