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The relationship between changes in cell morphology and
the cytoskeleton in oxidant injury was examined in the
P388D1 cell line. Flow cytometry of cells stained with
NBD-phallacidin, a fluorescent probe specific for filamen-
tous (F) actin, revealed a substantial increase in F actin
content in H202-injured cells over 3-4 hours. Doses of
H202 as low as 500 jM produced sustained increases in
F actin content. Experiments where catalase was used
to interrupt H202 exposure over a long time course re-
vealed 15-30 minutes to be the critical period ofexposure
to 5 mM H202 necessary for a sustained increase in F ac-
tin as well as large increases in membrane blebbing and
later cell death. The increase in F actin with H202 injury
was confirmed with the use of electrophoresis in acryla-
mide gels of 1% Triton X-100 cytoskeletal extracts from
P388D, cells. Scanning electron microscopy revealed ma-

OXIDANTS and proteases produced by stimulated
polymorphonuclear leukocytes (PMNs) in areas of
inflammation are associated with tissue injury. O2 and
H202 are major oxidants produced by PMNs capable
of causing cell lysis within hours after exposure.1-5

Several events occur with oxidant injury to cells, in-
cluding 1) rapid loss of cellular adenosine triphosphate
(ATP); 2) elevation of intracellular free Ca2l ([Ca2J]i)6;
3) oxidation of glutathione (GSH); and 4) loss of the
coenzyme NAD7'8-10 associated with activation of poly-
adenosine diphosphate (poly-ADP) ribose polymerase
and breaks in single-stranded DNA.7 Injured and dy-
ing cells have been noted to undergo morphologic
changes, including swelling of the cytoplasm and bleb-
bing of the plasma membrane."' Membrane blebbing
has been associated with changes in intracellular Ca2+
homeostasis and glutathione redox status. 1012 A vari-
ety of agents including sulfhydryl-reactive alkylating
agents, formaldehyde, trypsin, and drugs that induce
the formation of oxidants and free radicals as byprod-
ucts of their metabolism are known to induce blebbing
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jor loss ofsurface convolutions in addition to the forma-
tion ofblebs. Fluorescence microscopy ofadherent cells
using rhodamine phalloidin showed considerable cell
rounding and rearrangement of cellular F actin by 30
minutes ofexposure to H202. Transmission electron mi-
croscopy revealed side to side aggregation ofF actin bun-
dles (microfilaments) developing during this time. Con-
siderable swelling ofmitochondria and other subcellular
organelles was seen after 2 hours ofinjury. The apparent
area ofattachment to the substrate was markedly dimin-
ished in injured cells. H202 injury produced a marked
increase in F actin with an associated rearrangement of
the microfilaments and simultaneous changes in the
plasma membrane prior to cell death in the P388D, cell
line. (Am J Pathol 1986, 123:454-464)

in different cell systems.'2"15 Apparent redistribution of
cellular filamentous (F) actin has occurred in cells with
blebs, including endothelial cells exposed to fibrinogen
fragment D.'6-'8 Increased lateral diffusion of mem-
brane receptors associated with blebbing of the plasma
membrane has been thought to reflect major alterations
in the cytoskeleton of cells with blebbing.'6.17 Increases
in F actin associated with major morphologic changes
occur in activated platelets and stimulated polymor-
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phonuclear leukocytes (PMNs) as well as other cell
types.19-23
The molecular nature of the change in cell morphol-

ogy seen with injury due to oxidants or other toxic sub-
stances is not clear. The role of the cytoskeleton in
regulating shape change in response to injury and its
relationship to membrane changes (ie, blebbing) is
poorly understood. Whether or not changes in cell
shape associated with oxidant injury are signs of irre-
versible cell damage has not been established.

