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A. Introduction
Ischemia, defined as the loss of blood flow, occurs due to various pathologies associated with
vascular obstruction or disruption such as myocardial infarction, stroke, and pulmonary
embolism. The research focus of the voluminous literature dealing with ischemia has generally
been directed to the metabolic changes that occur with anoxia due to loss of oxygen delivery.
Studies during the past 25 years have demonstrated that reoxygenation associated with
reperfusion also has its dangers, and that generation of reactive oxygen species (ROS) during
this period exacerbates tissue damage [1-3]. This paradigm resulting from vascular obstruction
has been called ischemia-reperfusion injury, but would more appropriately be ascribed to
anoxia-reoxygenation. Ischemia has another component, namely altered shear stress, that has
been little studied in the context of interrupted blood flow. A major reason for this discrepancy
is presumably related to the more marked effects of tissue anoxia. An exception to the anoxia-
reoxygenation mechanism for ischemic injury is the lung. In this organ, loss of blood flow is
not accompanied by reduction in oxygen tension in the lung tissue as adequate oxygenation
can be maintained from the alveolar gas. Therefore, the pulmonary system allows for the study
of the effects of altered blood flow per se as these effects are not confounded by alterations in
tissue PO2.

Mechanotransduction, representing the cellular response to physical in contrast to chemical
alterations in the local environment, is an important property of the endothelium. Endothelial
cells lining blood vessels constantly face varying mechanical forces associated with blood flow
including shear stress, mechanical stretch and strain, and gravitational forces. The endothelium
can sense alteration of mechanical forces and transform them into electrical and biochemical
signals [4-8]. Increased shear associated with onset of flow modulates endothelial structure
and function by initiating responses including activation of flow sensitive ion channels,
changes in expression of various gene products, and cytoskeletal reorganization [5,9,10].

Most studies of endothelial mechanotransduction have utilized in vitro models where changes
elicited by increased shear have been examined. It has been well established that cells exposed
to shear in vitro become “flow adapted” within a period of 24-48 h [7,11,12]. However, as
compared to onset of shear in resting (“static”) cells, cessation of shear in flow-adapted cells
would appear to represent a more physiologically relevant condition. The lung offers an unique
opportunity for studying the response of the in vivo endothelium to cessation of flow, as
ischemia of the lung alters the mechanical component of flow without the attendant tissue
anoxia that accompanies ischemia in systemic vascular beds.

The lung is a highly vascularized organ and the entire output from the right side of the heart,
equal to the to systemic blood flow, is carried through the lung. Indeed the lung accounts for
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∼30% of the vascular endothelium of the body. Although stop of blood flow in the lung
vasculature does not decrease tissue oxygenation, lung ischemia does result in generation of
reactive oxygen species (ROS) and can result in oxidative injury [13]. Generation of ROS
during lung ischemia despite normal tissue oxygenation was first detected by an increase in
oxidized lipids (increased conjugated dienes and thiobarbituric acid reactive products) and
oxidized proteins (increased protein carbonyls) [14,15]. Since lung oxygenation as well as ATP
production were unaltered [14,16], we proposed that decreased shear stress associated with
reduction or loss of flow is responsible for ROS generation and oxidative injury in the ischemic
lung.

This review will focus on the events associated with loss of shear stress or flow in the pulmonary
endothelium. The emphasis will be on elements of the endothelial membrane that “sense” this
loss of flow and the subsequent signaling and physiological response.

B. Endothelial Mechanosensors
The endothelium forms an interface between the circulating blood and the vessel wall and
endothelial cells respond to conditions, including mechanical stresses, created by blood flow.
Flow induced stresses can be resolved into two principal vectors: i) shear stress that is parallel
to the vessel wall and represents the frictional force that blood flow exerts on the endothelium
of the vessel wall and ii) the tensile stress that is perpendicular to the vessel wall and represents
the dilating force of blood pressure to stretch the vessel. Numerous studies of endothelial cells
in culture show that increases in fluid shear stress or stretch modulates cellular gene and protein
expression, secretion, migration, proliferation and survival (apoptosis) [17-22]. While the
observed changes are convincing, the caveat is that the results were obtained with a relatively
unphysiologic preparation in the sense that these cells have not been previously exposed to
shear. Clearly endothelial cells in vivo are in a flow adapted state prior to the transient alteration
of the magnitude of shear.

While the response to experimentally altered shear is well understood, the mechanisms by
which endothelial cells sense shear is still debatable. Since cellular mechanotransduction is not
a ligand-receptor type of interaction, the identification of the shear sensing or mechanosensitive
molecules associated with the cell and its various cellular structures has been difficult.
Although a number of candidate sensors on the cell membrane such as ion channels, caveolae,
integrins, focal adhesion complexes, and cytoskeletal elements have been proposed, it seems
likely that these function in interconnected networks that orchestrate cellular responses rather
than function in isolation. A possible scenario is that shear forces are sensed at the luminal cell
surface through the cytoskeleton to points of attachment which experience the mechanical
changes associated with flow. In this context, the anchorage of the cells becomes important as
the endothelial and subendothelial matrix would be expected to modulate the mechanical strain.

