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ABSTRACT

We propose that generation of reactive oxygen species (ROS) during ischemia is associated with an increase in in-
tracellular calcium ([Ca?*];) in pulmonary capillary endothelial cells. We used an isolated rat lung model and epi-
fluorescence microscopy to evaluate [Ca?*]; in subpleural microvascular endothelial cells in situ by ratio imaging
of the fluorophores, Calcium Green and Fura Red (CG/FR). Lungs were ventilated continuously under control
(continuously perfused) or global ischemia (no perfusion) and thus remained adequately oxygenated even with
ischemia. Ischemia for 5 min led to increase in CG/FR, indicating increase in [Ca?*]; in endothelial cells in sity;
CG/FR remained elevated during a subsequent 10 min of ischemia. Ca?*-free perfusion and gadolinium (100 M)
inhibited the increase in [Ca®*];, while thapsigargin (250 nM) had no effect. These results indicate that increase
in endothelial cell [Ca2*]; with ischemia was due to influx from the extracellular medium. Perfusion with N-acetyl-
L-cysteine (20 mM) or diphenyleneiodonium chloride (10 uM) prevented the ischemia-mediated [Ca2"]; increase,
suggesting a role for ROS in the Ca%* changes with ischemia. Membrane depolarization by perfusion with high
potassium (K*) or glyburide also resulted in increased [Ca?*]; whereas the K*-channel agonist cromakalim, in-
hibited ischemia-mediated Ca®" influx. We conclude that increased ROS generation with ‘oxygenated’ lung is-
chemia is associated with influx of Ca?* and an increase in endothelial cell cytosolic calcium concentration. An-
tiox. Redox Signal. 1, 145-154, 1999.

INTRODUCTION

ISCHEMIA-REPERFUSION is now a well-recog-
nized mediator of tissue injury associated
with the generation of reactive oxygen species
(ROS). The paradigm is that tissue injury re-
sults from oxidation of cellular components
such as lipid and protein components of mem-
branes and organelles. Recently, it has been
postulated that ROS represent physiologic sig-

naling agents in addition to their toxic poten-
tial and may be involved in the release of
second messengers through activation of
phospholipases and perhaps other enzymes.
Thus, hydrogen peroxide (H;O,) causes re-
lease of inositol phosphates, at least in part
due to activation of phospholipase C (PLC)
with secondary effects on intracellular Ca2*
([Ca?*],) (Shasby et al., 1985, 1988; Muzykantov
et al., 1992). In addition, ROS-mediated damage
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to cellular membranes can increase their leaki-
ness to Ca2*, which then increases inside the
cell as a manifestation of toxicity. Increased
[Ca2*]; in turn has signaling properties or may
exert toxic manifestations due to its effect on
enzymes and other biomolecules.

An increase in [Ca?*]; with ischemia and
reperfusion has been suggested for several dif-
ferent organs, based largely on circumstantial
evidence. Calcium channel blockers prevented
injury in rat intestine and edema in rabbit lungs
with ischemia and reperfusion (Kimura ef al.,
1998; Karck and Haverich 1992). Cardiac is-
chemia resulted in a rapid decline in left ven-
tricular function and gradual rise in [Ca?*];
(Hampton et al., 1998). Brain ischemia led to
Ca?* influx via T-type channels in rat white-
matter astrocytes (Fern, 1998). Ischemia in
these studies was accompanied by anoxia with
ROS generation during the reperfusion period.

In the air-ventilated lung, an interruption of
pulmonary blood flow does not lead to tissue
anoxia (Fisher et al, 1991, Minamiya et al.,
1998). This model represents the condition as-
sociated with pulmonary embolism, for exam-
ple. But an increase in ROS generation occurs
nonetheless with its onset during the ischemic
period (Al-Mehdi et al., 1997a; Zhao et al., 1997).
The initiating event appears to be endothelial
cell membrane depolarization. We have postu-
lated that these cellular manifestations of oxy-
genated ischemia are due to mechanotrans-
duction of decreased shear stress sensed by the
endothelial cells. It is not known whether en-
dothelial cell [Ca?*]; also changes during oxy-
genated ischemia in paralle] with the produc-
tion of ROS.

The goal of the present study was to assess
the status of [Ca?*]; in lung endothelial cells in
situ with early ischemia and determine its po-
tential relationship with the other observed
events such as membrane depolarization and
ROS generation. We used an in situ lung en-
dothelial [Ca?*]; imaging technique in per-
fused rat lung similar to the one described by
Ying et al. (1996). In the previous study, fura-2
was used as a calcium indicator for measuring
agonist-stimulated [Ca?"]; change while the
present study used Calcium Green (CG) and
Fura Red (FR). This approach, using the iso-
lated perfused lung, enabled us to measure in
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situ Ca®* by ratiometric fluorescence imaging
and thereby to monitor changes of [Ca?*]; as a
consequence of ischemia in an intact tissue. We
found that early ischemia leads to increase in
[Ca?*]; and that this increase is associated with
ROS generation.

