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Hypoxic pulmonary vasoconstriction
requires connexin 40—mediated
endothelial signal conduction
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Hypoxic pulmonary vasoconstriction (HPV) is a physiological mechanism by which pulmonary arteries con-
strict in hypoxic lung areas in order to redirect blood flow to areas with greater oxygen supply. Both oxygen
sensing and the contractile response are thought to be intrinsic to pulmonary arterial smooth muscle cells.
Here we speculated that the ideal site for oxygen sensing might instead be at the alveolocapillary level, with
subsequent retrograde propagation to upstream arterioles via connexin 40 (Cx40) endothelial gap junctions.
HPYV was largely attenuated by Cx40-specific and nonspecific gap junction uncouplers in the lungs of wild-
type mice and in lungs from mice lacking Cx40 (Cx40~/"). In vivo, hypoxemia was more severe in Cx40~/~ mice
than in wild-type mice. Real-time fluorescence imaging revealed that hypoxia caused endothelial membrane
depolarization in alveolar capillaries that propagated to upstream arterioles in wild-type, but not Cx40~-, mice.
Transformation of endothelial depolarization into vasoconstriction involved endothelial voltage-dependent
046 subtype Ca?* channels, cytosolic phospholipase A,, and epoxyeicosatrienoic acids. Based on these data,
we propose that HPV originates at the alveolocapillary level, from which the hypoxic signal is propagated as

endothelial membrane depolarization to upstream arterioles in a Cx40-dependent manner.

Introduction
Hypoxic pulmonary vasoconstriction (HPV) is a fundamental
physiological mechanism by which the lung optimizes ventilation/
perfusion (V/Q) matching, redirecting blood flow from poorly to
better ventilated areas (1). Yet in cases of global hypoxia, HPV may
unfavorably increase total pulmonary vascular resistance and right
ventricular afterload, thus contributing to the clinical pathology
of pulmonary hypertension and cor pulmonale in chronic hypoxic
lung diseases or to pulmonary edema at high altitude (1, 2).
While the relevance of HPV has been recognized for over 60 years,
the underlying oxygen sensing and signal transduction processes
remain a topic of intense research and controversy. Current con-
cepts of HPV are largely based on the notion that pulmonary arte-
rial smooth muscle cells (PASMCs) constitute both the sensor
and the transducer of the hypoxic signal as well as its contractile
effector (1), while the role of the vascular endothelium is at best
considered that of a modulating bystander.

From a conceptual standpoint, the ideal site for an oxygen sen-
sor in HPV is within the actual area of pulmonary gas exchange,
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i.e., in the alveolar capillaries or vessels downstream thereof. This
would warrant that HPV responds to local alveolar hypoxia rather
than to pulmonary arterial hypoxemia, as has been demonstrated
experimentally by a series of seminal studies (3). However, the pres-
ence of vascular smooth muscle cells (4, 5) and a detectable HPV
response (6) is confined to pulmonary arterioles and arteries at
least 30 wm in diameter, which are rather remote from the alveolo-
capillary area of gas exchange. These considerations suggest a spa-
tial dissociation between oxygen sensor and effector in HPV, which
would necessitate the existence of a retrograde signaling mecha-
nism from the alveolar gas exchange unit to medium and large
PASMC-bearing arterioles and arteries. In the systemic circulation,
such a communication system has been identified and intensely
studied in the form of the conducted response, a local membrane
hyper- or depolarization that propagates upstream along the ves-
sel wall to feeding resistance arteries via intercellular gap junction
channels formed by connexins (7, 8).

Among the major connexins expressed in the vascular bed, con-
nexin 40 (Cx40) is of particular interest as it is exclusively expressed
in endothelial cells (9, 10), the only vascular cell type present at the
alveolar gas exchange unit. Cx40 has been shown to be crucial in
the conduction of endothelium-dependent vasodilations in the
systemic vasculature (8, 11, 12) and is abundantly expressed in the
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lung (13). In the present study, we tested the hypothesis that Cx40
is required for the propagation of a conducted response in the pul-
monary microvasculature that mediates HPV in the intact lung.

Results

Cx40 expression in mouse lungs is confined to the vascular endothelium.
By double fluorescence immunohistology using vWF as an endo-
thelial-specific antigen, we first determined the distribution of
Cx40 in lungs of wild-type (Cx407*) mice. Cx40 immunostaining
was evident in pulmonary arteries, where it colocalized with vWF
(Figure 1). Cx40 was also present in lung capillaries — albeit in a
more punctate pattern, in line with its expression at cell-cell con-
tacts (14) — and only partially colocalized with vWF, which in itself
showed a characteristic irregular expression in capillaries (15). No
Cx40 staining was detectable in lungs of Cx40-deficient (Cx407")
mice or in extravascular lung parenchyma of Cx40** mice.

