Biophysical Journal Volume 71 July 1996 91-100 91

Changes in Membrane Properties during Energy Depletion-Induced Cell
Injury Studied with Fluorescence Microscopy
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ABSTRACT The changes in membrane structural properties occurring during the process of ATP depletion-induced cell
injury in adherent human astrocytoma cells (UC-11 MG) were studied with two epifluorescence techniques: 1) steady-state
fluorescence anisotropy () to examine microstructural changes in the membrane phospholipids and 2) fluorescence redis-
tribution after photobleaching (FRAP) to examine membrane fluidity changes. A new method for r measurement was
established that provides the unique advantage of simultaneously monitoring both vertical and horizontal polarized fluores-
cence emissions needed for the calculation of r. In this study, r in the astrocytoma cells labeled with 1-(4-trimethylammonium
phenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate was shown to remain stable for up to 90 min. However, when the cells
were treated with 75 uM iodoacetic acid (IAA), a metabolic inhibitor that induces rapid depletion of cellular ATP, r continually
decreased, indicating a decrease in membrane lipid order and perturbation of the bilayer structure. This decrease in r could
be prevented by the pretreatment of cells with lipophilic antioxidants such as tirilazad or gossypol. Tirilazad itself caused a
significant increase in r, suggesting that tirilazad intercalates into the membrane bilayer and profoundly increases the lipid
order in uninjured cells. Gossypol, however, did not exhibit this property. Further investigations into these phenomena with
FRAP confirmed the r results and indicated that membrane fluidity increased while its structure became less rigid during the
process of ATP-induced cell injury. In addition, lipophilic antioxidants prevented the membrane structural aberrations induced
by IAA. Experimental results suggest that different mechanisms of cytoprotective action may exist for tirilazad and the
antioxidant gossypol. Gossypol appears to prevent or delay the observed cell injury entirely because of its antioxidant action,
whereas tirilazad’s protection is mediated not only via its antioxidant activity, but also by its ability to increase cell membrane

lipid order.

INTRODUCTION

Decreased cellular ATP is one of the major biological
events occurring immediately after the onset of ischemic
tissue injury (Farber et al., 1981; Jennings and Reimer,
1981; Raichle, 1983). If the noxious conditions persist, a
cascade of biological events occurs within cells that leads to
irreversible injury and eventually to cell death. There is
increasing evidence implicating alterations in the physical
state of the biological membrane as a major factor in the
evolution of irreversible injury during cellular ATP deple-
tion (Florine-Casteel et al., 1991). Many methods have been
developed and applied to study of the changes in membrane
structure during the cell injury process, including fluores-
cence microscopy, which has been widely used in biological
systems (Lakowicz, 1991; Taylor and Wang, 1989; Wang
and Taylor, 1989).

Two techniques, fluorescence redistribution after photo-
bleaching (FRAP), which can be used to measure the dif-
fusion coefficient of a fluorescent probe within the mem-
brane, and steady-state fluorescence anisotropy (r), which
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can be used to monitor the motion of fluorophores in living
cell membranes, have been employed for the study of struc-
tural changes within a cell membrane. Fluorescence anisot-
ropy involving measurement of the polarized emissions of a
fluorophore in the membrane can provide a detailed descrip-
tion of the rotational motion of a fluorophore and, thus, be
used to characterize the microviscosity of the environment
surrounding the fluorophore. Typically, very rigid structures
exhibit a larger r value than more fluid structures. In con-
trast, FRAP utilizes fluorescent phospholipid analogs to
reveal membrane lipid structural changes by measuring the
diffusion coefficients of the fluorescent probes. Collective
results from both r and FRAP measurements can provide
profound insight into structural changes within the cell
membranes. Through the use of these techniques, internal
movements of the macromolecules in the membrane can be
monitored, allowing examination of the nature of the mi-
croenvironment surrounding the fluorescent probes.

Most of the applications involving anisotropic measure-
ments have been made in lipid vesicles or cell systems in
suspension (Collins and Grogan, 1989; Sawyer, 1988).

