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ABSTRACT

We have shown previously that flow-adapted endothelial cells respond to cessation of flow with cell mem-
brane depolarization and increased production of reactive oxygen species, resulting in activation of transcrip-
tion factors and increased DNA synthesis. This study utilized flow cytometry to evaluate cellular proliferation
with ischemia and to determine the role of reactive oxygen species and apoptosis. PKH26-labeled rat pulmo-
nary microvascular endothelial cells were seeded in an artificial capillary system and subjected to flow at S
dynes/cm? for 96 h or for 72 h followed by 24 h of simulated “ischemia.” Ischemia resulted in a 2.5-fold in-
crease in the cellular proliferation index. Cell-cycle analysis showed G0/G1 arrest and decreased S plus G2/M
during flow adaptation, whereas ischemia resulted in a three-fold increase of cells in S plus G2/M phases.
Apoptotic cells as detected by TUNEL and annexin V binding assays were ~5% of total cells with no differ-
ences between static, flow-adapted, and ““ischemic” groups. Reactive oxygen species production during a 1-h
period following onset of ischemia was confirmed by oxidation of the fluorophore, dichlorofluorescein, and
was inhibited by cromakalim, a K, channel agonist, or diphenyleneiodonium, a flavoprotein inhibitor. Cro-
makalim and diphenyleneiodonium also markedly inhibited cell proliferation in the flow-adapted ischemic
cells, but had no effect on subconfluent cells cultured under static conditions. These results indicate reactive
oxygen species-dependent endothelial cell proliferation in flow-adapted microvascular endothelial cells as a
response to ischemia and indicate that this response is not a consequence of apoptosis. Antioxid. Redox Signal. 6,
245-258.

INTRODUCTION

HE ACUTE RESPONSE OF PULMONARY ENDOTHELIAL CELLS

(EC) to the loss of shear stress associated with ischemia
includes increased production of reactive oxygen species (ROS)
and activation of the EC transcription factors nuclear factor-
kB (NF-«kB) and activator protein-1 (AP-1) (3, 4, 22, 26). We
have proposed that EC “sensing” of abrupt cessation of shear
stress (the mechanotransduction hypothesis) is the initiating
factor for the biochemical events that lead to activation of en-

dothelial NADPH oxidase and ROS generation (12, 13). Isch-
emia also was associated with increased EC division (26). After
24 h of ischemia, flow-adapted bovine pulmonary artery en-
dothelial cells (BPAEC) demonstrated twice as much [3H]-
thymidine incorporation as control cells, as well as cellular
GO0/GI1 arrest and concomitant increase in the number of cells
in S phase by cell-cycle analysis (26). The physiological sig-
nificance of increased cell division associated with loss of shear
stress could be considered as an attempt to generate new cap-
illaries to restore the impeded blood flow.
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It has been suggested that shear stress is an important phys-
iological regulator of EC function and may play a key anti-
atherogenic role by maintaining EC stability through block-
ing of cell-cycle progression that is associated with their
proliferation (1). Further, apoptosisof EC can be regulated by
shear stress. High laminar shear stress inhibited apoptosis of
EC invitro (7, 10, 15). In vivo, apoptosis occurs preferentially
downstream of atherosclerotic plaques, where eddies and sep-
aration of blood stream from the vessel wall resultin low mean
shear stress (25).

The goal of the present study was to investigate further mi-
crovascular cell proliferation with an in vitro model of lung
ischemia. Ischemia was produced by interruption of medium
flow while maintaining oxygenation of EC that had been pre-
adapted to shear stress in culture. Whereas the previous stud-
ies evaluated BPAEC (26), this study utilized rat pulmonary
microvascular endothelial cells (RPMVEC) to provide corre-
lation with our in vivo studies of rat lungs. We developed cri-
teria for RPMVEC proliferationin vitro and evaluated the roles
for ROS and apoptosis as signals for cellular proliferation.

MATERIALS AND METHODS

Cells and culture media

RPMVEC were obtained originally from Dr. T. Stevens
(University of South Alabama) (24) and maintained in our
laboratory as described previously (9). Cells were propagated
in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), nonessential amino acids,
and penicillin/streptomycin. Cells were maintained under sta-
tic culture conditions for several passages before they were
subjected to flow. Cells between the passages 5 and 20 were
used for experiments. The endothelial phenotype of the prepa-
ration was routinely confirmed by evaluating cellular uptake
of Dil-acetylated low-density lipoprotein (DilAcLDL) and
the presence of platelet EC adhesion molecule (PECAM-1 or
CD31).