In order to address these questions, we examined the
effect of oxidant (H202) injury on cellular F actin con-
tent in the P388D1 cell line. This line was chosen be-
cause extensive characterization of the biochemical se-
quelae of oxidant injury has already been accomplished
and because these cells are readily removed from the
substratum for single cell flow cytometric analysis. We
performed time course experiments to examine the tem-
poral relationship between cytoskeletal and morpho-
logic changes induced by oxidant injury. We also ex-
amined dose response and observed the minimal
exposure to oxidant necessary for sustained injury (cell
death) in order to ascertain the relationship of mor-
phologic changes induced by injury and its reversibil-
ity. Ultrastructural studies were performed to further
define relationships between oxidant-induced changes
in morphologic features and the cytoskeleton.

Materials and Methods

Cells and Culture

The P388D, murine cell line was cultured at 37 C un-
der 5% C02/9507o air in medium RPMI 1640 (Irvine
Scientific) supplemented with 2 mM glutamine (MA
Bioproducts), 10% fetal calf serum (Hyclone), and gen-
tamicin sulfate, 0.05 mg/ml (MA Bioproducts). Cells
were harvested from 150-sq cm culture flasks (Corn-
ing) by scraping with a rubber policeman and cen-
trifuged at 1500 RPM for 5-10 minutes. Experimental
protocols were carried out with cells suspended at a con-
centration of 2 x 106/ml in modified Gey's buffer
containing in most circumstances 147 mM NaCl,
5 mM KCl, 1.9 mM KH2PO4, 1.1 mM Na2HP04, 0.3
mM MgSO4, 1 mM MgCl2, 5.5 mM glucose, and
1.5 mM CaCl2.
Routine cell counts were made with an hemacytom-

eter. Cell viability was tested with trypan blue, viable
cells excluding the dye. Cellular morphologic findings
were assessed under the same conditions as viability,
and the percentage of viable cells with membrane bleb-
bing occurring during different experimental conditions
was recorded.

Cell injury at 37 C was initiated by addition of ap-

propriate dilutions of reagent grade hydrogen perox-
ide (H202, Scientific Products). Controls received equal
volumes of buffer without H202. In some experiments
bovine catalase (Sigma Chemical Co.), 2500 U/ml of
cell suspension, was added at different time points to
remove H202. Using a fluorimetric assay24 for H202,
we determined that addition of this amount of cata-
lase did remove all measurable oxidant upon addition.

NBD-Phallacidin Staining

NBD-phallacidin, a fluorescent derivative of the phal-
lotoxin from Amanitaphalloides, which binds with high
affinity to F actin, has been adapted recently for use
in assaying cellular F actin by flow cytometry.20'21'23,25'26
With a method adapted from Howard and Meyer20

2 x 106 cells (1 ml of cell suspension) were centrifuged
in a Beckman Microfuge at /3 maximal speed for 10
seconds. The pellet was resuspended in 0.9 ml of
modified Gey's buffer and combined with 0.1 ml of a
solution made up of equal aliquots of 3.3 lM NBD-
phallacidin (Molecular Probes) and 1 mg/ml lysophos-
phatidyl choline (Sigma Chemical Co.) in 37%
phosphate-buffered formalin. Samples were then in-
cubated at 37 C for at least 10 minutes. Stained sam-
ples were stable for at least a week after staining when
left unwashed.

Flow Cytometric Analysis

NBD-phallacidin staining of F actin was demon-
strated on the FACS IV (Becton Dickinson) with fluores-
cence excitation by argon laser at 488 nm and emission
at 522 nm. Results were stored as histograms or dot plots
of fluorescence, forward angle, and side scatter on
floppy disk or in list mode in a computer (Consort 30,
Becton Dickinson) for further analysis. Data presented
represents total ungated populations of the cells stud-
ied. Cytometric comparisons between control and in-
jured populations were made by setting control cells
at the midrange of fluorescence. Departures from this
control midrange represent changes in relative fluores-
cence (ie, NBD-phallacidin binding or F actin content).