MATERIALS AND METHODS

Materials

FR acetoxymethyl esters, CG-1 ace-
toxymethyl esters (CG), and BODIPY acety-
lated low-density lipoproteins (LDL) were ob-
tained from Molecular Probes (Eugene, OR).
lonomycin, gadolinium (III) chloride (Gd3**),
N-acetyl-L-cysteine (NAC), thapsigargin, gly-
benclamide (glyburide), and cromakalim were
purchased from Sigma Chemical Co. (St.
Louis, MO). Diphenyleneiodonium chloride
(DPI) was obtained from Calbiochem (La Jolla,
CA)

Isolated lung perfusion

The isolated perfused rat lung model used
for this study has been described previously
(Al-Mehdi et al., 1998). Briefly, Sprague-Daw-
ley male rats (Charles River Breeding Labora-
tories, Kingston, NY) weighing 200-220 grams
were anesthetized with intraperitoneal pento-
barbital (50 mg/kg). A tracheostomy was per-
formed and ventilation was maintained by pos-
itive-pressure ventilation at 60 cycles/min, 2
ml of tidal volume, and 2 cm H,O end-expira-
tory pressure. The chest was opened and the
pulmonary circulation was cleared through a
cannula inserted in the main pulmonary artery,
exiting from a cannula inserted in the left
atrium. The perfusate was Krebs’ Ringer bicar-
bonate solution (KRB; NaCl 118.45, KCl 4.74,
MgSO4 7 H,O 1.17, CaCl, 2 H,0 1.27, KH,PO4
1.18, and NaHCO; 24.87 in mmol/liter) with
added 5% dextran and 10 mM glucose. Perfu-
sion was maintained using a peristaltic pump
at a constant flow rate of 7 ml/min with a re-
circulating volume of 40 ml. Lungs were ven-
tilated with 95% air/5% CO, (all gasses were
supplied by BOC Group, Inc., Murray Hill, NJ).
The cleared lungs were removed from the chest
and were placed horizontally on a 48 X 60-mm
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coverglass window in a specially designed
chamber.

Intravital subpleural microvascular endothelial
cell microscopy

Intravital microscopy was performed as de-
scribed previously for use with other fluoro-
probes (Al-Mehdi et al., 1998a). A similar model
has been used by others to monitor changes of
intracellular Ca®* concentration in lung en-
dothelial cells (Ying et al., 1996). Briefly, the
chamber with an isolated rat lung was placed
on the stage of an epifluorescence microscope
fitted with a 100X objective (Nikon Diaphot
TMD) and equipped with an optical filter
changer (Lambda 10-2, Shutter Instrument Co.,
Novato, CA).

A local anesthetic (0.05 mg of xylazine) was
injected subepicardially into the posterior wall
of the right atrium to abolish lung movement ar-
tifact due to contraction of remaining cardiac
muscle. Excitation of the lung surface was ac-
complished with a mercury lamp fiberoptic light
source, a fluoroisothiocyanate (FITC) filter set
for CG (HQ41001 with 480/40 excitation filter,
505 LP dichroic mirror, and 535/40 emission fil-
ter; Chroma Technology Corp., Brattleboro, VT)
and a TRITC filter set for FR (HQ41002b with
545 /30 excitation filter, 565 LP dichroic mirror,
and 610/75 emission filter; Chroma Technology
Corp., Brattleboro, VT). The objective was posi-
tioned so that the microvascular diameter was
maximum at the focal plane. Images from the
microscope were acquired during 3 sec exposure
time with a computer-controlled cooled CCD
camera (MicroMAX, Princeton Instruments,
Inc.), using graphics control software (Meta-
morph Imaging System, Universal Imaging
Corp., West Chester, PA).

After an equilibration period of 30 min with
the isolated lung to allow uptake of CG (968
nM) and FR (570 nM) fluorophores, the in-
travascular dye was removed by perfusion
with dye-free medium for 5 min to reduce back-
ground fluorescence. Ventilation was stopped
briefly (<15 sec) to permit collection of fluores-
cence images. Five to seven exposures were
taken from randomly selected areas of each lung
and then ventilation was resumed. For quantifi-
cation, an area of interest containing one or more
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endothelial cells was outlined. CG and FR in-
tensities were measured in the area of interest
and their ratio of intensities was calculated
(CG/FR). We normalized the fluorescence val-
ues in different areas by using “% change of ra-
tio fluorescence intensity (% of baseline).” Val-
ues for five to seven areas of interest were
averaged to obtain a mean value for each lung.
In some lungs, localization of the fluorophores
was determined by comparison of BODIPY-
acetylated LDL, an endothelial cell marker, and
FR images after 30 min of coperfusion.

As a control group, after the equilibration pe-
riod, images were taken every 5 min for 15 min
during continuous perfusion. For the ischemia
group, after taking control images, the peristaltic
pump was stopped to create global ischemia.
Some lungs were pretreated with cromakalim
(30 uM), DPI (10 uM), NAC (20 mM), thapsi-
gargin (250 nM), or gadolinium (100 uM) by per-
fusate administration during the dye equilibra-
tion period. Additional lungs were perfused
with calcium-free KRB containing 1 mM EGTA
prior to ischemia. The effect of depolarization in
the absence of ischemia was studied by switch-
ing to high K™-KRB (24 mM K* replacing
equimolar Na™) perfusion or by perfusion with
glyburide (10 uM), a K* channel inhibitor. In
other experiments, ionomycin (1 uM) was used
as a positive control for calcium influx.