Cell culture in an artificial capillary system

RPMVEC were cultured under flow of culture medium
(DMEM) using commercially available artificial capillary
technology (Cell Max, FiberCell Systems Inc., Frederick, MD,
U.S.A.) as described previously (9, 26, 27). In brief, each Cell
Max system comprises a central pump station capable of ac-
commodating four flow paths with cartridges. Each cartridge
consisted of 230 semipermeable polypropylene hollow fibers
(“artificial capillaries”) mounted in a hard polycarbonate cas-
ing, with ports allowing perfusion via either the luminal or
abluminal compartment.

Prior to cell seeding, the inner lumen of the “capillary” fibers
was coated with ProNectin F (Sanyo Chem Industries, Kyoto,
Japan). Freshly harvested cells from two confluentT 75 flasks
of RPMVEC (12-16 X 10¢ cells) were seeded per cartridge.
To allow attachment of RPMVEC to the capillary fibers, the
perfusing medium was routed to the abluminal side for a 24-h
period. The perfusion circuit then was rerouted to the luminal
side so that cells were subjected to shear. Cells were cultured
under steady laminar flow, generally for 48-72 h using a flow
rate sufficient to generate 5 dynes/cm? shear stress. Shear rate
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was calculated from specifications supplied by the manufac-
turer of the Cell Max modules. The cartridge environment was
maintained at 37°C and 5% CO, in a humidified incubator.

Simulated ischemia

“Ischemia” was simulated by rerouting the flow from the
luminal to the abluminal compartment. This protocol eliminated
cellular shear stress, but allowed continued oxygenation. We
showed previously by analysis using an oxygen electrode of
medium samples obtained from the cartridge lumen that Po,
during abluminal flow (ischemia) is similar to control (26).
For most experiments, control cells were grown under flow or
static conditions for 96 h, whereas experimental cells were
grown under flow for 72 h followed by 24 h of stop flow (isch-
emia). At the end of the control (static or flow) or experimen-
tal (ischemia) period, cells were removed from the cartridges
with 0.25% trypsin for 5 min, centrifuged at 1,400 g at 4°C
for 5 min, and then analyzed by flow cytometry or confocal
microscopy.

Confocal microscopy

Confocal microscopy (Radiance 2000, Bio-Rad, Hercules,
CA, US.A.) was used to image cultured cells trypsinized
from cartridges. Cells were centrifuged at 1,400 g for 5 min
and then placed on a glass slide for observation at 600X mag-
nification. The number of cells in the microscopic field was
determined using ImagePro software (Media Cybernetics,
Silver Spring, MD, U.S.A.).

Flow cytometry

Flow cytometry was performed with a four-color, dual laser
FACSCalibur (Becton-Dickinson, San Jose, CA, U.S.A.). The
assay utilized monoclonal antibody to CD31 (BD-Pharmingen,
Palo Alto, CA, U.S.A.) conjugated with streptavidin fluores-
cein isothiocyanate (FITC) (Caltag, Burlingame, CA, U.S.A.)
or streptavidin APC (BD-Pharmingen) to identify EC. CD31-
FITC was measured in the FL-1 channel, PKH26 and propid-
ium iodide in the FL-2 channel, and TO-PRO-3 and CD31APC
in the FL-4 channel. Compensation for PKH26 was concen-
tration-dependent and was determined empirically. Quantita-
tive analysis of proliferation was performed using CellQuest™
acquisition/analysis software (Becton-Dickinson) and the Pro-
liferation Wizard™ module in ModFit LT™ Macintosh soft-
ware (Verity Software House, Topsham, ME, U.S.A.) by collect-
ing 5 X 10* events. CellQuest and FlowJo (Tree Star, Ashland,
OR, U.S.A.) programs were used for analysis of surface or in-
tracellular staining.

Cell proliferation

Proliferation of RPMVEC was studied by labeling with
PKH26, a lipid membrane dye, and analyzed by flow cytome-
try. For labeling, cells were washed once in RPMI 1640 medium
containing 8% FBS, followed by two serum-free washes. The
cell pellet was then taken up in Dilutant C (Sigma, St. Louis,
MO, U.S.A.) to achieve a suspension of 5 X 106 cells/ml. The
dilutant from the PKH26-GL Cell Linker Kit is designed to
promote dispersal of the lipophilic dye. This cell suspension
was then added to an equal volume of PKH26 dye stock (either
2 or4 X 10-% M); these concentrations were previously estab-
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lished to stain cells homogeneously with little loss of viabil-
ity and at appropriate levels for spectral compensation. Cells
were incubated for 3 min at room temperature, diluted 1:1 with
heat-inactivated FBS, centrifuged to a pellet three times, washed
with RPMI medium with serum and then with AIM V (Gibco-
BRL, Gaitherburg, MD, U.S.A.) supplemented with 1 mM so-
dium pyruvate, 2 mM L-glutamate, nonessential amino acids,
55 uM 2-mercaptoethanol, 25 mM HEPES, and then counted
with either a hemocytometer or Coulter counter (model Z2).
After labeling, cells were cultured under static or flow condi-
tions and used for ischemia experiments.