However, it is likely that important information about the
cells may be lost after dissociation of the cells from their
living substrate. Recently, quantitative fluorescence imag-
ing has been used to provide spatially resolved images
reflecting r and the diffusion coefficient of fluorophores
within plasma membranes and in the cytoplasm of adherent
cells (Dix and Verkman, 1990; Gough and Taylor, 1993;
Schindler and Jiang, 1987).
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Here, we report the establishment of a new methodology
for the measurement of steady-state fluorescence anisotropy
that exhibits the unique advantage of simultaneously mon-
itoring both the vertical (parallel) and the horizontal (per-
pendicular) polarized fluorescence emissions while auto-
matically correlating the ratio of the emissions to r. This
method was utilized in the present study to measure the
changes in r within the membranes of adherent human
astrocytoma cells during the process of ATP depletion-
induced cell injury and to investigate the ability of antioxi-
dants to prevent these changes. In addition, changes in the
diffusion coefficients within the membranes were measured
with FRAP to confirm the results of the r measurements.

MATERIALS AND METHODS
Materials

RPMI 1640 cell culture medium, HEPES buffer, and Hanks’ balanced salt
solution (HBSS) were obtained from Gibco BRL (Grand Island, NY).
Iodoacetic acid (sodium salt), 2,2’-bi(8-formyl-1,6,7-trihydroxy-5-isopro-
pyl-3-methylnaphthalene (gossypol), and bovine serum albumin were pur-
chased from Sigma Chemical Company (St. Louis, MO). Tirilazad mesy-
late (U-74006F) was provided by Dr. Gordon L. Bundy of Medicinal
Chemistry Research, Upjohn Laboratories. Fluorescent probes, 1-(4-trim-
ethylammonium phenyl)-6-phenyl-1,3,5-hexatriene  p-toluenesulfonate
(TMA-DPH) and 2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanol-
1-hexadecanoyl-sn-glycero-3-phosphocholine (NBD-PC), were purchased
from Molecular Probes (Eugene, OR). Lab-Tek coverglass chambers for
tissue culture were obtained from Nunc (Naperville, IL).

Cell culture and preparation

The human astrocytoma celil line, UC-11 MG, was kindly provided by Dr.
Thomas J. Raub of Drug Delivery Research, Upjohn Laboratories. Cells
were grown in 75-cm® culture flasks with RPMI 1640 culture medium
containing 4 mM L-glutamine, 20 mM HEPES, 10% fetal bovine serum,
penicillin, streptomycin, and amphotericin B. Cultures were incubated at
37°C in a humidified atmosphere containing 5% CO,. On the day before
the experiment cells were seeded at 5 X 10*cm? into two- or four-well
Lab-Tek chambers that had been etched with NaOH (1 M) and coated with
collagen (Type I rat tail collagen at 1:20 dilution of stock solution;
Collaborative Research, Bedford, MA). Astrocytes were pretreated with
gossypol and tirilazad, which were prepared as 0.01 M and 0.1 M stock
solutions, respectively, in dry dimethylsulfoxide (DMSO) and diluted 1:10
in 30 mg/ml bovine serum albumin solution. The 100X compound solu-
tions were prepared by diluting the above solution 1:10 with HBSS
containing Ca®?* and Mg?*, 1.2 and 0.8 mM, respectively (complete
HBSS). These concentrated drug solutions were added to the cells in
culture medium to yield final concentrations of 1 uM for gossypol and 10
pM for tirilazad. The cells were preincubated for 2 h at 37°C before
initiation of cell injury.

Imaging and data processing

All quantitative fluorescence measurements were conducted with an ACAS
570 interactive laser cytometer. This working station utilizes an Olympus
inverted microscope coupled to an argon laser that is tunable to UV
(351-364 nm) and several useful visible wavelengths (488 and 514 nm) for
the excitation of a variety of fluorescent probes. As shown in Fig. 1, it is
equipped with two photomultiplier tube (PMT) detectors, which enable
simultaneous ratio imaging. Data collected was normalized to correct for
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background:
Normalization Val(f)/Val(r = 0),

where Val(¢) is the observed fluorescence at the time indicated and Val(r =
0) is the observed fluorescence at the time of the first reading (time 0).

Cell injury assay

Sodium iodoacetate (IAA) (75 uM) was used to deplete cellular ATP in all
cell injury assays. Adherent human astrocytoma cells in the coverslip
chambers were washed once with warm, complete HBSS before use. Then
complete HBSS containing 75 uM JAA was added to the culture chamber
to induce cell injury. For cytoprotective experiments, gossypol or tirilazad,
at indicated concentrations, was present during the entire assay period. All
experiments were conducted at 37°C, using a temperature-controlled stage
on a confocal ACAS 570 interactive laser cytometer (Meridian Instru-
ments, Okemos, MI).

Steady-state fluorescence
anisotropy measurements

For steady-state fluorescence anisotropy measurements, adherent cells
were washed once with complete HBSS and then incubated in this medium
containing 2 uM TMA-DPH for 10 min at 37°C. After this incubation, the
cells were washed once with complete HBSS and imaged using an ACAS
interactive laser cytometer.