How does the cell sense a change in shear stress? A variety of potential mechanosensors, both
biochemical as well as biophysical, have been considered [23,24]. These include a receptor
tyrosine kinase [25], integrins (αvβ3, α2β1, α5β1, α6β1) [26,27], G-proteins and G-protein
coupled receptors [24,28], ion channels [17,29,30], intercellular junction proteins [31], and
membrane lipids or the membrane glycocalyx [32]. A multimeric mechanosensory complex
comprised of platelet endothelial cell adhesion molecule (PECAM-1), vascular endothelial
growth factor receptor 2 (VEGFR2) and vascular endothelial cadherin (VE-cadherin) also has
been proposed [33]. Each of these may play a role but has limitations as the primary shear
stress biosensor. Ion channels and integrins have received the bulk of the attention. These
represent the two prevailing notions for the effect of shear stress on the cell, i.e., disturbance
of a cell membrane-localized protein (or lipid) or distortion of the whole cell through its
cytoskeleton (tensegrity).
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1. Ion channels
Ion channels are rapidly responding elements that are present in the plasma membrane and thus
are strategically located to respond to changes in shear. Activation (or deactivation) of ion
channels has been proposed as a cellular flow sensor and have been shown to regulate some
endothelial responses to flow such as NO generation [34], release of cGMP, and expression of
the Na-K-Cl cotransport protein. Two different flow sensitive ion channels have been reported;
1) an inward rectifying K+ channel that is activated upon onset of flow and hyperpolarizes the
cell membrane [17]; and 2) an outward rectifying Cl- channel that depolarizes the membrane.
These channels are independently activated and exhibit different sensitivities to shear stress
magnitude and oscillation frequency [29], but their exact molecular identities are not known.
An inwardly rectifying K+ channel, KIR2.1 was reported to be flow sensitive [35] when
expressed in Xenopus oocytes but its flow sensitivity in endothelium has not been
demonstrated. Our group has observed deactivation of a KATP channel (KIR 6.2) by flow
cessation in pulmonary endothelium [36], but the flow sensitivity of the channel itself has not
been studied. Absence of this channel (KATP channel null cells) markedly blunts the endothelial
response to decreased shear, but this could indicate a role in transduction rather than sensing
of the signal [36-38]. Our recent studies have indicated that caveoli are upstream of KATP
channels [39] indicating that the latter are not the primary sensors of decreased flow. Some
members of the TRP family of ion channels such as TRPC1 display mechanosensitive
responses in a pure bilayer [40,41] but their possible relevance to endothelial mechanosensing
is not clear.

2. Integrins
Integrins are transmembrane receptors that are composed of α and β subunits. These link
cytoskeletal proteins with the extracellular matrix through focal adhesions. The latter contain
multiple actin associated proteins such as talin, vinculin, paxillin and zylin [42]. One of the
major integrins of vascular endothelium is αvβ3 which interacts with fibronectin. A less highly
expressed integrin in endothelium is α6β1 which is a laminin receptor [43]. The cytoskeleton
can respond mechanically to forces transferred from the extracellular matrix through integrins
by rearrangement of its interlinked actin microfilaments, microtubules and intermediate
filaments. Experimentally, cell signaling via integrins has been demonstrated to be matrix
specific. For example, αvβ3 -mediated signaling is observed by endothelial cells plated on
fibronectin or vitronectin, but not on collagen or laminin while signaling via α6β1 is seen only
by cells plated on laminin but not on fibronectin, vitronectin, or collagen [44]. The shear-
induced activation of MAP kinases, the IkB complex, and Flk-1 (a receptor for vascular
endothelial growth factor, VEGF) were abolished by treatment with integrin blocking
antibodies [27,45,46]. The shear-induced activation of Flk-1 also was abolished by treatment
with cytochalasin D (an actin disrupting agent) providing evidence that integrin-mediated
signaling is transmitted via the cytoskeleton [27], possibly through a linkage of integrins with
caveoli [47]. Cells pretreated with cholesterol sequestering compounds or caveolin-1 siRNA
to disrupt caveolar structural domains, showed attenuated beta 1 integrin-dependent caveolin-1
phosphorylation, Src activation and Csk association [47]. Investigations also have identified a
possible role for platelet endothelial cell adhesion molecule (PECAM-1) in the sensing of shear
[31]. Tyrosine phosphorylation of PECAM was stimulated in response to mechanical stress
[48]. However, sparsely cultured endothelial cells also showed force induced PECAM-1
tyrosine phosphorylation indicating that lateral cell-cell border localization is not required
[31]. A recent concept is that protein complexes may mediate shear reponses such as the
VEGFR2-PECAM-VE-cadherin molecules and these have been shown to be sufficient to
confer shear responsiveness in cells [33].
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C. Experimental Models of Lung Ischemia
Our laboratory has developed several models to determine whether altered
mechanotransduction with ischemia can activate signaling pathways leading to ROS
generation [11,36,49-51]. These models that were designed to closely resemble the in vivo
situation include the intact lung and flow-adapted endothelial cells in vitro.