Statistical analysis

Results are expressed as mean = SE for each
condition unless otherwise stated. Significance
of parametric differences among groups was
evaluated with one-way analysis of variance
(ANOVA) and Bonferroni’s test for multiple
comparison using SigmaStat (Jandel Scientific,
San Rafael, CA). Differences were considered
statistically significant at p < 0.05.

RESULTS

Lungs were perfused with BODIPY-acety-
lated LDL and ER for 30 min and evaluated for
fluorescence. There was essentially complete
colocalization of fluorescence from FR and
BODIPY-acetylated LDL, an endothelial cell-
specific marker (Fig. 1). This is clearly indicated
in the overlay fluorescence of both images, as
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shown by the yellow color with no significant
red or green. Thus, FR appears to be localized
to the endothelium in this model. Fluorescence
of the calcium fluorophores in vascular en-
dothelial cells was unchanged after 15 min of
control perfusion (Fig. 2). With 15 min of is-
chemia, there was a significant increase in CG
fluorescence, a moderate decrease in FR fluo-
rescence, and a marked increase in the CG/FR
image (Fig. 2). This increased ratio indicates an
increase in [Ca?"];. To evaluate the time course
of fluorescence change, average CG/FR in en-
dothelial cells from five to seven randomly se-
lected areas for each condition was measured
in three to six different lungs under each con-
dition at 5-min intervals during 15 min of con-
trol perfusion or ischemia. [Ca?"]; was in-
creased significantly at 5 min of ischemia, the
earliest time point studied, and did not change
significantly during the next 10 min (Fig. 3).

The increase in [Ca®*]; during ischemia was
prevented with Ca?*-free perfusion (Fig. 4).
Addition of thapsigargin to the perfusate dur-
ing perfusion with Ca?*-free medium led to in-
crease [Ca?"]; within 10 min followed by its re-
turn to baseline at 30 min (data not shown),
compatible with release of Ca?* from thapsi-
gargin-sensitive stores in lung endothelial cells
and its efflux from the cells. Thapsigargin is an
inhibitor of Ca?* adenosine triphosphatase
(ATPase) of the endoplasmic reticulum and has
been widely used to deplete intracellular Ca?*
stores (Doan et al.,, 1994; Oike et al., 1994;
Chetham et al., 1999). The ischemic increase in
the [Ca”*]; was not affected by thapsigargin
pretreatment, either in the presence or absence
of external Ca?". Ischemic increase in [Ca?*];
was blocked by Gd®*, a cation channel blocker
(Fig. 4). These results imply that the increase in
[Ca2*); during ischemia was due to influx from
the extracellular medium.

A possible relationship between the change
in [Ca2*]; and increased ROS generation with
ischemia was evaluated by pretreatment of
lungs with NAC (a sulfhydryl-based antioxi-
dant) or DPI (a flavoprotein inhibitor, com-
monly used as an inhibitor of membrane bound
NADPH oxidase). DPI has been shown previ-
ously to markedly inhibit ROS generation in
lung ischemia (Al-Mehdi et al., 1998), whereas
NAC is considered an intracellular ROS scav-
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enger. Both NAC and DPI markedly inhibited
the increase in [Ca?"]; with ischemia (Fig. 5).

The ischemic increase in [Ca®*]; also was in-
hibited with cromakalim, a K*-channel agonist
(Table 1). This agent was used based on our
previous results, which indicated that cro-
makalim protects against ischemia-mediated
lipid peroxidation (Fisher and Al-Mehdi, 1996).
In addition, we have postulated K*-channel in-
activation as the mechanism for membrane de-
polarization, an initial manifestation of lung is-
chemia (Al-Mehdi et al., 1996, 1997b, 1998a). To
study the effect of membrane potential on en-
dothelial [Ca2*];, lungs were perfused contin-
uously with high-potassium KRB or glyburide,
a K*-channel blocker. These treatments have
been shown to result in endothelial cell mem-
brane depolarization in our isolated perfused
lung model (Al-Medhi et al., 1996, 1997b). Both
treatments led to increase endothelial [Ca?*];
in the absence of ischemia (Table 1). lonomycin,
a calcium ionophore, was used as a positive
control in these experiments and led to the ex-
pected increase in [Ca%*]; (Table 1).