The fluorescent probe was excited using the coherent UV band (351-
364 nm) of a 5-W argon laser (Coherent, 1-90). The polarized UV light was
directed through an acoustooptic modulator (AOM), which controls the
laser’s spot intensity and pulse duration, and then through a 355/30-nm
band-pass excitor filter. The UV light was reflected through the center of
a UV-quality objective (Olympus X UV Dapo objective; NA = 1.30) using
a 380-nm long-pass dichroic filter. Fluorescence emissions from the sam-
ple returned through the objective, passed through the 380-nm long-pass
dichroic filter, and then through a 390-nm long-pass barrier filter. A 50/50
beam splitter positioned after a pinhole aperture was used to direct half of
the fluorescence emission through a vertically polarized filter to a PMT
detector, and half of the fluorescence emission through a horizontally
polarized filter to a second PMT detector (Fig. 1). Imaging was typically
performed using 0.1% of the laser light when its output was set at 100 mW.
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FIGURE 1 Schematic diagram for measurement of steady-state fluores-
cence anisotropy in the ACAS interactive laser cytometer. V.P., Vertical
polarizer; H.P., horizontal polarizer; D.C., dichroic cube containing a
355/30-nm band pass excitation filter, a 380-nm long-pass dichroic filter,
and a 390-nm long-pass barrier filter; AOM, acousto-optic modulator.
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Using a motorized stage, the samples were scanned point by point in the x
and y directions over the stationary laser beam. Stage scanning in such a
manner eliminates many of the imaging artifacts that result from scanning
a laser beam across the objective lens. To reduce axial UV chromatic error
in the objective, a beam expander in the ACAS 570 is employed in the
excitation beam to adjust its focus. The visible fluorescence path is un-
modified, and so is not affected by the UV correction. A typical image of
180 X 180 pixels at the step size of 1 w per pixel (imaging area is 180
X 180 w) was scanned within 30 s. To determine distribution of the
TMA-DPH probe within the cellular environment, a confocal scan was
prepared of a labeled cell. For the confocal imaging 160 X 160 pixels were
scanned in the x-y plane, using a step size of 0.3 um and a pinhole setting
of 100 um. Scans were repeated every 0.5 um in the z plane to compile
data for three-dimensional reconstruction of the image. It should be noted
that theoretical resolution for fluorescence imaging using this pinhole
setting and UV excitation with the 1.30 NA objective is 0.53 wm. There-
fore, acquisition of 0.5-um sections during confocal imaging means sam-
pling at or slightly below the optimal resolution of the instrument.

With the split emission light and dual PMTs described above, r was
calculated from the fluorescence emissions as follows:

r=(, — gxl)/{, + 2gxL) = (A—g)/(A + 28g),

where I, and I, are the vertical and horizontal fluorescence intensities
measured by detectors 1 and 2, respectively, g is a factor that corrects for
differential polarization sensitivity of the detection system (Lakowicz,
1983), and A equals the ratio of the two emissions, I,/I,. Factor g is set to
| by adjusting the PMT gains until the emitted fluorescence intensities
displayed by each detector are approximately equal when the 50/50 beam
splitter was used alone, but without the vertical and horizontal polarizing
filters. The ACAS automatically converted the ratio A to r using a build-in
standard curve. Background autofluorescence was removed by subtracting
the fluorescence image acquired before staining from the fluorescence
images of the same field acquired after staining with TMA-DPH.

The accuracy of the ACAS r measurements was determined by com-
paring the values recorded by the ACAS to the values measured using a
spectrofluorometer (ISS Instruments, Urbana, IL). The comparisons were
conducted on cell-free DMSO solutions containing 1 uM TMA-DPH and
1-76% glycerol, used to control the fluid viscosity.

Diffusion coefficient measurements

Measurement of fluorescence redistribution after photobleaching (FRAP)
was used to investigate membrane fluidity changes in human astrocytoma
cells undergoing ATP depletion-induced cell injury. Adherent cells were
washed once with complete HBSS and then labeled with 10 pg/ml of
NBD-PC in complete HBSS at 37°C for 5 min. After incubation, excess
fluorescent probes were removed by rinsing with complete HBSS.

FRAP measurements were performed with the ACAS by photobleach-
ing a microscopic area (1.3 um in diameter with a 40X Olympus LWD
objective, NA 0.55) of a cell membrane using a short, intense pulse of laser
light, controlled by the AOM. Typically, a 40-ms pulse of the 488-nm laser
line, using 100% of the laser’s 100-mW output, caused the fluorescence in
the photobleached area to decrease by approximately 65%.