1. Isolated rat or mouse lung
In this model, the lungs are continuously ventilated, the pulmonary circulation is cleared of
blood by pulmonary artery perfusion with synthetic media, and the lungs are removed from
the thorax and continuously perfused by pulsatile flow in a temperature-controlled chamber
[36,38,50-53]. For imaging studies, the lung is placed on the stage of a microscope [36,38,
51,54,55]. Global ischemia is attained by cessation of perfusion.

2. In vitro flow adaptation
Since endothelial cells in culture reach a flow adapted state in 24-48 h, endothelium in situ is
expected to be flow adapted. Thus, exposure of cells to a flow adaptation protocol in vitro
(hitherto referred to as flow adapted cells) should render their response to loss of shear more
physiologic than is the case with cells grown under static conditions. In our laboratory flow
adaptation for subsequent study is achieved by using two different types of chambers that allow
shear stress from 0.1-10 dyn/cm2.

a. The artifical capillary system—The chamber consists of semi permeable polypropylene
hollow fibers, 200 μm in diameter, encased in a sealed cartridge with the ends forming inlet
and outlet ports to allow for perfusion of cell culture medium [11,12,56]. The cartridges
(obtained from Fiber Cell Systems, Frederick, MD) have direct and side ports that allow for
either luminal or abluminal flow. Perfusion via the direct ports generates shear stress to the
cells while perfusion by abluminal flow does not subject the cells to shear but allows for
oxygenation and exchange of nutrients. Simulated ischemia is achieved by re-routing the flow
from the luminal to the abluminal compartment. Cells are removed from the capillaries after
varying flow periods by trypsinization. This method is used to obtain a relatively large number
of cells for biochemical characterization but does not allow visualization of cells by
microscopy.

b. Parallel plate chambers—These chambers allow for flow adaptation of cells grown on
a coverslip using a flowpath that is tailored to the experimental requirements. This method is
used to allow direct real time measurement of cell electrophysiologic parameters and changes
in fluorescence or absorbance. Inlet and outlet ports from these chambers are connected to a
pump and reservoir to generate laminar flow [49,57]. In one configuration, the coverslip with
cells is flow-exposed in a cuvette sized chamber that can then be placed in the standard cuvette
holder of a spectrophotometer or spectrofluorometer allowing the measurement of real time
absorbance or fluorescence changes with altered flow [12,49]. Another chamber (obtained from
Warner Instruments, Hamden, CT) has a rectangular flow channel into which a coverslip with
endothelial cells may be inserted. This chamber can be placed on the stage of a microscope
and thus allows for transmission and fluorescence microscopy of live cells [38,57]. A third
laminar flow chamber has longitudinal slits (1 mm wide) cut into the top of the chamber
allowing the insertion of a recording or stimulating instrument into the flow field such as a
micropipette [36,58]. This approach allows patch clamping and electrophysiological
measurements during flow. In these chambers, flow is required for O2 delivery and the PO2
values decrease to hypoxic levels at 4-5 min after onset of ischemia; saturation of the perfusate
with 100% O2 rather than air can maintain adequate oxygenation for more than 20 min. [49].
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D. Endothelial Cell Response to Lung Ischemia
Our studies on lung vasculature using the isolated, continuously ventilated (and oxygenated)
rat lung showed that cessation of flow leads to a rapid response that can be characterized as
cell signaling. The earliest physiologic event was an essentially immediate partial
depolarization of the endothelial cell membrane followed temporally by generation of ROS,
increased intracellular Ca2+ concentration, and activation of endothelial nitric oxide (NO)
synthase (Fig. 1) [50,51,54,59,60]. A similar sequence of events was observed with stop of
flow in flow-adapted pulmonary microvascular endothelial cells in vitro [11,36,49,59,61,62].
Thus, the initiating physiological event for the ischemic response appeared to be cell membrane
depolarization.

1. Inactivation of KATP Channels and Cell Membrane Depolarization
Membrane potential in intact lungs and in flow adapted endothelial cells was monitored by
loading a membrane potential sensitive dye, either bis-oxonal or di-8-ANEPPS [36,51]. These
dyes localize in the plasma membrane and show increased fluorescence in a depolarized
membrane where the rigidity of the bilayer causes better stacking of the dye molecules and
increased fluorescence yield [63]. In the presence of these dyes, endothelial cell membrane
fluorescence increased significantly within 1 s of stop of flow as shown in Fig. 2A [36,51].
That flow cessation caused an immediate membrane depolarization pointed to a role for ion
channels and specifically K+ channels which are responsible for maintaining membrane
potential for endothelial cells. Evidence for the role of cell membrane potential was studied by
exposing isolated lungs and flow adapted cells to medium with an elevated K+ concentration
to induce membrane depolarization (Fig. 2B). These studies showed that depolarization per
se resulted in activation of the enzymes that generate ROS. In these experiments, ROS
generation subsequent to high K+ was observed during continuous flow indicating a response
that was independent of altered shear [16,38,52,57,64]. Perfusion of intact lungs (Fig. 2B) or
treatment of flow adapted cells with increasing concentration of K+ in order to calibrate the
system showed that flow cessation results in endothelial cell membrane depolarization
equivalent to that observed with ∼12 mM KCl. Assuming the endothelial membrane potential
to be ∼70 mV, the change with ischemia would translate to a membrane potential decrease of
∼17 mV [51]. Depolarization of the endothelial membrane potential with high K+ suggested
that K+ channels have a major role in maintenance of the cell membrane potential in pulmonary
microvascular endothelium.