Titon X-100 Cytoskeleton Analysis

The method of Phillips et a1'9 was adapted for use
with modified Gey's buffer as follows: cells at 2 x
106/ml were incubated ± H202 at 37 C for various in-
tervals; 5 or 10 ml of cell suspension (1-2 x 107 cells)
was centrifuged at 1500RPM for 5-10 minutes; the pel-
let was resuspended in 0.5 ml of buffer to which 0.5 ml
2Vo Triton X-100 was added for a final 1% Triton X-
100 concentration; the samples were allowed to sit at
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room temperature for 5 minutes and then centrifuged
for 4 minutes at high speed (8000g) in a Microfuge
(Beckman); the supernatant was discarded and the pellet
again washed with 10%o Triton X-100 without resuspen-
sion; the washed pellet was boiled at 100 C in 2%o SDS
±2o vol/vol 1-mercaptoethanol for 15 minutes; sam-
ples were then run on 11%Mo sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) after the
method of Laemmli."

High-molecular-weight standards including 45,000
mol wt and purified rabbit skeletal muscle F actin28 were
run along with the samples for identification of sam-
ple F actin. Visual inspection of Coomassie blue-stained
gels usually demonstrated differences between sample
quantities of F actin, which were also confirmed by den-
sitometric scanning.

Scanning Electron Microscopy (SEM)

After incubation at 2 x 106 cells/ml with or without
5 mM H202 at 37 C for 90 minutes, the cells were fixed

Control 5ml

with modified Karnovsky's fixative (1.5% glutaralde-
hyde, 2% paraformaldehyde in 0.1 M cacodylate buffer,
pH 7.4) for 1-2 hours at 4 C. They were postfixed with
1% osmium tetroxide in the same buffer for 1 hour at
room temperature. The suspended cells were allowed
to adhere to a 12-mm round glass coverslip which was
precoated with poly-L-lysine. The coverslips with adher-
ent cells were dehydrated through graded ethanol and
critical-point-dried in a Bomar SPC-900 critical-point
drier and sputter-coated with a carbon target in a Tech-
nics sputter coater. The cells were viewed with an
Hitachi S-500 scanning electron microscope at 20,000
acceleration voltage.

Fluorescence Microscopy

Cells grown overnight on glass coverslips or plastic
Petri dishes at 2 x 105 cells/cm2 were exposed in full
culture media to buffer or H202 (5 mM); the cells were
later washed and then fixed, permeabilized, and stained
with rhodamine phalloidin. The cells were then in-

M H202

Figure 1-The time course of
actin polymerization in P388D,
cells t 5 mM H202 measured
by FACS analysis of NBD-
phallacidin-stained cells. Data
are from a representative ex-
periment repeated at least
three times. Dashed vertical
lines represent mean fluores-
cence of reference samples at
the beginning of the time
course. Note the appearance of
the second low fluorescence
peak in the 180-minute H202
sample.

Fluorescence
(NBD-Phallacidin)

6
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cubated for at least 10 minutes at 37 C with the stain-
ing buffer prior to fluorescence microscopy. Phase-
contrast and fluorescent micrographs were taken at
400 x magnification using Tri X Pan film (Kodak) on
a Zeiss fluorescence microscope.

TIrnsmission Electron Microscopy (TEM)

Cells grown up overnight on plastic Petri dishes were
exposed to 5 mM H202 for varying times over a 2-hour
time course. After a brief wash with modified Gey's
buffer, the cells were fixed as above. The cells were de-
hydrated through graded ethanol and flat-embedded in
Epon 812. Blocks were cut on a LKB Ultramicrotome
III parallel or perpendicular to the plane of the sub-
stratum. Silver to light gold sections were mounted on
bare grids, stained with uranyl acetate and lead citrate,
and viewed with a Hitachi HU 12A electron microscope
at 75,000 accelerating voltage.