Fluorescence recovery within the bleached area due to the lateral
diffusion of neighboring intact fluorophores was subsequently measured
via a single line scan across the entire cell, including the bleached area,
using the 488-nm laser attenuated to a lower scan strength. Typically, 30
line scans across a cell were recorded every second, using 5% laser scan
strength (100 mW laser output). NBD-PC fluorescence recovery in the
human astrocytoma cells was generally completed within 45 s.

The ACAS software automatically calculated the percent fluorescence
recovery and the diffusion coefficient (cm?/s) for the probe within the
membrane, using a modified nonlinear least-squares algorithm for flat cells
(Axelrod et al., 1976; Golan et al., 1986). For each series of experiments,
the calculated diffusion coefficients were compared by performing a one-
way ANOVA. Comparisons between experimental groups were performed
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using the F-folded test (SAS Version 6.8) at specific time points. All
differences that reached a probability of 5% or less were considered
statistically significant.

Determination of cell viability

Propidium iodide (PI) was utilized to monitor viability in the cell injury
experiments. This probe is excluded from viable cells, where it exhibits
very little fluorescence; however, as the cells were injured and lost their
membrane permeability barrier, propidium iodide entered the cell binding
to nucleic acids to become highly fluorescent. Propidium todide at a final
concentration of 10 uM was added to the culture chamber just before cell
injury induction. The fluorophore was excited at 488 nm and the emission
fluorescence was detected by PMT 2 with the 575-nm short-pass dichroic
mirror and a 530 * 30-nm band-pass filter.

RESULTS

Validation of steady-state fluorescence
anisotropy with imaging technique

To validate the measurements of steady-state fluorescence
anisotropy using the ACAS, a series of glycerol/DMSO
solutions containing 1 uM TMA-DPH were analyzed using
both the ACAS and a spectrofluorometer. The fluid viscos-
ity was gradually increased in the solution by raising the
percentage of glycerol. Theoretically, as the fluid viscosity
of a solution is increased, r should increase proportionally.
The linear relationship found between r measured with the
spectrofluorometer and r measured by the ACAS indicates
that measurements made with the two instruments are well
correlated (Fig. 2). These results showed that r can be
measured accurately with the ACAS.
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FIGURE 2 Comparison of steady-state fluorescence anisotropy mea-
sured by the ACAS versus the r measured by a spectrofluorometer using a
series of glycerol/DMSO solutions containing | uM TMA-DPH. The
viscosities of the bulk solutions were determined by the percentage of
glycerol in each solution ranging from 1% to 76% (w/w). No significant
depolarization in r by high numeric aperture of a 100X UV objective (V)
was observed by comparing with the r measured through a 40X UV
objective (@).
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Changes of steady-state fluorescence anisotropy
by the treatment of lipophilic antioxidants

Steady-state fluorescence anisotropy within adherent human
astrocytoma cells was determined by simultaneously monitor-
ing horizontally and vertically polarized fluorescence emis-
sions from the fluorescent probe TMA-DPH using the ACAS.
A typical set of fluorescence images for the r measurement is
shown in Fig. 3. The upper panel of Fig. 3 shows pseudocolor
images of the distribution of the two polarized emissions in

FIGURE 3 (Top)Pseudocolor im-
ages of the vertical polarized fluores-
cence emission (left) and the horizontal
polarized fluorescence emission (right)
from human astrocytoma cells loaded
with 2 uM TMA-DPH. (Bottom)
Pseudocolor image representing the
spatial distribution of steady-state flu-
orescence anisotropy within human as-
trocytoma cells with the corresponding
pixel histogram of r values. The r val-
ues are indicated by the adjacent color
scale.
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astrocytoma cells. Detector 1 represents the emission fluores-
cence intensity in the plane parallel to that of the excitation
beam’s (/,) polarization, and detector 2 represents the emission
fluorescence intensity in the plane perpendicular to that of the
excitation beam’s (/,,) polarization. The spatial distribution of r
within the human astrocytoma cells, calculated from the ratio
of the two emissions using the standard curve, is shown in the
lower panel of Fig. 3 along with the corresponding pixel
histogram. The limited range of r (0 to 0.5) agrees with
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theoretical r values predicted for the biological systems (La-
kowicz, 1983). The heterogeneity of r observed throughout
each of the cells is probably due to structural differences in the
lipid bilayer of each cell and/or to the internalization of fluo-
rescent probes.