By using an array of inhibitors/agonists, we obtained evidence that the channel responsible for
the cell depolarization response with ischemia is a KATP channel on the pulmonary endothelial
cell membrane. Thus, cromakalim (and its L-isomer, lemakalim), a KATP channel agonist,
prevented membrane depolarization (Fig. 2A) and ROS generation (Fig. 2C) with ischemia
[51,59] while glybenclamide, a KATP channel antagonist, resulted in ROS generation during
continuous flow [52,64]. The KATP channel is composed of a sulfonylurea receptor (SUR)
regulatory sub-unit and a pore-forming sub-unit, KIR 6.2 for these cells. Isolated perfused lungs
and endothelial cells from mice with “knock-out” of KIR 6.2 (KATP null) showed markedly
diminished cell membrane depolarization and ROS generation with ischemia (Fig. 2C)
[36-38,57]. Based on these results, we propose that a KATP channel of lung endothelium is
responsible for maintaining membrane potential with normal shear and is inactivated by loss
of shear leading to endothelial cell membrane depolarization.

Electrophysiology of pulmonary microvascular endothelial cells was studied by the patch
clamp technique using a “minimum invasive device” [36,58]. Endothelial cells demonstrated
the typical inwardly rectifier K+ current during flow. Closure of the KATP channel with stop
of flow was observed. The percentage decrease in the magnitude of the currents in these cells
ranged from 25% to 50% (Fig. 3). These effects were observed in cells derived from both
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mouse and rat pulmonary microvascular endothelium. Decreased current with flow cessation
was not observed in statically-cultured cells or in flow-adapted microvascular endothelial cells
derived from KATP null mice [36]. Thus, these measurements are compatible with the
supposition that KATP channel closure is responsible for the decreased membrane potential
with flow cessation in flow adapted endothelial cells.

In order to understand the requirement for flow adaptation in the response to altered shear, we
evaluated KATP channel expression. Exposure to endothelial cells flow for 24-48 h led to
increased binding of fluorescent glyburide to the cells (Fig. 4A) compatible with increased
expression of the SUR (Fig. 4A). There also was increased expression of KIR6.2 (mRNA and
protein) (Fig. 4B) and activity (inwardly rectified K+ current) (Fig. 4C) as compared to
statically cultured cells [12]. The effect of flow adaptation on channel activity was inhibited
by pretreatment with cycloheximide indicating that shear stress results in increased KATP
channel synthesis [12]. Inspection of the KIR 6.2 gene promoter [12] indicates a putative “shear
stress” response element (GAGACC) which could account for the response to flow, although
this has not yet been tested experimentally. An alternative, and perhaps more likely, explanation
is that activation of the cellular shear sensor by flow leads to transcriptional activation of
various genes including that for the KATP channel. Thus, loss of KATP channel expression
(either KATP channel null or statically cultured cells) appears to significantly depress the cell
membrane potential response to abrupt loss of shear stress.

2. Generation of ROS
Our studies with isolated perfused lungs and flow adapted endothelial cells in vitro have shown
that ROS are generated upon cessation of flow [50]. ROS generation was monitored by using
ROS sensitive fluorescent probes, dihydrodichlorofluorescein (H2DCF), dihydroethidine,
(HE), or amplex red. DCF is used as the cell permeable diacetate; intracellular deacetylation
results in a relative decrease in its membrane permeability. This fluorophore is oxidized by
H2O2 thereby resulting in an increase of fluorescence. HE is cell membrane permeable; it is
oxidized primarily by O2

- and the oxidized product intercalates into cellular DNA thereby
enhancing its fluorescence yield. Amplex red is not cell permeable; this fluorophore is oxidized
in the intravascular space by H2O2 to resorufin. Isolated rat lungs were initially studied by
measuring changes in fluorescence intensity at the pleural surface [16,50,59]. Subsequent
studies were able to directly image the subpleural microvasculature using epifluorescence
microscopy [16,38,51,54,55,60,65]. These studies showed an upswing in endothelial
fluorescence within the first minute after flow cessation with continued increase during the
subsequent 15-20 min indicating ROS production.

Reduction of ferricytochrome c (cyt c) added to the medium and its inhibition by SOD was
used with isolated cells as a specific index of O2

- production. With in vitro flow adapated cells,
cyt c reduction was observed within seconds of cessation of flow [49,53]. Statically cultured
cells however did not show ROS generation when flow was stopped after a short period of
perfusion. As cyt c does not cross the cell membrane, these measurements indicate that
superoxide generation is extracellular. An increase of intracellular DCF fluorescence with flow
cessation is compatible with extracellular generation of O2

- followed by its dismutation into
H2O2 which diffuses into the cell where it can react with intracellular fluorophores.