DISCUSSION

For these experiments, we used ratiometric
imaging with two visible wavelength calcium
indicators: FR and CG-1. With an increase in
[Ca?*);, CG fluorescence is significantly in-
creased whereas FR fluorescence is moderately
decreased (Haugland, 1996; Wichtler et al.,
1996). A ratiometric image using these two
probes simultaneously will eliminate fluores-
cence measurement artifacts due to differential
dye loading and compartmentalization. The
study of [Ca®*]; with ratio imaging has been
previously reported. The simultaneous use of
fluo-3 and FR was used to measure [Ca2*]; by
confocal microscopy or flow cytometry in car-
diac myocytes or lymphocytes (Lipp and Nig-
gli, 1993; Novak and Rabinovitch, 1994). The
distribution of the ratio images in these cell
models was uniform (Lipp and Niggli, 1993).
CG indicators are almost identical to those of
fluo-3, but they are more fluorescent in resting
cells, less phototoxic, and can be used at lower
concentration (Eberhard and Erne, 1991; Haug-
land, 1996). Wachtler et al. (1996) used CG-1
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FIG. 1. Colocalization of calcium fluorescence and endothelial cells based on pseudocolor images of a calcium-
dependent fluorophore (Fura Red) and endothelial cell-specific marker (BODIPY-acetylated LDL). Isolated rat
lungs were placed on a microscope stage for in situ imaging of subpleural endothelial cells as described in Materials
and Methods. Lungs were perfused with BODIPY-acetylated LDL and FR for 30 min. Left panel: Endothelial cells la-
beling with BODIPY-acetylated LDL. Middle panel: FR fluorescence. Right panel: Overlay fluorescence of both im-
ages; yellow indicates the colocalization of the two fluorophores. The horizontal dimension of each panel is 87 um.
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FIG.2. In situ fluorescence images with CG-1 (top), FR (middle), and their ratio (bottom). Isolated rat lungs were
placed on a microscope stage for in situ imaging of subpleural endothel.ial cells as desgribgd in Materials and Meth-
ods. Lungs were perfused with CG-1 and FR for 30 min for equilibranonl. Ther} baseline images were taken. Fluo-
rescence is shown in pseudocolor with the scales on the right indicating intensity level. CG-1 and FR fluorescence
did not change during continuous perfusion (control). With ischemia for 15 min, th(?re was iI_lcreased CG-1 fluores-
cence, slight decreases or no change in FR fluorescence, and increased fluorescence in the ratiometric image.
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FIG. 3. Time course of [Ca?*]; with ischemia in iso-
lated rat lungs. After loading with CG-1 and FR as de-
scribed in Fig. 2, control images of the fluorescence ratio
were taken, and then the peristaltic pump was stopped
to create ischemia. Images were taken at 5-min intervals.
Normalized mean fluorescence intensity was calculated
for each lung as described in Materials and Methods. Is-
chemia significantly increased the fluorescence ratio in-
dicating increased [Ca2*}; in endothelial cells of perfused
rat lungs (p < 0.05). (O) control (Con); (®) ischemia (Isc).
Data are mean * SE for n = 3 for control, n = 6 for is-
chemia.

and FR simultaneously for study of the rat iso-
lated spinal root. Other studies have used a sin-
gle fluorophore such as fura-2 for measuring
Ca?* in cultured cells or organs (McDonough
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FIG. 4. Evaluation of source of increase in [Ca?*]; with
ischemia. Isolated rat lungs were perfused for 30 min
with 250 nM thapsigargin (TG) or 100 uM gadolinium
(Gd) in normal KRB or with calcium-free (—Ca?*) KRB.
Fluorophores (CG-1 and FR) were coperfused. After con-
trol images were taken, the peristaltic pump was stopped
to create ischemia. Values were calculated as in Fig. 3.
Dashed lines show results with ischemia (top) and con-
trol perfusion (bottom), reproduced from Fig. 3. Data are
mean * SE for n = 3 for each condition.
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and Button, 1989; Williams and Fay, 1990; Ying
et al., 1996). Compared with fura-2, which re-
quires ultraviolet excitation, visible light-ex-
citable Ca?* indicators such as CG offer several
advantages including reduced interference
from sample autofluorescence, less cellular
photodamage, and higher absorbance.

Our previous studies of lung endothelial
cells in situ using the isolated rat lung have es-
tablished membrane depolarization and in-
creased ROS generation as early events with
ischemia (Al-Mehdi et al., 1996, 1997b, 1998a;
Zhao et al., 1997). Because calcium plays an im-
portant role in cell signaling processes, a logi-
cal next step was to determine the effect of is-
chemia on lung endothelial cell calcium. The
experimental design allowed us to study the
calcium response of intact vascular endothelial
cells in situ. Ischemia, i.e., abrupt cessation of
flow without anoxia, led to increase in [Ca2*];
within the initial 5 min.

The increase in [Ca?*]; with ischemia could
be due to influx from the extracellular medium,
release from intracellular stores, or both. Nor-
mal endothelial cell cytosolic calcium concen-
tration is about 100 nM (Allbritton et al., 1992;
Moore et al., 1998). This cytosolic calcium con-
centration is much lower than in extracellular
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FIG. 5. Effect of ROS inhibitors during ischemia.
Lungs were perfused with NAC or DPI plus CG-1 and
FR for 30 min. After control images were taken, the peri-
staltic pump was stopped to create ischemia. (O) Ischemia
with 20 mM NAC (Isc + NAC); (®) ischemia with 10 uM
DPI (Isc + DPI). Values were calculated as in Fig. 3.
Dashed lines show results with ischemia (top) and con-
trol perfusion (bottom), reproduced from Fig. 3. Data are
mean * SE for n = 3 for NAC, n = 4 for DPL
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EFFECT OF MEMBRANE DEPOLARIZATION ON INTRACELLULAR CALCIUM