Results

Cytometric Analysis of the Time Course of
Blebbing and Actin Polymerization

The time course of cell injury over 3 hours with ex-
posure to a single bolus of 5 mM H202 was assessed

Table 1-Time Course of Viability and Membrane Blebbing
in P388D1 Cells Injured With 5 mM H202

% Viability % Viable cells
(trypan blue exclusion) with blebbing

(n =5) (n = 5)
0 minutes H202 88 + 1.5* 0.4 ± 0.25

60 minutes H202 87.6 ± 2.7 15.6 + 6.22
120 minutes H202 61 ± 11.7 35.4 ± 10.29

180 minutes H202 54.2 ± 10.6 41 + 6.62

* Standard error of the mean.

by FACS analysis of cells stained with NBD-phallacidin
at different time points. F actin content as measured
by increasing fluorescence in three experiments stead-
ily increased over the time course (Figure 1). This rep-
resented a relative increase in the F actin content of ap-
proximately 150%, compared with the level in control,
uninjured cells. Simultaneously, a change occurred in
the size distribution of the injured cell population, and
increasing numbers of a small low fluorescence popu-
lation became prominent by 3 hours. Analysis of for-
ward angle scatter (size) versus fluorescence data from
a similar experiment revealed that the growing popula-
tion of low fluorescence (low F actin content) was also
very small in size. (Figure 2). The splitting of the origi-
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Figure 2-Contour graph of dot plot distribution of P388D, cells at 4 hours + 5 mM H202. A-Control pattern. B-Injured pattern. Note the
two distinct populations: 1) decreased in size and fluorescence compared with the control population; 2) increased in fluorescence compared with the
control population.
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nal population into two seen by flow cytometry reflected
the release of blebs from injured cells. The uninjured
controls demonstrated very little change in their F ac-
tin content or size distribution over the same time course
(Figures 1 and 2). The mean size of the smaller popu-
lation was approximately half that of the larger popu-
lation. Free-floating blebs visualized by light micros-
copy were almost half the size of the parent cells.

Microscopic Analysis of Blebbing

In order to assess the temporal relationship between
the increase in F actin content seen by FACS analysis
of NBD-phallacidin-stained cells and associated mor-
phologic changes due to oxidant injury, we studied cells
with or without H202 exposure over a similar time
course. Cell membrane blebbing observed by light mi-
croscopy preceded the loss of viability by trypan blue
exclusion (Table 1). The blebbing steadily increased over
time with eventual release of the blebs from the injured
cells at late time points (3-4 hours). Maximal blebbing
occurred late in the time course in 30-50%Vo of viable
cells, because many cells had released blebs by this time.

Dependence of F Actin Content on the Dose of
H202 and the Period of Injury

To clarify the relationship of H202 dose to the in-
crease in F actin in injured cells, the dose dependence
of F actin content in response to 4 hours of injury with
H202 (0-5 mM) was examined. As demonstrated in Fig-
ure 3, a sustained increase in F actin content was de-
tected after exposure to as low as 500 iM H202. Higher
doses of H202 (ie, 5 mM) produced larger numbers of
the low fluorescence bleb population more rapidly, as
seen in the lower panel of Figure 3.
The minimum time necessary for an oxidant to initi-

ate a sustained injury has been a question of consider-
able interest. Catalase, 2500 units/ml, was added to cells
incubated with 5 mM H202 at various times after addi-
tion of the oxidant for scavenging the unreacted H202.
All of the samples were incubated at 37 C for a total
of 4 hours after H202 exposure before staining with
NBD-phallacidin. Sustained and maximal increases in
F actin content were detected with as little as 30 minutes
of continuous exposure to oxidant (Figure 4). Sustained
increases in F actin content were not seen when cata-
lase was added at 1, 5, and 15 minutes after addition
of the H202 bolus (data not shown). Increasing num-
bers of small low fluorescence particles (free floating
blebs) were seen with increasing time of H202 exposure
beyond 30 minutes.

Representative data regarding viability and mem-
brane blebbing 4 hours after oxidant exposure are

o

cs l~~mM

5mM

Fluorescence
(NBD-Phallacidin)

Figure 3-The dose response of actin polymerization to 0-5 mM H202 ex-
posure in P3880, cells at 4 hours. Data are from a single experiment
representative of three separate experiments. The vertical dashed line
represents mean fluorescence of the 0 mM H202 control as a reference
standard.

shown in Table 2. Catalase was added at different times
to scavenge unreacted H202. Slight loss of viability (86
± 2.5) and increased blebbing (23 ± 4.6) at 4 hours,
followed 30 minutes of uninterrupted exposure to 5 mM
H202. The minimum time of oxidant exposure which
would produce irreversible cell injury correlated well
with that necessary for a sustained increase in F actin.