Cx40 is critical for HPV in intact lungs. Next, we addressed the func-
tional relevance of Cx40 in HPV in isolated perfused lungs of
Cx40** and Cx40~~ mice. Single pressure tracings obtained at nor-
moxia showed characteristic changes in pulmonary arterial pres-
sure (PAP) during variations in perfusate flow in both Cx40** and
Cx40~~ lungs (Figure 2A). After switching to hypoxic ventilation,
PAP increased and reached its maximum within approximately 10
minutes in both Cx407* and Cx40~~ lungs, yet the magnitude of
the HPV response was substantially reduced in Cx407~ compared
with Cx40"* lungs. As a result, the slope of the nonlinear pres-
sure-flow curve at the intercept with the abscissa, reflecting the
intrinsic vascular resistance (Ro), increased markedly with hypoxia
in Cx40*, but not Cx407~, lungs (Figure 2B). Group data analy-
ses confirmed that the hypoxia-induced increase in PAP (APAP)
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Figure 1

Expression of Cx40 in pulmonary microvessels. Expression
of vVWF (green) and Cx40 (red) and merged images for pul-
monary arterioles and capillaries (arrows) of Cx40++ mice
and for arterioles of Cx40-- mice. Scale bars: 10 um. Note
colocalization of VWF and Cx40 in pulmonary arterioles and
capillaries of Cx40++ mice, indicative of endothelial Cx40
expression, was absent in Cx40-- mice.

and ARy were largely absent in Cx407~ lungs. Simi-
lar attenuation of HPV was detected in Cx40”* lungs
perfused with the nonspecific gap junction inhibitor
18a-glycyrrhetinic acid (50 uM) or the Cx40-specific
inhibitory mimetic peptide gap274 (200 uM; Figure
2C). Neither Cx40 deficiency nor pharmacological inhi-
bition of gap junctions by 18a-glycyrrhetinic acid or
gap274 blocked HPV in response to 1 ug Ang II (Figure
2D), which demonstrated that Cx40 is not required for
pulmonary vasoconstriction per se.

We considered the possibility that connexins other
than Cx40 may be downregulated or inactivated in
endothelial cells of Cx407~ mice. Cx43 is of particular
relevance in this context, as it has previously been shown
to propagate proinflammatory signals along the lung
microvascular endothelium (16), since its role in inter-
cellular communication is critically regulated by its
phosphorylation state (17), and since coordinated regu-
lation of both Cx40 and Cx43 has been demonstrated
in mouse aortic endothelium (18). Similar to Cx40,
Cx43 was expressed in both lung arterioles and — although, again,
more irregularly — capillaries (Figure 3A). However, neither Cx43
immunostaining nor its expression or Ser368 phosphorylation
state differed between Cx40%* and Cx40~~lungs (Figure 3, A and B).
Notably, inhibition of Cx43 by gap27+ (200 uM) also attenuated
the HPV response, albeit without reaching statistical significance
(Figure 3C). Importantly, the combination of both gap274° and
gap27® blocked HPV to a significantly greater extent than did
either mimetic peptide alone. While these data did not rule out
potential relevance of Cx43 in HPV, they clearly demonstrated
that the role of Cx40 described herein does not relate to secondary
changes in Cx43-mediated gap junctional communication.

To test the relevance of Cx40 for pulmonary V/Q matching in
vivo, we induced V/Q mismatches in anesthetized mice by tracheal
instillation of saline droplets, resulting in regional occlusion of
alveolar ventilation. Cx40”* mice responded with a modest decline
in arterial partial pressure of oxygen (PaO;), whereas the same
maneuver resulted in considerable hypoxemia in Cx40~~ mice (Fig-
ure 4A), demonstrating their inability to redistribute blood flow
to better ventilated lung areas. Notably, PaO, was already lower
in Cx40~/~ versus Cx40"* mice prior to saline instillation, sugges-
tive of a higher basal shunt in the absence of Cx40. Moreover, the
reduction in PaO; during the first 2 minutes after saline instil-
lation was significantly larger in Cx407~ compared with Cx40**
mice (34.8 + 4.4 vs. 14.2 + 3.1 mmHg; P < 0.01). Stepwise reduc-
tions in the inspiratory fraction of oxygen (FIO;) from 0.21 to 0.19
were well tolerated in Cx40”* mice, but resulted in a dramatic drop
in arterial hemoglobin oxygen saturation (SaO;) in Cx40~/~ mice
(Figure 4B). Of note, anesthetized Cx407~ mice showed sponta-
neous episodes of arterial desaturation even during normoxic
Number 11~ November 2012
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s of PAP in isolated perfused lungs of Cx40*+ and Cx40-- mice obtained

during stepwise changes in lung perfusion (Q) at normoxia (21% O,) or hypoxia (1% Oy). Note the attenuated HPV response in Cx40-- mice.