Percent change of ratio fluorescence

Experimental group intensity

Control —27 + 35
Ischemia (15 min) 23.0 = 3.52
Ischemia (15 min) + Cromakalim, 30 uM 103 = 44
Glyburide, 10 uM (no ischemia) 29.6 + 3.62
High (24 mM) K* (no ischemia) 248 + 0.52
Ionomycin, 1 uM (no ischemia) 309 * 9.02

Results are mean = SE for n = 3 to 6.
ap < 0.05.

medium (in this experiment, Ca?* concentra-
tion of perfusate was 2.5 mM) or in intracellu-
lar stores (high uM to low mM Ca?* in smooth
endoplasmic reticulum) (Moore et al., 1998). To
determine the source of increase in endothelial
Ca?* with ischemia, we modulated the extra-
cellular source by calcium-free perfusion or
Gd>* treatment to block Ca?* entry. Both treat-
ments prevented the increase in fluorescence
ratio with ischemia. To determine the role of
intracellular stores, we depleted the stores by
pretreatment with thapsigargin and then con-
ducted ischemic experiments in the presence or
absence of extracellular Ca?*. Thapsigargin
pretreatment had no effect on the subsequent
ischemic increase in [Ca2*];. These experiments
suggest that intracellular release was not a
mechanism of Ca2?* increase and that the
source of Ca’* was influx from outside the cell.

The relationships among cell membrane de-
polarization, ROS generation and the influx of
Ca?* were investigated by experiments using
membrane potential modulators and ROS in-
hibitors. We have previously shown that isch-
emia results in membrane depolarization (Al-
Mehdi et al., 1996, 1997b, 1998a). The present
study shows an increase in [Ca®*]; with high
K* or glyburide (depolarizing agents) in the
perfusion medium (no ischemia). Partial pre-
vention of increase in Ca?* during ischemia
was observed with cromakalim, a K*-channel
opener that hyperpolarizes endothelial cells
membrane and thus attenuates ischemia-in-
duced depolarization. These results indicate
that depolarization of the endothelial cell mem-
brane results in increased intracellular Ca**.

Thus, Ca?* influx could possibly be mediated
by voltage-dependent Ca?* channels that are
activated with ischemia-induced membrane
depolarization. Although previous observa-
tions indicated that endothelial cells do not
possess voltage-dependent Ca?* channels (Nil-
ius et al., 1997) and endothelial cell [Ca?*]; was
shown to decrease with depolarization and in-
crease with hyperpolarization (He and Curry,
1991), those studies used statically cultured
cells. It is possible that endothelial cells in situ
(i.e., acclimatized to flow) possess voltage-de-
pendent calcium channels that are lost with sta-
tic culture. Indeed, voltage-dependent calcium
channels have been shown in freshly isolated
endothelial cells (Bossu et al., 1989, 1992). If that
is the case, then increase in [Ca?"]; with is-
chemia could result from a depolarization ac-
tivated Ca?* channel.

An alternative mechanism is that changes in
[Ca?™]; are dependent on ROS generation. The
observed increase in endothelial [Ca?*]; with
ischemia was markedly inhibited by NAC or
DP], inhibitors of ROS generation, suggesting
a direct effect of ROS. ROS have been shown
to lead to increase in [Ca?™]; in endothelial cells
in culture (Shasby et al., 1985, 1988; Franceschi
et al., 1990; Doan et al., 1994; Dreher and Jundo,
1995; Siflinger-Birnboim et al., 1996; Volk et al.,
1997; Hu et al.,, 1998) and other cells (Roy-
choudhury et al., 1996; Hoyal et al., 1998). Hy-
drogen peroxide apparently activates a Ca?*-
influx pathway in endothelial cells (Doan et al.,
1994; Siflinger-Birnboim et al., 1996), although
the mechanism remains to be established. Sev-
eral possibilities have been postulated as the
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mechanism for calcium influx with ROS chal-
lenge including: (1) lysis of the membrane with
formation of pores that allow Ca?" entry, (2)
production of cation ionophores through
plasma membrane lipid peroxidation or cross-
linking of proteins, (3) direct activation of cal-
cium channels by ROS, and (4) agonist-stimu-
lated Ca?* influx through activation of G
proteins (Franceschi et al., 1990; Doan et al.,
1994). The present studies with inhibitors do
not differentiate between these mechanisms
but do suggest that ROS are the primary me-
diator of the observed increased endothelial
[CaZ™); with lung ischemia as opposed to mem-
brane potential-mediated activation of voltage-
dependent Ca?* channels. Although these
studies indicate primarily an effect of ROS on
cell membrane Ca?* permeability, other stud-
ies with cultured endothelial cells have indi-
cated that ROS also can activate release of Ca?*
from intracellular stores (Shasby et al., 1988).