SDS-PAGE Analysis of Cytoskeletal Proteins

The time course of actin polymerization was also ex-
amined by SDS-PAGE. Cytoskeletons were extracted
with Triton X-100. Increases in F actin content of in-
jured cells were observed on reduced gels as early as
15-30 minutes (Figure 5). Over the same time course
cytoskeletal extracts analyzed on nonreduced gels
showed increasing amounts of aggregated proteins,
which did not enter the gel, associated with H202 in-

AJP * June 1986



OXIDANT INJURY AND THE CYTOSKELETON 459

0

CD
C-)

~ Cntro

~~~ThiiiMiutes11

~~~~~~~~~~~~~~~~~~~~~~~~~~~I
30 Minutes

1h 6120 Minutes

b ~~~~~~~~~~~~~~

Fluorescence
(NBD-Phallacidin)

Figure 4-F actin content 4 hours after 5 mM H202 addition versus the
time of catalase addition in P388D, cells. Data are from a single experi-
ment representative of three separate repetitions. The vertical dashed line
represents mean fluorescence of uninjured control cells as a reference
standard. Note the increasing size of the low fluorescence peak seen with
increasing length of exposure to H202.

jury. The increase in cytoskeletal protein seen in Triton
X-100 extracts of H202-injured cells was not limited to
F actin alone. Most of the protein bands stained more
intensely with Coomassie blue in cytoskeletal extracts
from injured cells.

Scanning Electron Microscopy

To better visualize the surface changes in oxidant in-
jured cells associated with the blebbing of the plasma
membrane, we performed scanning electron microscopy
on cell suspensions (2 x 106 cell/ml). After 90 minutes'
exposure to 5 mM H202, extensive changes were seen

in surface morphology in the majority of cells exam-

ined (Figure 6). There was loss of the highly convoluted
surface pattern seen in control cells. This was replaced

with a few dominant large blebs on an otherwise smooth
surface.

Fluorescence Microscopic Observations of
Adherent Cells

The effect of oxidant injury on the cytoskeleton of
adherent cells was next studied. Adherent cells on glass
coverslips demonstrated rounding of the majority
(>90%) of cells seen as early as 30 minutes after ex-
posure to 5 mM H202 (Figure 7). An associated short-
ening and thickening of fluorescent rhodamine phal-
loidin-stained microfilaments was seen in the injured
cells that had undergone rounding. Prominent F-actin-
rich "spiny" projections were all that remained of
cytoplasmic processes present before oxidant exposure.
Later time points (1 and 2 hours) revealed persistent
cell rounding among injured cells. Emerging blebs were
observed to be weakly stained and free of actin fila-
ments.

Transmission Electron Microscopic Study of
Adherent Cells

Transmission electron microscopy was used to deter-
mine ultrastructural changes associated with 5 mM
H202 exposure over a 2-hour time course in adherent
cells (Figure 8). It revealed the formation of large bun-
dled (parallel) side-to-side aggregates of F actin in in-
jured cells. The aggregates were visible as early as 30
minutes after addition of H202 and were more promi-
nent at 2 hours. Other oxidant-induced ultrastructural
changes were noted after 2 hours of injury. They in-
cluded swelling of the mitochondria, smooth endoplas-
mic reticulum, and loss of microtubules. Also, loss of
plasma membrane segments was seen in cells which had
presumably blebbed. Cross-sections of cells attached
to the plastic substrate revealed substantial decreases

Table 2-Viability and Membrane Blebbing at 4 Hours in
P388D, Cells ± 5 mM H202 Versus Time of Catalase Addition

% Viability
(trypan blue % Viable cells
exclusion) with blebbing

Control

Addition of catalase at
1 min
5 min
15 min
30 min
60 min

No catalase

89 + 2.6* (n = 3)

89.7 + 1.7(n = 3)
88 ± 2.1 (n = 3)

87.3 ± 2.4 (n = 3)
86 ± 2.5 (n = 3)