For analysis of cell proliferation by flow cytometry, all
events were plotted in a CD31-FITC versus side scatter plot
(SSC-H), and a gate was set around the CD31-positive cells
indicating the EC population (R1 in Fig. 1a). The gated data
were plotted in a contour plot FL-4 on the ordinate and SSC-H
on the abscissato identify a viable (TO-PRO-3 negative) pop-
ulation (R2 in Fig. 1b). A gate was set for the TO-PRO-3-negative
population and FL-1 was plotted against FL-2 to identify the
population doubly positive (for CD31-FITC and PKH26; R3
in Fig. 1c). Proliferation was calculated from the R3 gate using
the ModFit program based on the fluorescence content of cell
populations as illustrated in Fig. 1d and from the CellQuest
program based on the sum of R1, R2, and R3. The ModFit soft-
ware deconvolves the fluorescence intensity histograms to cal-
culate the proportion of cells in each of these Gaussian distri-
butions (14, 23). The proliferation index is the ratio of the sum
of the proliferated cells (generation G2, etc.) to the unprolif-
erated parental generation. The percentage of cells that prolif-
erated was calculated from total cells minus the percentage of
cells remaining in the parental generation.

Cell cycle analysis

RPMVEC (1 X 10¢) were pelleted and fixed with 70%
ice-cold ethanol, followed by the incubation with RNase (100
pg/ml) and propidiumiodide (4 ug/ml) in phosphate-buffered
saline (PBS). RPMVEC that were labeled with PKH26 were
permeabilized with 2% paraformaldehyde for 20 min on ice,
followed by 0.1% Triton X-100 for 5 min at room tempera-
ture. Cell cycle phases of the diploid population were ana-
lyzed by flow cytometry using the ModFit program based on
cellular DNA content (11). The tetraploid and aneuploid pop-
ulations were defined by their abnormal content of DNA based
on analysis of histograms. Tetraploid and aneuploid popula-
tions of cells were excluded from the cell-cycle analysis.

Detection of proliferating cell nuclear antigen by
immunofluorescence

An antibody against PCNA was used to identify cells un-
dergoing DNA synthesis (18). Cells after trypsinization from
the cartridges were fixed in 100% methanol for 1 h on ice,
washed in PBS, incubatedin 0.1% Tween 20 in PBS for 30 min
at room temperature, and then incubated in blocking solution
(2% dry milk, 0.1% Tween 20 in PBS) for 30 min. For antigen
detection, cells were incubated with mouse anti-PCNA (BD-
Pharmingen; 1:200) for 1 h, followed by FITC goat anti-mouse
IgG, diluted 1:200. Cells were centrifugedat 1,400 g for 5 min,
then mounted on glass slides with AquaPolyMount, and exam-
ined using confocal scanning laser microscopy. At least six
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fields were examined and photographed with the confocal mi-
croscope.

Annexin V staining

Apoptosis was assessed by measuring FITC-annexin V
staining. Experimental RPMVEC were trypsinized, harvested,
and washed once with serum-containing medium before incu-
bation with annexin V. The cells were suspended at 1 X 10°¢
cells/ml, rinsed with 10 mM HEPES, pH 7.4, 140 mM NaCl,
2.5 mM CaCl,, and resuspended in 200 pl of this binding
buffer. Aliquots (100 ul) of the cell solution were then stained
with FITC-annexin V (BD-Pharmingen) and propidiumiodide
(50 pg/ml), incubated at room temperature for 5-15 min in
the dark, and analyzed by flow cytometry.