Although the effect of ischemia on lung en-
dothelial [Ca?*]; has not been previously re-
ported, others have shown that subjecting sta-
tically cultured endothelial cells to an abrupt
onset of flow also leads to increase in [CaZ"];
(James et al., 1995; Murase ef al., 1998). The sim-
ilarity of endothelial cell calcium response to
increased flow or no-flow (i.e., ischemia) may
reflect an imposed alteration from a state of
adaptation (Davies, 1995). Thus, either in-
creased or decreased flow imposed on the
adapted state could induce an increase in
[Ca2*]; as a signaling mechanism in endothe-
lial cells.

In summary, we postulate the following se-
quence of events in lung endothelium during
early ischemia. Membrane depolarization oc-
curs rapidly and is associated with an increase
in ROS generation. ROS generation and possi-
bly activation of voltage-dependent Ca?* chan-
nels lead to a change in cell membrane Ca?*
permeability and increase in [Ca?*};. The in-
crease in [Ca?™};, in turn, can activate enzy-
matic sources of ROS to amplify the initial re-
sponse to ischemia. Thus, both ROS and Ca’*,
in addition to their role as mediators of cellu-
lar injury, appear to be signaling molecules that
can shape the response of the endothelial cells
to an acute decrease in mechanical shear stress
as a manifestation of ischemia.
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ABBREVIATIONS

ANOVA, analysis of variance; ATPase,
adenosine triphosphatase; [Ca2*];, intracellular
calcium; CG, calcium green; DPI, diphenylene-
iodonium chloride; FITC, fluoroisothiocyanate;
FR, Fura Red; H,O,, hydrogen peroxide; KRB,
Krebs Ringer bicarbonate; LDL, low-density
lipoproteins; NAC, N-acetyl-L-cysteine; PLC,
phospholipase C; ROS, reactive oxygen species.

REFERENCES

ALLBRITON, N.L., MEYER, T., and STRYER, L. (1992).
Range of messenger action of caicium ion and inositol
1,4,5-triphosphate. Science 258, 1812-1815.

AL-MEHDI, A.B., ISCHIROPOULQS, H., and FISHER,
A.B. (1996). Endothelial cell oxidant generation during
K*-induced membrane depolarization. J=Cell Physiol
166, 274-280.

AL-MEHDI, AB., SHUMAN, H., and FISHER, AB.
(1997a). Intracellular generation of reactive oxygen
species during nonhypoxic lung ischemia. Am. L Phys-
iol. 272, 1.294-300.

AL-MEHDI, AB., SHUMAN, H. and FISHER, A.B.

(1997b). Ox1dant generation with K*-induced depolar-
1zation in the isolated perfused lung. FreeRadical Bigl
Med. 23, 47-56.

AL-MEHDI, A B., ZHAO, G.,, DODIA, C., TOZAWA, K,,
COSTA, K., MUZYKANTOV, V., ROSS, C., BLECHA,
F., DINAUER, M., and FISHER, A.B. (1998a). Endothe-
lial NADPH oxidase as the source of oxidants in lings
exposed to ischemia or high K*. Circ. Res, 83, 730-737.

AL-MEHDI, A B, ZHAO, G., and FISHER, A.B. (1998b).
ATP-independent membrane depolarization with isch
emia in the oxygen-ventilated isolated rat lung. Am. .
Respir Cell Mol _Bigl 18, 653-661.

BOSSU, J.L., FELTZ, A., RODEAU, J.L., and TANZI, F.
(1989). Voltage-dependent transient calcium currents in
freshly dissociated capillary endothelial cells. FEBS
Lett. 255, 377-380.

BOSSU, J.L., ELHAMDANI, A, and FELTZ, A. (1992).
Voltage-dependent calcium entry in confluent bovine
capillary endothelial cells. FEBS Lett, 299, 239-242.

CHETHAM, P.M., BABAL, P., BRIDGES, J.P., MOORE,



INTRACELLULAR CALCIUM WITH ISCHEMIA

T.M,, and STEVENS, T. (1999). Segmental regulation of
pulmonary vascular permeability by store-operated
Ca?* entry. Am. J. Physiol. 276, L41-1.50.

DAVIES, P.F. (1995). Flow-mediated endothelial mecha-
notransduction. Physiol. Rev, 75, 519-560.

DOAN, T.N.,, GENTRY, D.L., TAYLOR, A.A., and EL-
LIOTT, SJ. (1994). Hydrogen peroxide activates ago-
nist-sensitive Ca?*-flux pathways in canine venous en-
dothelial cells. Biochem. ]J. 297, 209-215.

DREHER, D., and JUNOD, A F. (1995). Differential effects
of superoxide, hydrogen peroxide, and hydroxyl radi-
cal on intracellular calcium in human endothelial cells.

i 62, 147-153.

EBERHARD, M., and ERNE, P. (1991). Calcium binding
to fluorescent calcium indicators: calcium green, cal-
cium orange and calcium crimson. Biochem. Biophys.
Res. Commun. 180, 209-215.

FERN, R. (1998). Intracellular calcium and cell death dur-
ing ischemia in neonatal rat white matter astrocytes in
situ. J_Neurosci. 18, 7232-7243.