73.2 ± 4.0 (n = 4)

62 ± 7.2 (n = 4)

8.3 + .87 (n = 3)

7.7 + 1.8(n = 3)
8 + 2.3 (n = 3)
9 + 4.0 (n = 3)

23 + 4.6 (n = 3)
26 + 4.4 (n = 4)

36 ± 3.4 (n = 4)

* Standard error of the mean.
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Figure 5-Eleven percent SDS-PAGE of 1% Triton X-100 cytoskeletal extracts from 2 x 107 P388D, cells per lane (reducing conditions). The samples
were taken over a time course of exposure to 5 mM H202.

A B

Control 5mM H202
Figure 6-Scanning electron micrograph of P388D, cells. A-Control (uninjured) cells at 90 minutes after the beginning of the experiment.
(x2000) B-Injured cells at 90 minutes of exposure to 5 mM H202. (x2000)
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Light Microscopy
. -..
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Fluorescence Microscopy-
Rhodamine Phalloidin

Figure 7-Light and fluorescence micros-
copy of adherent cells 5 mM H202
stained with rhodamine phalloidin. The ar-
rows in the lower panels point to surface
blebs on injured cells. (x 400)
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in the apparent surface area of attachment in cells in-
jured for 2 hours.

Discussion

H202 Induced Injury

H,202 is capable of inducing gross morphologic

changes (blebbing of the plasma membrane and cell
rounding) and apparent increases in F actin in a dose-
and time-dependent manner in P388D1 cells. The ac-
tual time of oxidant exposure necessary to produce sus-
tained effects is relatively short.

Analysis of NBD-phallacidin-stained cells by flow
cytometry (FACS) provides a convenient method of fol-
lowing the kinetics of changes in the cytoskeleton in-
duced by oxidants. Since analysis of the cells by flow
cytometry required a single cell suspension, it became
necessary to use a cell line such as P388D1, which
fulfilled this criterion. It will be important in the fu-
ture to develop a means of analyzing cells which form
monolayers, perhaps by growing them on microcarrier
beads small enough to pass through the nozzle of the
flow cytometer and be analyzed as single particles.
The time course of increasing F actin content in re-

lation to oxidant exposure is considerably slower than

0
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o
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Control 2 Hr.

5mM H202 2 Hr.
Figure 8-Transmission electron micrographs of cross-sections of adher-
ent cells + 5 mM H202 at 2 hours after addition of oxidant. The arrow
in the lower panel points to an aggregate of F actin. (x 12,000)

that seen in cells stimulated with ligands (eg, chemotac-
tic peptide).2021"23 However, once initiated, the changes
in F actin associated with oxidant injury appear to be
essentially irreversible, whereas the changes in F actin
induced by ligands are transient and reversible.2021'23
This is consistent with other metabolic events associated
with irreversible cellular injury (eg, loss of intracellu-
lar cation regulation). Transient changes in F actin as-

sociated with nonlethal oxidant injury may occur, how-
ever, and require further study.
The observed increase in many cytoskeletal associated

proteins seen by SDS-PAGE of triton extracts from ox-

idant injured cells is similar to that seen in thrombin-
stimulated platelets.19 The apparent shortening and
reorganization of microfilaments seen with oxidant in-

jury in Figures 7 and 8 suggests that fragmentation of
cytoskeletal proteins may be occurring and that this may
favor a net increase in phallotoxin binding to F actin
without a true increase in actin polymerization. This
oxidant-induced reorganization of cytoskeletal proteins
may also be responsible for increasing the amount of
triton-insoluble protein in the cell, possibly by disulfide
cross-linking.
The short period of oxidant exposure necessary to

produce sustained injury points to an early critical
period of 20-30 minutes, during which the ultimate sur-
vival of the cell is determined. The metabolic events
occurring as a result of oxidant injury during this early
period appear to be the determining factors concern-
ing the ultimate changes seen in cellular shape and
cytoskeleton.