Terminal dUTP nucleotide end labeling (TUNEL)
assay by flow cytometry

For TUNEL assay, RPMVEC following removal from the
cartridges were treated using an APO-DIRECT kit (BD-
Pharmingen) according to the manufacturer’s recommenda-
tions. In brief, 1 X 10° RPMVEC were fixed with 4% (wt/vol)
electromicroscopic grade paraformaldehyde in PBS on ice for
60 min. After centrifugation, cells were resuspended in ice-
cold 70% (vol/vol) ethanol and incubated for 1 h at —20°C
for permeabilization. Cells were washed twice with washing
buffer (PBS with 0.2% bovine serum albumin), and the cell
pellet then was incubated at 37°C for 60 min with staining so-
lution [10 pl of reaction buffer, 1 ul of TdT enzyme, 8 ul of
2'-deoxyuridine 5’'-triphosphate (FITC-dUTP or Cy5 dUTP),
and 31 pl of distilled water]. After two washes with rinse buffer,
the cell pellet was resuspended in a propidium iodide/RNase
A solution, incubated for 60 min in the dark, and analyzed by
flow cytometry. Prefixed apoptotic cells included in the kit
and also RPMVEC treated for 24 h with 1.2 mg/ml tumor
necrosis factor a (TNFa; BD Biosciences) were used as posi-
tive controls. Cells incubated with the staining solution minus
TdT enzyme served as a negative control.

Oxidant generation

Oxidant generation was assessed by pre-loading cells with
10 puM 2',7'-dichlorodihydrofluorescein (H,DCF) diacetate
(Kodak, Rochester, NY, U.S.A.) and measuring its conversion
to fluorescent dichlorofluorescein (DCF). Cells were flow-
adapted for 72 h at 5 dynes/cm?, and H,DCF diacetate was
added to the perfusate during the final 1 h.

Cells then were subjected to either 1 h of additional contin-
uous flow (control) or 1 h of simulated ischemia. The perfusate
during the loading and experimental periods was changed from
DMEM to Krebs—Ringer bicarbonate solution, pH 7.4. In some
experiments, 10 uM diphenyleneiodonium chloride (DPI; ICN
Biomedicals, Cleveland, OH, U.S.A.) or 30 pM cromakalim
(Sigma) was added to the incubation medium during the dye
loading and experimental periods.

Statistics

Results are expressed as the means + SE for three or more
independent experiments. Significance was determined by
ANOVA or ¢ test as appropriate using SigmaStat (Jandel Sci-
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FIG. 1. Method for analysis of cell proliferation with the fluorescence-activated cell sorter (FACS) using the fluorophores
CD31-FITC/PKH26/TO-PRO-3. (a) Cells were sorted by a side scatter plot (SSC-H) versus CD31-FITC. CD31-FITC-positive
cells (R1) represent the EC population. (b) TO-PRO-3 was used to discriminate between dead and live cells. The TO-PRO-3-
negative cells (R2) represent the live population. (¢) The doubly positive CD31-FITC/PKH26 population indicating labeled EC
(R3) was analyzed for proliferation. (d) Proliferation of RPMVEC after 96 h in static culture (abluminal flow). Deconvolution of
the histogram distributions into generations (indicated by different shades of gray) was performed by ModFit software as de-
scribed in the text. The proliferationindex in this example is 10.2. (e) Proliferation of RPMVEC after 96 h of flow at a shear stress
of 5 dynes/cm?2. The proliferationindex in this example is 1.0. (f) Proliferation index of CD31-FITC/PKH26-positive cells after
incubation for 24-96 h under static or flow-adapted conditions. The values represent the means + SE for n = 4. *p < 0.05 com-
pared with the preceding time point value on the curve. au, arbitrary units.
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entific, San Jose, CA, U.S.A.), and the level of statistical sig-
nificance was defined as p < 0.05.

RESULTS

Proliferation of subconfluent RPMVEC

RPMVEC were seeded at a subconfluent density (1 X 106
cells per cartridge) and evaluated after flow adaptation in
cartridges for 48-96 h under 5 dynes/cm? shear stress or fol-
lowing a similar period of static culture. The nominal times
described in this report do not include the initial 24-h attach-
ment period used for all experiments. A typical experimentis
shown in Fig. 1. Cells were sorted for CD31 positivity (Fig. 1a)
representing >95% of cells, TO-PRO-3 negativity (Fig. 1b) rep-
resenting >90% of cells, and PKH26 positivity (Fig. 1c.) repre-
senting >95% of cells. The proliferation index of cells at day
0 was set to 1.0. The fluorescence distribution of RPMVEC
cultured in cartridges under abluminal flow (i.e., static culture)
for the same period of time showed multiple peaks indicating
cell division (Fig. 1d). On the other hand, the fluorescence
distribution for cells cultured for 96 h under flow showed a
single peak (Fig. 1e). The proliferation index in the static cells
ranged from 1.0 (day 0) to 10.2 (day 5) (Fig. 1f). The prolifer-
ation index of RPMVEC subjected to flow was similar to day
0 for all time periods up to 96 h (proliferation index 1.0 +
0.02) (Fig. 1f). Thus, cells cultured under static conditions (ab-
luminal flow) showed rapid proliferation, whereas cells sub-
jected to a shear stress of 5 dynes/cm? (luminal flow) did not
proliferate.