FISHER, A.B., and AL-MEHDI, A.B. (1996). Lipid and
protein oxidation in ischemia/reperfusion of the lung.
In Nitric Oxide and Radicals in the Pulmonary Vasculature.
E.K. Weir, S.L. Archer, and J.T. Reenes, eds. (Futura
Publishing Company, Inc., Armonk, NY) pp. 45-61.

FISHER, A.B., DODIA, C,, TAN, Z.,, AYENE, I, and ECK-
ENHOFF, R.G. (1991). Oxygen-dependent lipid perox-
idation during lung ischemia. |_Clin,Invest 88,
674-679.

FRANCESCHI, D., GRAHAM, D., SARASUA, M., and
ZOLLINGER, R.M., JR. (1990). Mechanism of oxygen
free radical-induced calcium overload in endothelial
cells. Surgery 108, 292-297.

HAMPTON, T.G.,, AMENDE, 1, TRAVERS, KE, and
MORGAN, J.P. (1998). Intracellular calcium dynamics

in mouse model of myocardial stunning. Am. J. Phys-

iol. 274, H1821-1827.

HAUGLAND, R.P. (1996). Indicators for Ca**, Mg®™,
Zn2* and other metals. In Handbook of Fluorescent Probes
and Research Chemicals, 6th ed. M.T.Z. Spence, ed. (Mol-
ecular Probes, Inc., Eugene, OR) pp. 512-513.

HE, P., and CURRY, F.E. (1991). Depolarization modu-
lates endothelial cell calcium influx and microvessel
permeability. Am. J. Physiol. 261, H1246-254.

HOYAL, C.R., GIRON-CALLE, J., and FORMAN, H.J.
(1998). The alveolar macrophages as a model of calcium
signaling in oxidative stress. J. Toxicol. Environmental
Health, part B, 1, 117-134.

HU, Q., CORDA, S., ZWEIER, ].L., CAPOGROSSI, M.C.,
and ZIEGELSTEIN, R.C. (1998). Hydrogen peroxide in-
duces intracellular calcium oscillations in human aor-
tic endothelial cells. Circulation 97, 268-275.

JAMES, N.L, HARRISON, D.G, and NEREM, RM.
(1995). Effects of shear on endothelial cell calcium in
the presence and absence of ATP. FASEB J. 9, 968-973.

KARCK, M., and HAVERICH, A. (1992). Nifedipine and
diltiazem reduce pulmonary edema formation during
postischemic reperfusion of rabbit lung. Res. Exp. Med.
192, 137-144.

KIMURA, M., KATAOKA, M., KUWABARA, Y., SATO,

153

A., KATO, T., NARITA, K., OKIHIRA, T., and FUJIL Y.
(1998). Beneficial effects of verapamil on intestinal
ischemia and reperfusion injury: Preteatment versus
postischemic treatment. Euro. Surg. Res. 30, 191-197.

LIPP, P., and NIGGLI, E. (1993). Ratiometric confocal

Ca?*-measurements with visible wavelength indicators
in isolated cardiac myocytes. Cell Calcium 14, 359-372.

McDONOUGH, P.M., and BUTTON, D.C. (1989). Mea-

surement of cytoplasmic calcium concentration in cell
suspensions: correction for extracellular Fura-2 through
use of Mn2* and probenecid. Cell Calcium 10, 171-180.

MINAMIYA, Y., TOZAWA, K., KITAMURA, M., SAITO,

S., and OGAWA, J. (1998). Platelet-activating factor me-
diates intracellular adhesion molecule-1-dependent
radical production in the nonhypoxic ischemia rat lung.
Am. fmBaspicaali ol Bigled 9, 150-157.

MOORE, TM. CHETHAM, PM. KERRY, ]J., and

STEVENS, T. (1998). Signal transduction and regulation
of lung endothelial cell permeability. Interaction be-
tween calcium and cAMP. Am. J. Physiol. 275,
L203-222.

MURASE, T., KUME, N., KORENAGA, R, ANDQ, J.,

SAWAMURA, T., MASAKI, T., and KITA, T. (1998).
Fluid shear stress transcriptionally induces lectin-like
oxidized LDL receptor-1 in vascular endothelial cells.
Circ. Res. 83, 328-333.

MUZYKANTOV, V.R., PUCHNINA-ARTUSHENKO,

E.A., CHEKNEVA, EV. and VOYNO-YASENET-
SUKAYA, T.A. (1992). Activation of the phosphoinosi-
tide turnover in human endothelial cells by sublethal
doses of hydrogen peroxide. Biol. Membr. 6, 155-168.

NILIUS, B., VIANA, F., and DROOGMANS, G. (1997). lon

channels in vascular endothelium. Agn, Rev, Phvsiol,
59, 145-170.

NOVAK, EJ., and RABINOVITCH, P.S. (1994). Improved

sensitivity in flow cytometric intracellular ionized cal-
cium measurement using fluo-3/Fura Red fluorescence
ratios. Cytometry 17, 135-141.

OIKE, M., DROOGMANS, G., and NILIUS, B. (1994).