We have demonstrated that the source of ROS generation in the pulmonary endothelium with
ischemia is the NADPH oxidase based on the complete inhibition of the response by “knock-
out” of gp91phox, the flavoprotein component of NADPH oxidase (NOX2) (Figs. 2C, 5) [16,
37,38,57]. Allopurinol, an inhibitor of xanthine oxidase had no effect on ROS production with
ischemia although ROS generation with reperfusion was markedly inhibited [66]. These
observations indicate a clear difference in enzyme activation for the ischemic and reperfusion
phases of the ischemia/reperfusion syndrome. As described above, our studies have shown that
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partial depolarization of the endothelial cell membrane with ischemia precedes and is necessary
for activation of ROS production. The finding that ROS production results from exposure to
high K+ concentration (Fig. 2B) or to glyburide, a KATP channel antagonist, provides additional
evidence that changes in membrane potential can trigger the activation of NADPH oxidase.

The molecular mechanism for activation of ROS production by NADPH oxidase in pulmonary
endothelium is similar to that described for polymorphonuclear leukocytes (PMN) and alveolar
macrophages [16,53]. NADPH oxidase is a multicomponent enzyme that is activated in
phagocytic cells by the translocation of three cytosolic components (p47phox, p67phox,
p40phox) to the plasma membrane to associate with the cytochrome b558 heterodimer
(gp91phox and p22phox) [67-69]. Assembly is triggered by activation of the small G protein rac
1 (p21) through its conversion from GDP: rac to GTP: rac [53]. Phosphorylation of cytosolic
proteins triggers their translocation. PR-39, an agent that blocks NOX protein phosphorylation
sites, and Clostridium difficile toxin B, an inhibitor of rac activation, inhibited ROS generation
with ischemia in endothelial cells [16,53]. Imaging studies using GFP-labeled rac and sub-
cellular fractionation followed by immunoblot demonstrated translocation of cytosolic
components to the endothelial cell plasma that was dependent on activation of PI3 kinase
[53].

3. Increased Intracellular Calcium and Production of Nitric Oxide
NO, in addition to ROS, is generated by the pulmonary endothelium during the ischemic
episode (Fig. 1) [51,65]. In our intact lung model, NO generation was determined using
diaminofluorescein diacetate (DAF-2DA), a dye that permeates intracellularly where it is
cleaved by esterases to produce DAF. The latter reacts with NO to form the fluorophore
DAF-2T. Production of NO by the pulmonary endothelium was detected at approx. 45 s after
stop of flow. NO generation was preceded by an increased in intracellular Ca2+. Conversely,
perfusion with a Ca2+ free medium inhibited NO generation with ischemia. These results
implicate the activation of a Ca2+-dependent enzyme such as endothelial NO synthase (eNOS)
in NO generation as a component of the ischemic response [49,51,54]. The generation of a
vasodilator (NO) can be considered as an appropriate physiologic response to the loss of blood
flow.

The rise in intracellular Ca2+ with ischemia was significantly inhibited by pretreatment with
thapsigargin, an agent that depletes Ca2+ from intracellular stores. Thus, the increase in
intracellular Ca2+ presumably occurs chiefly through Ca2+ entry from the extracellular space
[51,65]. T-type Ca2+ channels have been identified in pulmonary endothelial cells and the
Ca2+ influx in flow adapted cells upon cessation of perfusate flow was blocked by mibefradil,
an agent that is semi-specific as a T-type Ca2+ channel blocker [62,70]. Further, the estimated
change in membrane potential with ischema is compatible with the known “voltage window”
for T type channels [70]. Ca2+ influx was blocked by a KATP channel agonist (cromakalim),
while membrane depolarization with ischemia was unaffected by the presence of mibefradil
[62]. Thus, activation of T type Ca2+ channels as a result of membrane depolarization appears
to mediate Ca2+ influx with ischemia in endothelial cells.

4. Activation of Signaling Cascades and Transcription Factors
It is well established that a major pathway for ROS-mediated signaling is through the activation
of MAP kinase pathways. The MAP kinase family is comprised of 3 kinases, p38 kinase,
extracellular signal regulated kinase (ERK), and c-Jun N-terminal kinase (JNK). Flow adapted
cells showed ROS-dependent activation (phosphorylation) of both ERK and JNK upon
cessation of flow [61]. Phosphorylation of ERK (both the 1 and 2 isoforms) was observed at
approximately 10 min of ischemia, reached a plateau value at ∼30 min, and remained elevated
through at least 1 h of ischemia [61]. ERK phosphorylation was suppressed by an inhibitor of
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NADPH oxidase activity (DPI) or the addition of ROS scavengers (catalase, N-acetylcysteine)
[61].

Activation of MAP kinases is known to result in the activation of various transcription factors.
Of the latter, nuclear factor -κB (NK-κB) and activator protein-1 (AP-1) are of major interest
related to ROS signaling. Analysis of nuclear extracts of flow adapted endothelial cells by
electrophoretic mobility shift assay showed that ischemia induced the nuclear translocation of
components (p65 and P50), as well as the c-Jun/c-fos subunits of AP-1 [11]. Activation of both
AP-1 and NF-κB with ischemia was prevented by pretreating endothelial cells with inhibitors
of ROS production [11].