Control experiments were run to monitor the effect of laser
excitation on the TMA-DPH probe and/or the membrane of the
human astrocytoma cells over a long period of time where cells
were incubated in complete HBSS alone. The results, shown in
Fig. 4, indicate that r in the adherent cells remained constant
for at least 1 h and then exhibited an insignificant decrease,
which was probably due to internalization of fluorophores.
Thus, any significant deviation in r from the control values
should reflect changes in cell membrane structures.

Fig. 4 shows the changes of steady-state fluorescence
anisotropy with time in human astrocytoma cells during the
exposure to different lipophilic antioxidants. When the cells
were treated with 1 uM gossypol, r decreased slightly and
then stayed at a constant level, which was not significantly
different than that of the original value (+ = 0). Because the
decrease in r occurred early in the antioxidant treatment, the
small change was probably induced by the incorporation of
gossypol into the cell membranes. Once the incorporation
process reached a dynamic equilibrium, the overall mem-
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FIGURE 4 Time courses of steady-state fluorescence anisotropy (top)
and normalized r (bottom) in human astrocytoma cells labeled with TMA-
DPH under different treatments: @, control; B, 10 uM tirilazad; ¥, 1 uM
gossypol. Values are mean = SEM (n = 30-40 cells).
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brane structure stayed at a relatively stable stage, as re-
flected by the constant r. In contrast, treatment of astrocy-
toma cells with 10 uM tirilazad induced an increase in r,
which reached a maximum value in 30 min; that value
differed significantly from that of the control cells. This
increase in r indicates that significant structural changes in
the membrane occurred upon tirilazad addition, resulting in
a more rigid membrane environment.

Changes in steady-state fluorescence anisotropy
during ATP depletion-induced cell injury

IAA is a metabolic inhibitor that induces cellular ATP
depletion and irreversibly injures cells (Florine-Casteel et
al., 1991; Sun et al., 1993). Fig. 5 shows the changes in
steady-state fluorescence anisotropy () that occur in human
astrocytoma cells during exposure to IAA (final concentra-
tion of 75 uM). The study revealed a steady decrease in r
within the cells over the first hour, which then accelerated,
suggesting that membrane structure was being altered to yield
a more fluid microenvironment in the membrane bilayer.
However, when astrocytoma cells were pretreated for 2 h
with lipophilic antioxidants before exposure to IAA, a de-
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FIGURE 5 Changes in steady-state fluorescence anisotropy in the ATP-
depleted human astrocytoma cells induced by IAA (#) and the protective
effect of the antioxidants (M, 10 M tirilazad + IAA; ¥, 1 uM gossypol
+ IAA). (Top) Changes in r. (Bottom) Normalized changes in r. Values are
mean * SEM (n = 30-40 cells).
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crease in r during IAA exposure was not observed (Fig. 5).
In ATP-depleted cells that had been pretreated with 1 uM
gossypol, a small decrease in r was observed immediately
after the addition of IAA, similar to that seen initially during
the gossypol treatment; however, r stayed constant thereaf-
ter at a level that was not significantly different from that of
the undamaged cells when analyzed via Dunnet’s f-test. In
cells pretreated with 10 uM tirilazad before the addition of
IAA, no significant changes in r were recorded during IAA
treatment. These results suggest that the incorporation of
antioxidants in the membrane bilayer prevents the mem-
brane structural damage and increased fluidity that normally
result from ATP depletion-induced cell injury.

FIGURE 6 Pseudocolor images of confo-
cal sections through the center of a TMA-
DPH loaded astrocytoma cell probe distribu-
tion through the cell (detectors 1 and 2 are
each detecting light in only one plane, hori-
zontal or vertical). (Top) Cells labeled for2 h
with TMA-DPH. (Bottom) Effect of 4 h of
preloading with tirilazad before the addition
of TMA-DPH.
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To determine the amount of internalization of the TMA-
DPH probe used for measurement of r, astrocytoma cells were
loaded with the probe and dual-detector confocal sections
through the cell were examined. Confocal’ imaging allows
optical sectioning of the cell in the vertical plane (z axis) with
a resolution of 0.53 um, when a 100X objective is employed.
Through the use of this extremely narrow depth of field, it was
possible with the confocal system to establish three-dimen-
sional localization of subcellular structures. Fig. 6 presents
these confocal sections, which were taken through the center of
the cell; the top image depicts a control cell after loading for
2 h with TMA-DPH, and the bottom image is of a cell
preloaded for 4 h with tirilazad and then, as in the top figure,