Conditions for cellular confluence

The cells cultured in the cartridges were evaluated for con-
fluence because that could influence the subsequent prolifer-
ative response to ischemia. Cells were seeded at either 4-5 X
109 or 12-16 X 10° per cartridge and cultured for 12 or 24 h
under static conditions. With seeding at the lower density,
cell-cycle analysis of RPMVEC trypsinized from the cartridges
at 24 h showed a significant number of cells in S and G2/M
phases (Fig. 2a and d). At the higher density, cells trypsinized
at 12 h showed a significant percentage in S phase (Fig. 2b
and d), whereas there was cell-cycle arrest in G1/GO after
24 h (Fig. 2c and d).

Cells were also evaluated for confluence by PCNA immuno-
fluorescence. Cells that were seeded at 4-5 X 10° per car-
tridge and cultured for 24 h showed positive PCNA fluores-
cence, indicating active DNA synthesis (Fig. 2e). Cells seeded
at 12-16 X 100 and cultured for 24 h were negative for PCNA
staining (Fig. 2g), whereas cells seeded at this density and
cultured for only 12 h showed intermediate fluorescence (Fig.
2f). These results for PCNA staining and cell-cycle analysis
show good correlation and indicate cellular confluence at
24 h following seeding with 12—-16 X 10¢ cells per cartridge.

Cellular proliferation with simulated ischemia

The proliferation assay was used to determine whether RP-
MVEC proliferate under simulated ischemia following a pe-
riod of flow adaptation. Cells were seeded in the cartridges at
the density that promoted confluence. Cells were adapted to
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flow for periods of 24—72 h and then subjected to 24 h of isch-
emia. Significant proliferation was observed by ischemic cells
that had been flow-adapted and varied as a function of duration
of flow adaptation (Fig. 3a). The proliferationindex doubled in
RPMVEC that had been flow-adapted for 60-72 h, with a lesser
increase in cells after 48 h of flow adaptation (Fig. 3b). Ap-
proximately 80% of the cells in the 72-h flow-adapted group
subjected to 24 h of ischemia had proliferated (Fig. 3c).

Cells were evaluated for the effect of ischemia on their distri-
bution in the cell cycle. Control cells that had been flow-adapted
for 72 h demonstrated cell-cycle arrest in the G1/GO phase (Fig.
4a). By contrast, ischemia led to a decreased number of cells in
G1/GO phases and a three-fold increase in the number of cells in
S plus G2/M phases (Fig. 4b), changes that were statistically sig-
nificant (Fig. 4c). Thus, ischemic cells showed entry into the cell
cycle and cellular proliferation. This analysis was based on the
diploid population only. The incidence of tetraploid and aneu-
ploid cells was ~1% for static and flow-adapted cells and was
15% in the ischemic population.

The yield of cells following trypsinization from the car-
tridges was determined by counting with the Coulter counter.
The cartridges were seeded at a density (12-16 X 10° cells
per cartridge) that promoted confluence. Cell recovery per
cartridge at the end of experiments was 19.9 (x 0.56) X 106
for cells cultured under static conditions for 96 h, 14.3 (£ 2.9)
X 10¢ for cells cultured under flow for 96 h, and 17.6 (= 1.5)
X 106 for cells that were flow-adapted for 72 h, followed by
24 h of ischemia (n = 4-5; p > 0.05). Analysis of the recircu-
lating medium at the end of the experiments showed that fewer
than 4% of cells were unattached, with no significant differ-
ence between the three conditions. The flush solution prior to
trypsinizationyielded 4.3% of the statically cultured cells, 26.4%
of the flow-adapted cells, and 10.4% of the flow-adapted/is-
chemic cells. These results indicate that cells cultured under
shear stress might be more loosely attached to the underlying
substratum. The remainder of the cells were obtained by the
trypsinization step. A subsequenttrypsinization with twice the
concentration of trypsin (0.5%) yielded no further cells. The
number of TUNEL- and TO-PRO-3-positive cells was similar
for cells recoveredin the flush solution or following trypsiniza-
tion. Although the differences in yield among the three groups
are not statistically different, the pattern is compatible with
flow-mediated inhibition of cell proliferation and subsequent
proliferation associated with ischemia.