E. Pulmonary Endothelial Mechanosensing and the Role of Caveolae
As discussed above, the precise mechanism for mechanosensing has been difficult to elucidate,
and likely is complex and multifactorial. On the other hand, studies from several laboratories
have shown that caveolae of endothelial cells may play an important role related to
mechanotransduction. Caveolae are lipid microdomains that show distinct flask-like
morphology on the cell membrane. Enhanced flow can activate eNOS located in caveolae and
this can be prevented by disruption of caveolar structure through cholesterol sequestration
[71]. Caveolae also have been shown to be recruited to the cell membrane during flow
conditioning, to associate with B1 integrin, and to be involved in the flow-mediated remodeling
of blood vessels [47,72,73].

Using the in vitro endothelial cell flow adapted model, we demonstrated that depletion of
caveolae using cholesterol sequestering agents (filipin or β-cyclodextrin) or caveolin-1 null
cells prevented cell membrane depolarization and reduced generation of reactive O2 species
and NO, MAP kinase phosphorylation, and cell proliferation with ischemia [39,61]. These
studies show that caveolae represent the most upstream element in the response of endothelial
cells to altered shear stress with ischemia. That is, depletion of caveolae abrogates the cell
membrane depolarization and subsequent signaling responses. These results do not exclude a
possible role of integrins or associated molecular effects that influence the caveolar response.
It is also possible that membrane cholesterol has a role in addition to the maintenance of
caveolae. For example, cholesterol regulates membrane fluidity, which in turn may effect
function of membrane proteins [74]. Additionally, the binding of cholesterol to caveolin-1 may
regulate the activity of signaling molecules such as G proteins, Src, and Ras [75-77]. Thus, a
decrease in shear stress may result in increased interaction between membrane cholesterol and
caveolin-1 or between the scaffolding domain of caveolin-1 and signaling molecules (e.g., G
proteins, Src, and Ras) that are upstream regulators of the flow-sensitive MAP kinase pathways
and this effect would be abrogated by cholesterol removal.

F. Mechanotransduction in the Systemic Vasculature
Because systemic organs are dependent on blood flow for their cellular oxygenation, ROS
production during ischemia would be prevented by the concurrent anoxia. However, ROS
production has been demonstrated during the early stages of ischemia in both the heart and the
intestine prior to the depletion of O2 [78,79]. Depolarization induced by K+ in isolated human
umbilical vein endothelial cells was shown to cause rac translocation and O2

- generation
[80], a response similar to that observed with pulmonary microvascular endothelium. To
examine mechanotransduction in non-pulmonary endothelium, we used a preparation of
isolated aorta as well as flow adapted aortic endothelial cells. The isolated aorta preparation
consisted of a longitudinal section of freshly dissected rat aorta fixed onto a parallel plate
chamber with the endothelial layer facing upwards [57]. This preparation was subjected to
ischemia after being kept for a short period under flow (shear of 10 dyn/cm2 for 1 h) in order
to maintain the in vivo flow adapted state. Both isolated aorta preparations and flow adapted
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aortic endothelial cells showed membrane depolarization and ROS generation with cessation
of flow similar to that observed in the pulmonary endothelium [57]. Like pulmonary
endothelium, membrane depolarization was associated with KATP channel closure that led to
NADPH oxidase activation and ROS generation. Thus, the endothelial cell response to altered
shear stress is not limited to the pulmonary endothelium and a similar response can occur in
any vascular bed as long as PO2 levels are adequate for ROS generation.

G. Cell Proliferation as a Response to Ischemia
A reasonable question is the physiological “reason” for activation of a cell signaling cascade
with ischemia. Cell cycle progression and cell proliferation has been shown to be activated by
the presence of ROS, an effect that may be caused by the activation of transcription factors
such as AP-1 and NF-κB [11]. Our studies have confirmed that ROS generation associated
with ischemia results in pulmonary endothelial cell proliferation. Ischemia in flow adapted
cells resulted in increased 3H-thymidine incorporation into DNA, a 2.5 fold increase in the
cellular proliferation index measured in PKH26 labeled cells by flow cytometry, a 50% increase
in the yield of cells from the cartridges, and a 3-5 fold increase in the percentage of cells in S
plus G2/M phases of the cell cycle (Fig. 6) [11,37,56]. Proliferation induced by ischemia in
lung endothelial cells correlated well with ROS production and its pharmacologic (catalase,
DPI) or molecular (knock-out of gp91phox) inhibition abrogated the effect of ischemia on cell
proliferation. Inhibition of depolarization with ischemia by pre-treatment of cells with
cromakalim or “knock-out” of KIR 6.2 (KATP channels) also inhibited the proliferative
response, as expected since ROS are not produced under these circumstances [37].