Wu et al.

with TMA-DPH (detectors 1 and 2 are each detecting light in
only one plane, horizontal or vertical). As indicated by these
figures, most of the fluorophore is localized in the outer mem-
brane, and therefore, changes in fluorescence polarization can
be taken to reflect the state of the cell membrane. These images
clearly indicate that the TMA-DPH is in or near the outer
membrane, because the interior of the cell is devoid of the
probe. The images presented in Fig. 3, in contrast to those
presented here (Fig. 6), are of overall fluorescence of the
TMA-DPH (epifluorescence), which provides no vertical res-
olution, and the probe, therefore, appears to be detected
throughout the cell. Furthermore, tirilazad has very little, if
any, effect on the anisotropy probe in these cells.

Membrane fluidity changes during ATP depletion-
induced cell injury

Because membrane fluidity is proportionally related to the
diffusion coefficient of fluorescent probe in the membrane,
FRAP was utilized to corroborate the membrane fluidity
changes detected in the human astrocytoma cells by the fluo-
rescence anisotropy measurements during cell injury induced
by ATP depletion. Fig. 7 shows the changes in NBD-PC probe
diffusion coefficient (shown as mobility) in the cell membrane
during the cell injury process. Each time point in Fig. 7 reflects
the averaged value of diffusion coefficients in 10-20 individ-
ual cells. Unprotected cells exposed to 75 uM IAA showed a
significant increase in membrane fluidity before 90 min. After
90 min, the injured cells partially detached from the bottom of
the culture chamber, which made the measurements inaccurate

22 |-

FIGURE 7 Changes in membrane
fluidity, indicated by the fluorophore
mobility measured from FRAP, occur-
ring in the process of ATP depletion-
induced cell injury in human cell astro-
cytoma cells. Lipophilic antioxidants
demonstrated a strong protective effect
(*, p < 0.05) at a certain time point
when compared with the group treated
with TAA alone. Values are mean *
SEM (n = 17-20 cells).
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and inconsistent. However, in cells pretreated for 2 h with
antioxidants such as gossypol or tirilazad, the diffusion coef-
ficient of NBD-PC is slower than, but insignificantly different
from, the initial values observed in the control cells. When the
antioxidant-pretreated cells were exposed to IAA, the diffusion
coefficient of NBD-PC increased with time, but at a signifi-
cantly slower rate than that of cells treated with IAA. These
results indicate that the membrane structure in human astrocy-
toma cells is altered, shifting to a more fluid phase during
periods of ATP depletion, and that this structural change may
be attenuated by treatment with antioxidants.

Determination of cell viability during ATP
depletion-induced cell injury

To establish whether a correlation exists between the ob-
served changes in the membrane structure and cell viability,
propidium iodide (PI) exclusion experiments were per-
formed to detect the loss of the cell’s permeability barrier.
Propidium iodide, which is excluded from living cells, was
added to the incubation buffer, where it exhibits low levels
of fluorescence. As the cells lose viability after [AA treat-
ment and the membrane permeability barrier disintegrates,
PI enters the cell and binds with nucleic acids to become
highly fluorescent (Goes et al., 1988; Nieminen et al.,
1988). The data, which represent the mean of five groups of
cells repeatedly scanned over the entire experimental pe-
riod, are presented in Fig. 8. The results show that the
unprotected cells lost their permeability barrier after 100
min of IAA treatment. As they died, there was an observed
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FIGURE 8 Effect of the antioxidants (M, 10 uM tirilazad; ¥, 1 uM
gossypol) on 75 uM iodoacetate (@)-induced loss of cellular viability as
monitored by prevention of propidium iodide (PI) entry into the cell,
indicated by increases in intracellular PI fluorescence.

decline in PI fluorescence, which may have resulted from a
loss of nucleic acids from the cells as the membrane became
permeable and from a loss of cells as they floated off the
culture plate, which resulted in an observed decrease in total
PI fluorescence with long-term observation. These caused
the decrease in intracellular fluorescence and introduced a
high degree of variability, which is reflected in the large
error bars at the later time points in Fig. 8. Gossypol
completely protected the cells against IAA-induced injury
for at least 4 h. Tirilazad was able to postpone cell death for
approximately 45 min and decreased leakage of the PI probe
from the cytoplasm, which accounts for the elevated intra-
cellular fluorescence in the tirilazad-protected cells.