Biochemical Basis of Oxidant Injury

A large number of biochemical events are affected
by exposure to H202. Cellular ATP falls transiently with
later recovery upon exposure to H202 concentrations
of 100 iM or less. Persistent loss of ATP (<10070 con-
trol levels) is seen with 500 jM H202 or greater within
15 minutes of exposure to the oxidant.8
There is activation of the hexose monophosphate

shunt for 15-30 minutes after oxidant exposure with
an associated increase in activity of the glutathione
cycle.9 In addition to the oxidation of NADPH seen
under these conditions, there is a very rapid fall in lev-
els of the coenzyme NADPH in the first few minutes
of oxidant injury which is independent of the activity
of the glutathione cycle.9 Increased activity of the
NAD degrading enzyme poly-ADP ribose polymerase
appears to be responsible for the fall in this important
cofactor of glycolysis.7 9

[Ca2+]i rises rapidly from resting levels of 100 nM to
>1500 nM after 60 minutes of H202 (5 mM) injury as
measured by Quin 2 fluorescence in these same cells.6
The increase in [Ca2+]i is followed rapidly by the ap-
pearance of membrane blebbing. The blebbing has been
associated with loss of normal [Ca2J]i homeostasis.10,12

Cell swelling and membrane blebbing have been
thought to be part of the process of cell death after
injury."1 Blebbing studied in other model systems has
been related to alterations in the cytoskeleton.16. 7 There
also appears to be a strong kinetic association between
the loss of [Ca2+]i regulation and subsequent mem-
brane blebbing. Intact [Ca2+]i regulation and ATP lev-
els are necessary for normal excitation-contraction
coupling of actin and myosin.29 A situation where,
simultaneously, [Ca2+]i rises markedly and intracellu-
lar ATP falls may favor the stabilization of actin-myo-
sin rigor complexes. Sustained contraction of actin-my-
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osin complexes may tend to dissociate the cytoskeleton
from the plasma membrane allowing bleb formation.
This kind of mechanism could account for the increased
lateral diffusion of membrane proteins in blebbed cells
seen by others."6,7
The loss of fine structural detail in plasma membranes

of oxidant injured cells visualized by scanning electron
microscopy is also consistent with gross alterations of
normal cytoskeleton-membrane interactions. Cell round-
ing seen as early as 30 minutes after H202 exposure
shows good temporal correlation with the changes in
F actin. The side to side aggregation of F actin visual-
ized by transmission EM could be a major determinant
of the associated cell shape change. Others, however,
have shown that depletion of cellular ATP levels led
to disruption of the microfilaments without concomi-
tant changes in cell shape (i.e. rounding and membrane
blebbing).30-32 These observations suggest the possible
involvement of other cytoskeletal structures in the shape
change seen with oxidant injury. Microtubule depoly-
merization occurs on exposure to elevated Ca++ levels
and may contribute to the cell rounding seen in these
experiments.33'34
We are currently examining the effect of oxidant in-

jury on microtubules and the role changes in cellular
ATP, calcium, and thiol redox may play in the mecha-
nism of cytoskeletal and morphologic changes induced
by H202 injury to cells. Preliminary observations sug-
gest that other toxins may also induce cytoskeletal re-
organization. We found that the metabolic inhibitors
2-deoxyglucose and oligomycin, used at concentrations
which completely suppress glycolytic and mitochondrial
ATP synthesis, respectively, lead to about one-third of
the increase of F actin staining seen with 5 mM H202.
What impact these oxidant-induced changes in cell

morphology and the cytoskeleton might have on the
functional characteristics of a monolayer of cells is an
interesting question. Conditions including Ca2+ iono-
phore exposure, cytochalasin treatment and thiol oxi-
dation which were associated with altered homeostasis
of cytoskeletal elements, have been shown to affect the
integrity of endothelial cell monolayers acting as perme-
ability barriers in model systems.35-37 The changes in-
duced by oxidant in the shape and cytoskeleton of in-
jured cells may also destroy the functional integrity of
surfaces made up of intact monolayers of cells (eg, cap-
illary endothelium). Whether or not oxidant-injured
cells are more susceptible to a second injury remains
to be determined.
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