The effect of ischemia on cell proliferation may be mediated through activation of transcription
factors NF-κB and AP-1, although this relationship is complex. NF-κB has been linked to the
proliferative phenotype of tumor growth [81] while AP-1 is linked to proliferation through
transcription of cyclin D and CDK [82]. Both ERK 1 and 2, which were found to be activated
by ischemia, also play a role in cell proliferation through activation of cyclin D and Cdks
[83]. These factors can increase cell cycle progression and inhibit anti-proliferative proteins.

The significance of ROS-induced proliferation with ischemia is unclear, but may represent an
attempt at neovascularization in response to the loss of perfusion. In vivo experiments have
shown that ligation of a pulmonary artery [84] resulted in lung neovascularization although
the new vessels were derived from the systemic rather than pulmonary vasculature. Thus, the
physiological significance of the signaling response to ischemia remains to be determined.

H. Finale
1. Summary and Conclusions

Ischemia in the pulmonary vasculature is unique in that continued lung ventilation maintains
oxygenation of lung cells.

The response of the pulmonary endothelium to ischemia is not a metabolic event but is the
effect of endothelial mechanotransduction in reponse to altered shear stress.

Ischemia (cessation of flow) triggers a rapid depolarization of endothelial cell plasma
membrane caused by closure or deactivation of KATP channels resulting in the activation of
NADPH oxidase with ROS generation.

Partial depolarization of the endothelial cell membrane also activates T-type voltage dependent
Ca2+ channels resulting in increased intracellular Ca2+ and the subsequent activation of eNOS
with NO generation.
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Ischemia induced ROS production activates endothelial cell transcription factors, NF-κB and
AP-1 and MAP kinases resulting in cell proliferation.

The response to altered mechanotransduction is not limited to the pulmonary vasculature as
systemic vascular beds also show a similar signaling response to stop of flow during the period
when O2 is present.

Ischemia induced NO generation and ROS-mediated signaling may direct vasodilatation and
neovascularization in an effort to reestablish blood flow to the ischemic tissue.

The postulated sequence of events associated with loss of endothelial shear stress is shown
schematically in Fig. 7.

2. Unresolved Issues and Perspectives
We have taken a long journey during the past 20 years in order to understand the lung response
to ischemia. Our initial observation that ischemia resulted in ROS-generation that was not
related to hypoxia or reoxygenation lead to some puzzlement. Only after co-opting the nascent
field of endothelial cell mechanotransduction and cell signaling did the mechanism become
clear. Our major efforts have been oriented towards understanding and delineating the signaling
pathway that results from loss of shear stress. The model was developed based on results from
parallel studies in other laboratories. Thus, ROS generation in models other than ischemia has
been shown to activate MAP kinases, transcription factors and cell proliferation [85]; likewise,
cell membrane depolarization in polymorphonuclear leukocytes and alveolar macrophages has
been shown to precede NADPH oxidase activation [86,87]. Understanding those relationships
has been satisfying, but questions remain. How does cell membrane depolarization lead to
NADPH oxidase activation? Are G proteins involved? Are there conformational changes in
the signaling proteins related to involvement of integrins and cytoskeletal changes? Is the
superoxide anion that is generated by NADPH oxidase important as a mediator or merely the
source of H2O2? What are the secondary effects associated with NO generation and elevated
intracellular Ca2+? Does the signal “turn off” in the absence of flow or is restart of shear
necessary? What is the basis for the shear stress threshold necessary for activation? What is
the physiological significance of the signaling response? Is cell proliferation unregulated or is
it associated with angiogenesis? A host of other questions remain.