DISCUSSION

In the present study, a quantitative imaging fluorescence
technique was developed to measure the steady-state fluo-
rescence anisotropy of fluorescent probes in the membranes
of human astrocytoma cells injured by ATP depletion. This
imaging technique utilizes an argon laser as a source of
polarized excitation light and two photomultiplier tubes to
simultaneously record the polarized emission images, which
were subsequently utilized to correlate the emission ratio
with r. The results demonstrate that although the r values
are slightly reduced in the imaging measurements, they
strongly correlate with the values obtained from spectroflu-
orometer measurements and, therefore, can be correlated to
the true values of r in living cell systems. This correlation
was further confirmed by the data shown in Fig. 3, in which
the limited range of r across the cells is in good agreement
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with the theoretically predicted values in biological systems
(Lakowicz, 1991). Current techniques in which r is mea-
sured in different adherent living cell systems, as reported
by a number of investigators (Wang et al., 1995; Fushimi et
al., 1990; Florine-Casteel et al., 1991; Gough and Taylor,
1993), all use one imaging detector in their optical system,
requiring sequential recording of the polarized emissions.
This type of imaging may result in the loss of useful
information due to the process of changing optics in the
light pathway when living cells are monitored. The method
described in this report has some unique advantages: 1) the
vertical and horizontal polarized fluorescence emissions can
be simultaneously monitored to acquire the r measurements
for an entire cell or a group of cells, and 2) the time course
of r changes in the same cell can be observed for a long
period of time, thus allowing calculation of normalized
changes in r, which can be meaningfully interpreted as
structural changes in cell membranes.

Iodoacetate has been shown to block glycolysis through
the inhibition of glyceraldehyde 3-phosphate dehydroge-
nase in isolated perfused hearts (Padieu and Mommaerts,
1960; Pirolo and Allen, 1986; Jennings et al., 1989). This
specificity has also been demonstrated in rat lung carcinoma
cells (Brodie and Reed, 1987). At the 75 pwm concentration
employed in these studies, Dawson et al. (1993) have shown
glyceraldehyde 3-phosphate dehydrogenase to be the main
site of action for this alkylating agent. As a result of this
inhibition, cellular ATP is rapidly depleted (Sun et al.,
1993). IAA has been widely used to induce the condition
termed “chemical hypoxia” in cultured cells to simulate the
ATP depletion that occurs in ischemia (Herman et al., 1990;
Sen et al., 1988; Sun et al., 1993). The observed biochem-
ical, functional, and morphological changes occurring in the
IAA-induced cell injury process compare favorably with the
pathology of brain cells suffering hypoxic or ischemic in-
juries (Raichle, 1983). In this study, we used a moderate
amount of IAA (75 uM) to generate a slowly evolving
sequence of changes in human astrocytoma cells, so that we
could examine the membrane structural changes in detail
with fluorescence microscopy and elucidate the roles of
these changes in the cell injury process. The data demon-
strate that exposure of cells to IAA induces a slow decrease
in the packing order of the lipid domains in the human
astrocytoma cells during the first 70 min after the addition
of IAA, which is followed by a rapid loss of lipid order.
This phenomenon was evidenced both by the changes in r
and by the changes in NBD-PC diffusion coefficient, as
revealed by FRAP measurements. The results also confirm
the postulation that an inverse relationship exists between r
and the diffusion coefficient of fluorescent probes in the
same system (Steiner, 1991).

A study of membrane structure changes during “chemical
hypoxia” (high levels of IAA and KCN)-induced cell injury
in cultured hepatocytes was reported by Wang et al. (1993),
utilizing fluorescence quenching and fluorescence reso-
nance energy transfer to measure lipid packing order. In
contrast to the results reported here, which measure mem-
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brane mobility, their results indicate an increase in lipid
order as the hypoxic injury progressed; however, the hepa-
tocytes develop large membrane blebs during the period of
severe metabolic deprivation (no large bleb formation was
observed in the astrocytoma cells utilized in our study) in
which the membrane remained more fluid in nature. It is
difficult to equate the two models; however, it is clear that
changes in membrane structure are central to the hypoxic
injuries observed in both models.