Apoptosis in RPMVEC

We investigated the possibility that apoptosis was the stim-
ulus for cellular proliferation with ischemia. Annexin V bind-
ing and TUNEL assay were used to detect apoptosis in RP-
MVEC following their removal from the cartridges. Annexin
V binding was evaluated by flow cytometry. Cells cultured under
flow conditions for 96 h showed a single peak with a negligi-
ble high fluorescence population, indicating that there was
essentially no population of cells that bound annexin V (Fig.
5a). Cells that were ischemic for the final 24 h of culture showed
a pattern for annexin V binding on flow cytometry that was
similar to that shown by cells cultured under flow (Fig. 5b).
A positive control demonstrates a population with ~50% of
cells that bound annexin V following 24 h incubation with
TNFa (Fig. 5¢).
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FIG. 2. Analysis of conditions for RPMVEC confluence. Cells were cultured in the artificial capillaries under static condi-

tions and then harvested by trypsinization. (a—d) FACS analysis

of the distribution of diploid cells in G1/G0, S, or G2/M ex-

pressed as a percentage of total cells. Quantitation of peaks considered only the diploid population. The peaks are: G1 (dark gray),
S (striped), G2/M (white), and aneuploid cells (light gray). (a) Initial seeding 4 X 10° cells; cultured for 24 h (subconfluent). (b)
Initial seeding 12 X 106 cells; cultured for 12 h (confluent 12 h). (¢) Initial seeding 12 X 100 cells; cultured for 24 h (confluent24
h). (d) Cell-cycle analysis for n = 3 for each condition. Values are means = SE. *p < 0.05 vs. subconfluent. (e-g) Fluorescence and
corresponding phase-contrast images for cells stained with antibody to PCNA. (e) Subconfluent cells. (f) Confluent 12-h cells.

(g) Confluent 24-h cells. au, arbitrary units.

Apoptosis also was evaluated by TUNEL assay. Cell fluo-
rescence in the absence (Fig. 6a, left panel) and presence (Fig.
6a, right panel) of the enzyme TdT confirms the validity of the
assay. Approximately 5% of cells cultured under static condi-
tions were TUNEL-positive (Fig. 6a and b). There was no sig-
nificant change in the percent apoptosis for cells that were

flow-adapted for 96 h (Fig. 6b and c) or flow-adapted for 72
h, followed by 24 h of ischemia (Fig. 6b and d). There was ap-
proximate doubling in the percent apoptosis of cells from pas-
sage 19 compared with passage 5, but there were no signifi-
cant differences between static, flow-adapted, and ischemic cells
from the same passage (data not shown). As a control, a pop-
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FIG. 3. Effect of duration of flow adaptation on subsequent proliferation of PKH26-labeled RPMVEC with ischemia.
PKH26-labeled PMVEC were cultured for varying duration (0—72 h) under a shear stress of 5 dynes/cm? and then subjected to 24
h of ischemia. Cells were removed from the cartridges, and CD31-FITC-positive cells were analyzed by FACS for PKH26 fluo-
rescence. (a) Deconvolutionof the histograms into generations for the indicated duration of flow adaptation prior to ischemia was
performed by ModFit Software. (b) Proliferationindex and (¢) % proliferatedcells derived from generational histograms are plot-
ted as a function of time of adaptationto 5 dynes/cm? shear stress. Values are means + SE for n = 5. *p < 0.05 compared with the

preceding time point value on the curve. au, arbitrary units.

ulation of ~25% TUNEL-positive cells was demonstrated fol-
lowing 24 h of incubation with TNFa (Fig. 6e).

Role of ROS in proliferation of RPMVEC
with ischemia

DCF was used to evaluate cellular generation of ROS. Cells
were cultured under static conditions or flow for 72 h, followed
by 1h of ischemia. Oxidation of H,DCF as determined by con-
focal microscopy was at a relatively low level in flow-adapted
cells (Fig. 7a), but markedly increased with ischemia (Fig.
7b). Increased fluorescence was observed in nearly all of the
cells that were examined. ROS generation with ischemia was

markedly inhibited by the presence of the flavoprotein in-
hibitor, DPI (Fig. 7¢), or the K ,, channel agonist, cromakalim
(Fig. 7d). DPI presumably inhibits the NADPH oxidase by bind-
ing to its flavoprotein component, whereas cromakalim pre-
vents the ischemia-mediated membrane depolarization that
results in NADPH oxidase activation (9, 22). The increased DCF
fluorescence with ischemia (Fig. 7e) and its inhibition by DPI
(Fig. 7f) and by cromakalim (Fig. 7g) were confirmed by flow
cytometry.