Finally, the major issue: what is the pathophysiological significance of shear induced ROS
generation and signaling and does it potentiate the other cellular manifestations of ischemia.
Our studies have focused on the lung as a model to dissect those effects due to altered shear
from those associated with anoxia, but study of this pathway in other organs could yield
important insights into the regulation of endothelial function.
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Fig. 1. The acute response to ischemia
As detected by fluorescence imaging of subpleural microvascular endothelium in the isolated
rat lung. Each set of images represents a control perfusion period followed by ischemia. Images
are in pseudocolor, with red indicating higher fluorescence. The number on each panel indicates
time in seconds (minutes for DPPP) either during control observation period or after cessation
of perfusion. Top, left, imaging for cell membrane potential using the fluorophore di-8-
ANEPPS. Top, right, imaging with amplex red for the appearance of H2O2 in the intravascular
space. Middle, left, imaging for intracellular Ca2+ with fluo-3. Middle, right, imaging for nitric
oxide with diaminofluorescein (DAF). Bottom, left, imaging for lipid peroxidation using
hydroperoxide probe DPPP. The preset scale indicates the pseudocology scale used in all these
images. Bottom, right, timing of fluorescence changes in membrane potential, reactive oxygen
species generation, intracellular Ca2+, and nitric oxide generation with ischemia as determined
by imaging techniques in the isolated rat lung. The y-axis represents arbitrary units. DAF,
diaminofluorescein and DPPP, diphenyl-1-pyrenylphosphine. Reprinted with permission from
[51,55,65].
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Fig. 2. Membrane depolarization precedes ROS generation
In subpleural endothelial cells in intact rat or mouse lungs. A. The time course of membrane
potential change with ischemia. A decreased cell membrane potential with ischemia is
indicated by increased fluorescence intensity of di-8-ANEPPS; the effect is blocked by the
KATP channel agonist, lemakalim. The inset shows a rapid time frame recording of the initial
5 secs after stop of flow. Control (con) is the “ischemic start” point. B. Membrane
depolarization with high K+ results in ROS generation in the absence of ischemia as detected
by increased DCF fluorescence. Control was continuous flow with buffer containing
physiological (5 mM) K+. C. Quantitation of ROS generation during ischemia by DCF
fluorescence. The increased ROS production with ischemia is blocked by the presence of
catalase to scavenge H2O2, cromakalim (a KATP channel agonist), or DPI (an inhibitor of
NADPH oxidase) and is decreased in lungs from KIR 6.2 null mice. The absence of ROS in
gp91phox null lungs indicates that ROS are generated by NADPH oxidase. For all panels,
fluorescence intensity of 3 lungs (each representing the average value for 4-7 endothelial cells)
are plotted as means ± SE. Reprinted with permission from [16,38,51].
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Fig. 3. Electrophysiology of endothelial cells with altered shear stress
Inward rectifying whole cell K currents (KIR) were measured in mouse pulmonary
microvascular endothelial cells (PMVEC). A. The voltage protocol is shown above the
experimental tracings. B and C. Representative recordings obtained from flow-adapted
pulmonary microvascular endothelial cells of wild type and KIR 6.2 knock out mice. Current
measurement from a single (B) wild type cell and (C) KIR6.2-/- cell, during flow and with stop
of flow. The currents recorded are the inwardly rectifying K+ currents (KIR). The flow protocol
generated an estimated shear stress of 2 dynes/cm2. Stop flow indicates recording immediately
following the abrupt cessation of flow. Reprinted with permission from [36].
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Fig. 4. Induction of KATP channels during flow-adaptation
A. Increase in fluorescence in cells flow-adapted at 10 dyn/cm2 for varying periods. Cells were
labeled with fluorescently labeled glyburide (BODIPY-glyburide, 50 nM). The resulting
fluorescence indicating binding of glyburide to the sulfonylurea receptor (SUR) was observed
with a microscope. B. Representative blots of KIR6.2 mRNA and protein content of RPMVEC
cultured under static conditions or adapted to flow (10 dyn/cm2 for 24 h). Total RNA was
extracted, absorbed as a dot on a nitrocellulose membrane, and hybridized with 32P-labeled
KIR6.2 cDNA. Protein was analyzed by Western blot using polyclonal antibodies to the COOH
terminus of KIR6.2. C. Inwardly rectifying whole cell K+ currents (KIR) in RPMVECs.
Representative recordings obtained from static (no flow) cells and cells adapted to flow at a
shear stress of 10 dyn/cm2 for 24 h. Glyburide (KATP blocker) completely abolished the
increased current. Reprinted with permission from [12]
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Fig. 5. ROS generation is dependent on NOX2
ROS generation was evaluated by upper panel: oxidation of hydroethidine (HE) in
microvascular endothelium of isolated mouse lung and lower panels: oxidation of DCF in
pulmonary microvascular endothelial cells that were flow adapted in vitro. ROS generation
was observed in wild type (WT) endothelium with ischemia and was abolished by knock-out
of gp91phox, the flavoprotein component of NOX2. *P<0.05 vs. the corresponding flow control;
#P<0.05 for ischemia in WT vs. KIR 6.2 -/-. Reprinted with permission from [37,38]
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Fig. 6. Proliferation pathways for mechanotransduction with lung ischemia
Upper panel: Proliferation was evaluated by flow cytometry by measuring the fluorescence of
PKH26-labeled endothelial cells isolated from wild type or gp91phox-/- mice. Cells were flow
adapted and then cultured under continuous flow (control) or “ischemic” conditions. The peaks
indicate computer-generated representation of generations resulting from cell division. Lower
panel: flow cytometric analysis of cell cycle determined by propidium iodide (PI) fluorescence
for experiments shown in the upper panel. The distribution of diploid cells in G1/G0, S, and
G2/M phases is expressed as a percentage of total cells. Reprinted by permission from [37].
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Fig. 7. Proposed pathways for mechanotransduction with lung ischemia
Loss of shear stress due to flow cessation is sensed by the endothelial cells, presumably via
caveolae. KATP channels which are predominantly localized in caveolae are deactivated with
ischemia. Closure of this channel causes endothelial membrane depolarization that leads to
activation of NADPH oxidase. This occurs via PI3 kinase activation that causes rac
translocation to the endothelial plasma membrane. These cause NADPH oxidase assembly
resulting in generation of reactive oxygen species (ROS). The decreased membrane potential
due to K+-channel “closure” opens voltage gated Ca2+ channels (VGCC) that allows for
Ca2+ influx resulting in activation of endothelial NO synthase and NO generation. The cell
signaling cascade results in endothelial cell proliferation. NO generation and cell proliferation
might represent mechanisms to restore blood flow.
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