Many factors could account for the increase in the mem-
brane fluidity during this cell injury process. One possibility
is the peroxidation of membrane phospholipids induced by
reactive oxygen species generated in traumatic or ischemic
cell injury processes. We recently demonstrated the gener-
ation of reactive oxygen species in the IAA-induced cell
injury in human astrocytoma cells using epifluorescence
microscopy (Taylor et al., 1994). In that study, the genera-
tion of reactive oxygen species in the injured cells started 20
min after the exposure to IAA and reached a peak by 70
min, immediately before the loss of cell membrane integ-
rity. This time course is consistent with the cell viability
data reported here, where propidium iodide was used as a
probe, and with the progression of membrane structural
changes observed in the present study. Furthermore, the
pretreatment of human astrocytoma cells with lipophilic
antioxidants such as gossypol or tirilazad prevented the
IAA-induced generation of reactive oxygen species and
delayed lethal cell injury for a period of time (Taylor et al.,
1994). Similar results have been reported in the other cell
systems (Braughler and Hall, 1989; Hall and Braughler,
1989).

Gossypol is a naturally occurring component of cotton-
seed oil. It is a powerful lipophilic antioxidant (Knych,
1992) in different cell systems. When astrocytoma cells
were treated with gossypol, the steady-state fluorescence
anisotropy slightly decreased before reaching a constant
level, which was not significantly different from the original
value (¢ = 0). This slight decrease was probably due to the
dynamic incorporation of gossypol molecules into the cell
membranes. Similarly, the NBD-PC diffusion coefficient
measured by FRAP was altered immediately after the ad-
dition of gossypol, indicating a slight alteration in the cell
membrane upon incorporation of gossypol into the lipid
bilayer. In JAA-treated cells, gossypol eliminated the dra-
matic decrease in r induced by IAA in unprotected cells. In
addition, NBD-PC diffusion coefficients remained constant
in gossypol-pretreated cells during IAA-induced injury. To-
gether, these observations indicate that gossypol may sub-
stantially prevent IAA-induced membrane structural
changes because of its antioxidant action,

Tirilazad is a compound belonging to the lazaroid series
of lipophilic antioxidants developed to treat tissue injuries
in the central nervous system originating from trauma or
stroke. It was designed to distribute into the hydrophobic
region of cell membranes to inhibit lipid peroxidation
(VanGinkel et al., 1992; Audus et al., 1991; Braughler et al.,
1989; Hall and Travis, 1988). In a biological membrane,
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tirilazad does not interact with the fluorescent probes (Au-
dus et al., 1991), and therefore, all of the changes observed
via the measurements of steady-state fluorescence anisot-
ropy and FRAP can be interpreted as alterations in mem-
brane structures. We found that r in the cells treated with
tirilazad increased to a maximum in 30 min, although these
changes were not observed in the cells treated with gossy-
pol. Tirilazad also decreased the diffusion coefficient of the
fluorescent probe in pretreated cells as measured in the
FRAP experiments. These results not only illustrate the
inverse relationship between r and membrane fluidity, but
also suggest that tirilazad increases the lipid order of cell
membranes. It should be noted that a previous report by
Audus et al. (1991) also concluded that tirilazad increased
the membrane lipid order in brain microvascular endothelial
cells. In ATP-depleted cells, the decrease in r and the
increase in the diffusion coefficient induced by IAA were
both prevented by the pretreatment of cells with tirilazad.
These results demonstrate that tirilazad may attenuate the
structural damages of membranes occurring in the ischemic
cell injury process, which in turn prolongs cell life.

Based on these results, we postulated that lipophilic an-
tioxidants protect cells from irreversible injury via two
mechanisms. They can protect cells 1) by quenching dam-
aging reactive oxygen species and 2) by reinforcing the
membrane structure and conferring resistance to damaging
agents by changing membrane lipid structures.

In summary, we reported here the establishment of a
method to measure the steady-state fluorescence anisotropy
with the unique advantage of simultaneously monitoring
both the vertical (parallel) and the horizontal (perpendicu-
lar) polarized fluorescence emissions needed to calculate r.
This type of measurement, in combination with FRAP mea-
surements, can be useful in investigating the changes of
membrane structures occurring during the cell injury pro-
cess induced by ATP depletion in human astrocytoma cells.
With these techniques, we detected that r of the cell mem-
branes decreased continuously after the loss of cellular
ATP, indicating a decrease in membrane lipid order and
perturbation of the bilayer structure. This decrease in r was
prevented when the cells were pretreated with the lipophilic
antioxidants. We suggest that the lipophilic antioxidants
may protect the cells by increasing lipid order in the cell
membranes and that the rigid membrane structure may
contribute to the resistance against assaults by reactive
oxygen or by autolytic enzymes during the process of irre-
versible cell injury.

The authors are very grateful to Dr. Melinda K. Frame of Meridian
Instruments for her critical suggestions, Dr. Thomas J. Raub for providing
the cell line, and to Dr. Dennis E. Epps for his help in measuring fluores-
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