Treatment with cromakalim (30 uM) or DPI (10 uM) was
used to evaluate the role of ROS in RPMVEC proliferation with
ischemia. These agents were added to the medium during the
final 1 h of the 72-h flow adaptation period prior to the start
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of the 24-h ischemia or 24-h continued flow period. Ischemia
for 24 h resulted in the expected proliferative response (pro-
liferation index 2.4; Fig. 8a). This proliferative response was
markedly inhibited by the presence of DPI (proliferation index
1.2; Fig. 8b) or cromakalim (proliferation index 1.2; Fig. 8c).
Inhibition of the response by both agents was statistically sig-
nificant (p < 0.05) (Fig. 8g). Inhibition of proliferation by
two mechanistically unrelated inhibitors of ROS generation

indicates a major role for ROS in the proliferative response to
ischemia.

The effect of cromakalim and DPI on proliferation of cells
grown under static conditions was studied with subconfluent
cultures under abluminal flow in the artificial capillary car-
tridges. Subconfluent culture showed proliferation in the ab-
sence of inhibitors (Fig. 8d). The addition of DPI or cromakalim
had no significant effect on proliferation of static subconflu-
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ent cells (Fig. 8e—g) in contrast to their effects on flow-adapted
ischemic cells.

DISCUSSION

The isolated lung model used in our laboratory has provided
extensive evidence that production of ROS occurs during the
ischemic period in the ventilated lung (3-5, 27). We have pos-
tulated that the removal of the mechanical stimulus as a result
of decreased perfusate flow (ischemia) initiates oxidant gener-
ation by EC through activation of the NADPH oxidase path-
way and that ROS generation leads to EC proliferation (12,
13). We have further suggested that the primary event is en-
dothelial plasma membrane depolarization due to closure of
shear-activated K, channels (9); indeed, EC membrane de-
polarization associated with high extracellular K+ also results
in ROS generation (2).

We further evaluated ischemia-induced ROS generation with
several in vitro models. BPAEC were grown and flow-adapted
in an artificial capillary system (26, 27). To simulate oxy-
genated ischemia as experienced by EC in the air-ventilated
lung, we interrupted perfusate flow over the luminal surface
of the cells leading to an abruptreduction in shear stress while
oxygenation of cells was provided through the porous capil-
laries by medium flow through the abluminal ports. As a sec-
ond model, BPAEC or RPMVEC were flow-adapted in a par-
allel plate chamber (9, 19). To measure ROS, we used H,DCF
diacetate, a nonfluorescent probe that is deacetylated intra-
cellularly and can be converted by oxidants to the fluorescent
product DCF (5, 8, 21). With interruption of shear stress, EC
that had been flow-adapted showed a significant increase in
DCF-positive cells, indicating oxidation of the fluorophore
H,DCF (19, 26). ROS generation with ischemia in both lung
and cell models was blocked by the presence of DPI, a flavo-
protein inhibitor that inhibits NADPH oxidase (4, 19, 26).
Cromakalim, a K, channel agonist that inhibits EC mem-
brane depolarization with ischemia (9, 22), also inhibited ROS
generation (5). The present study using RPMVEC cultured in
the artificial capillary system confirms previous observations
with BPAEC that this model simulates the behavior of lung
EC in situ with respect to oxidant generation in ischemia.

The major goal of the present study was to evaluate the cell
proliferative response associated with ischemia-induced ROS
generation. To quantitate the proliferation of cells in flow cy-
tometry, fluorescent dyes were used to stain cytoplasmor lipid
bilayer of the plasma membrane. Long-chain aliphatic dyes
such as PKH26 become integrated into the lipid matrix of the
membrane and appear to remain in the cell with considerable
stability (16). The amount of dye in a cell is then partitioned
equally between daughter cells during mitosis and therefore
decreases by half at each cell division. If the characteristics of
the logarithmic amplifier on a flow cytometer are known (e.g.,
3 or 4 log decades full scale), then the software deconvolution
algorithms can derive, from a higher histogram of fluorescence
intensity, the proportionof cells that undergo a particular num-
ber of divisions (6). In addition, if lineage-specific antibodies
are used in a multicolor protocol, it is possible to phenotype
the cells that proliferate (6, 16). We have applied the fluores-
cence dye method and deconvolution software to quantitate
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the precursor frequencies of a subpopulation of proliferating
cells defined as endothelial by CD31-FITC positivity. We
used PKH26 because of the potential of EC for asymmetrical
cell division (tetraploidand aneuploid), in addition to the diploid
population that was used for cell-cycle analysis.