Mechanosensitive Ca2* transients in endothelial cells

from human umbilical vein. RigehaiedcadeCail IS
91, 2940-2944.

ROYCHOUDHURY, S., GHOSH, S.K., CHAKRABORTI,

T., and CHAKRABORTI, S. (1996). Role of hydroxyl
radical in the oxidant H,O,-mediated Ca?* release from
pulmonary smooth muscle mitochondria. Mol. Cell.
Biochem. 159, 95-103.

SHASBY, D.M., LIND, S.E., SHASBY, S.5., GOLDSMITH,

].C., and HUNNINGHAKE, G.W. (1985). Reversible ox-
idant-induced increase in albumin transfer across cul-
tured endothelium: Alternations in cell shape and cal-
cium homeostasis. Blood 65, 605-614.

SHASBY, D.M., YORCK, M., and SHASBY, S.5. (1988).

Exogenous oxidants initiate hydrolysis of endothelial
cell inositol phospholipids. Blood 72, 491-499.

SIFLINGER-BIRNBOIM, A., LUM, H., DEL VECCHIO,

P.J., and MALIK, A.B. (1996). Involvement of Ca?" in
the H,O»-induced increase in endothelial permeability.
i 70, L973-978.

VOLK, T., HENSEL, M., and KOX, W.]. (1997). Transient



154

Ca”* changes in endothelial cells induced by low doses
of reactive oxygen species: Role of hydrogen peroxide.
Mol Cell_Bigchem, 171, 11-21.

WACHTLER, J., MAYER, C., RUCKER, F., and GRAFE,
P. (1996). Glucose availability alters ischaemia-induced
changes in intracellular pH and calcium of isolated rat
spinal roots. Brain Res. 725, 30-36.

WILLIAMS, D.A., and FAY, E.S. (1990). Intracellular cal-
ibration of the fluorescent calcium indicator Fura-2. Cell
Calcium 11, 75-83.

YING, X, MINAMIYA, Y., FU, C., and BHAT-
TACHARYA, J. (1996). Ca?* waves in lung capillary
endothelium. Circ. Res. 79, 898-908.

TOZAWA ET AL.

ZHAO, G., AL-MEHDI, A B, and FISHER, A.B. (1997).
Anoxia-reoxygenation versus ischemia in isolated rat

lungs. Am. 1 Dhysiol, 273, [1112-1117.

Address reprint requests to:

Dr. Aron B. Fisher

Institute for Environmental Medicine
1 John Morgan Building

3620 Hamilton Walk

Philadelphia, PA 19104-6068

E-mail: abf@mail.med.upenn.edu


mailto:abf@mail.med.upenn.edu

Thisarticle has been cited by:

1. Aron B. Fisher. 2011. Oxidant Stress in Pulmonary Endothelia. Annual Review of Physiology 74:1,
110301101907077. [CrossRef]

2. Shampa Chatterjee, Kenneth E. Chapman, Aron B. Fisher. 2008. Lung Ischemia: A Model for Endothelial
Mechanotransduction. Cell Biochemistry and Biophysics 52:3, 125-138. [ CrossRef]

3. Claudette M. St. Croix, Eileen M. BauerUse of Spectral Fluorescence Resonance Energy Transfer to Detect
Nitric Oxide-Based Signaling Eventsin Isolated Perfused Lung . [ CrossRef]

4. Qunwei Zhang , Shampa Chatterjee , Zhihua Wei , Wei Dong Liu , Aron B. Fisher . 2008. Rac and PI3
Kinase Mediate Endothelial Cell-Reactive Oxygen Species Generation During Normoxic Lung Ischemia.
Antioxidants & Redox Sgnaling 10:4, 679-690. [Abstract] [Full Text PDF] [Full Text PDF with Links]

5.D WANG, T HIRASE, T INOUE, K NODE. 2006. Atorvastatin inhibits angiotensin Il-induced T-type

Ca2+ channel expression in endothelial cells. Biochemical and Biophysical Research Communications 347:2,
394-400. [CrossRef]

6. Aron B. Fisher, Abu B. Al-Mehdi, Y efim Manevich. 2002. Shear stressand endothelial cell activation. Critical
Care Medicine 30:Supplement, S192-S197. [ CrossRef]

7. Abu B. Al-Mehdi, Guochang Zhao, Kasumi Tozawa, Aron B. Fisher. 2000. Depol arization-Associated Iron
Releasewith Abrupt Reductionin Pulmonary Endothelial Shear Stressin Situ. Antioxidants& Redox Sgnaling
2:2, 335-345. [Abstract] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1146/annurev-physiol-020911-153324
http://dx.doi.org/10.1007/s12013-008-9030-7
http://dx.doi.org/10.1002/0471142956.cy1213s45
http://dx.doi.org/10.1089/ars.2007.1521
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1521
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1521
http://dx.doi.org/10.1016/j.bbrc.2006.06.084
http://dx.doi.org/10.1097/00003246-200205001-00004
http://dx.doi.org/10.1089/ars.2000.2.2-335
http://online.liebertpub.com/doi/pdf/10.1089/ars.2000.2.2-335
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2000.2.2-335