This study confirms our previous results (26) that flow-
adapted EC in vitro proliferate in response to simulated isch-
emia. The cell proliferative response depended on the dura-
tion of flow adaptation; at 5 dynes/cm?, 60-72 h of adaptation
to flow was necessary for maximal response to subsequent
ischemia. Therefore, the mechanism for priming this response
to altered flow presumably requires increased expression of
cellular mechanoresponsive elements. We have demonstrated
a significant induction of K ,;, channels during the flow adap-
tation period and have postulated that these channels can ini-
tiate cell signaling events associated with loss of shear (9). It
is likely that other key proteins also play a role in the flow-
adaptive events that are subsequently associated with the re-
sponse to ischemia.

We investigated the possible role of cellular apoptosis in
the initiation of ischemia-mediated cellular proliferation. Cell
death with ischemia in the present experiments seems unlikely
because there was no difference in TUNEL and annexin V
binding assays between control and ischemic cells, and apop-
totic cells comprised only 5% of the cell population. Further,
the yield of cells from the cartridges following trypsinization
was greater for ischemia compared with continued flow ex-
periments. Thus, proliferation with ischemia did not appear to
be aresponse to cell death.

Our previous studies indicated that lung EC in situ exhibit
plasma membrane depolarization during ischemia, which re-
sults in ROS generation via activation of NADPH oxidase (3,
4, 22). Generation of ROS with ischemia in vitro was associ-
ated with activation of NF-kB and AP-1 and increased DNA
synthesis (26). Further, ROS can mediate Ras-induced cell-
cycle progression and mammalian cell proliferation (17, 20).
The present in vitro study confirms ROS generation with isch-
emia and shows that its inhibition by relatively nontoxic agents
(cromakalim and DPI) that exert their effect by different
mechanisms prevents cellular proliferation. Thus, cell prolif-
eration with this ischemia model appears to result from sig-
nals associated with ROS. An alternative explanation for the
results is that depletion of cells from the capillaries by me-
chanical stress associated with flow results in an absence of
“contact inhibition,” so that cell division resumes when the
antiproliferative effect of shear stress is discontinued. This
possibility is excluded by the lack of effect of cromakalim
and DPI on subconfluent cells grown under static conditions.
Therefore, the mechanism for initiation of cell division ap-
pears to be different for ischemia after flow adaptation versus
subconfluent static cell cultures. For the more physiological
flow-adapted state, cell division with ischemia is a response
to cell signaling via ROS.

Exposure of EC to steady laminar flow has been shown pre-
viously to decrease cellular proliferation (1, 17) and is con-
firmed in the present study. Accumulation of cells in the G0/
G1 phase after exposure to shear stress accompanied by a de-
crease in the number of cells in the S and G2/M phases indi-
cates that steady laminar shear stress blocks a cell-cycle event
that occurs before entry into the S phase. Flow cessation with
flow-adapted cells results in the inverse effect, namely, cellu-
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lar proliferation (26). Thus, shear stress appears to play a key
regulatory role in maintenance of the EC population. Derange-
ment of blood flow (such as at branch orifices) may release
cells from shear stress-mediated inhibition and induce cell pro-
liferation, thereby disturbing the stability of the EC mono-
layer (25).

In summary, we have shown using an in vitro model of oxy-
genated “ischemia” that flow-adapted EC respond to cessa-
tion of flow with increased ROS production and cellular pro-
liferation. Proliferation in this model is not a response to cell
death. We postulate that ROS stimulate proliferation through
a signaling cascade is a response to the altered shear stress in
an effort at neovascularization.
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AP-1, activator protein-1; BPAEC, bovine pulmonary
artery endothelial cells; DCF, dichlorofluorescein; DMEM,
Dulbecco’s modified Eagle’s medium; DPI, diphenyleneiodo-
nium chloride; EC, endothelial cells; FACS, fluorescence-
activated cell sorter; FBS, fetal bovine serum; FITC, fluores-
cein isothiocyanate; HZDCF, 2',7'-dichlorodihydofluorescein;
NF-kB, nuclear factor-kB; PBS, phosphate-buffered saline;
PCNA, proliferating cell nuclear antigen; ROS, reactive oxy-
gen species; RPMVEC, rat pulmonary microvascular endothe-
lial cells; TNFa, tumor necrosis factor-o; TUNEL, terminal
dUTP nucleotide end labeling.
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