(B) Nonlinear regression analysis according to the distensible vessel

model yielded representative pressure-flow curves for lungs of Cx40++

and Cx40-- mice at normoxia and hypoxia. The pressure at 0 ml/kg/min flow (Q) reflects left arterial pressure of 2 mmHg, while the slope of the
pressure-flow curve at 0 ml/kg/min flow reflects Ro. (C) Group data showing acute HPV response, determined as APAP and as Ry 10 minutes
after hypoxia onset versus normoxia, in untreated isolated perfused lungs of Cx40++ and Cx40-- mice and in lungs of Cx40++ mice treated with
18a-glycyrrhetinic acid (GA; 50 uM) or gap274° (200 uM). (D) Group data (n = 5 lungs each) showing acute HPV response to Ang Il (1 ug bolus
infusion), determined as APAP and as Ro versus baseline, in untreated isolated perfused lungs of Cx40++ and Cx40-- mice and in lungs of Cx40++
mice treated with 18a--glycyrrhetinic acid or gap274°. *P < 0.05 vs. normoxia or baseline control; #P < 0.05 vs. untreated Cx40++.

ventilation that were rapidly reversible by recruitment maneuvers
with 30 cmH,O airway pressure, which suggests that Cx40~~ mice
were not able to redistribute pulmonary blood flow adequately in
the case of spontaneous atelectases. To directly demonstrate the
inability of Cx40~~ mice to redistribute blood flow from hypoxic
to normoxic lung areas, we quantified regional lung perfusion by
the fluorescent microsphere technique in mice subjected to 1-lung
ventilation. In line with an intact HPV response, blood flow to the
ventilated lung was approximately twice that to the nonventilated
lung in Cx407* mice (Figure 4C). Yet in Cx40~~ mice, the perfusion
difference between ventilated and nonventilated lung was reduced
roughly two-thirds, demonstrating V/Q mismatching.

To further substantiate the notion that the relevance of Cx40 in
HPV relates to its role as an endothelial gap junctional molecule, we
tested the HPV response in lungs of mice with endothelial-specific
deletion of Cx40 (Tie2Cre*Cx40V1ApoE~~ mice). Similar to Cx40~/~
mice, hypoxia-induced AR, was largely blocked in isolated lungs of
Tie2Cre*Cx40"ApoE /- mice, while it was unabated in correspond-
ing Tie2Cre*ApoE~~ and Cx40"!ApoE~~ controls (Figure 4D).
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Cx40 deficiency attenuates chronic hypoxic pulmonary hypertension.
Next, we tested whether Cx40 is also essentially required for the
lung vascular adaptation response to chronic hypoxia. In Cx40~/~
mice, the characteristic increases in right ventricular systolic pres-
sure and right ventricular weight relative to septal and left ven-
tricular weight (Fulton index) in response to 5 weeks of hypoxia
were almost completely abrogated (Figure 5, A and B). Likewise,
muscularization of small pulmonary arterioles, as seen in chronic
hypoxic Cx40** mice, was largely absent in Cx40~~ mice (Figure S,
C and D), which suggests that Cx40 not only is required for an
intact HPV, but also plays a critical role in lung vascular remodel-
ing and pulmonary hypertension in response to chronic hypoxia.

Cx40 propagates hypoxia-induced endothelial membrane depolarization.
In the systemic circulation, conducted responses are realized by the
rapid propagation of membrane potential (E,,) changes via inter-
cellular gap junctions (19). To test whether Cx40 mediates similar
signal propagation in HPV, we monitored the effects of hypoxia on
endothelial E,, in isolated lungs of Cx407* and Cx407~ mice. Within
seconds, a switch from normoxic to hypoxic ventilation caused a
November 2012
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Figure 3

The role of Cx40 in HPV is independent of Cx43. (A) Expression of VWF (green) and Cx43 (red) and merged images for pulmonary arterioles
(arrows) and capillaries (arrowhead) of Cx40++ and Cx40-- mice. Scale bar: 50 um. (B) Representative Western blots and quantification showing
expression and Ser368 phosphorylation of Cx43 in fresh lung homogenate from Cx40++ and Cx40-- mice. GAPDH and f$-actin are shown as
loading controls. (C) Group data (n = 5 lungs each) showing acute HPV response, determined as APAP 10 minutes after onset of hypoxia (1%
0,) versus normoxia (21% Oy) in isolated perfused lungs of untreated Cx40++ mice and of Cx40++ mice treated with gap274° (200 uM), gap2743
(200 uM), or both in combination. *P < 0.05 vs. control; #P < 0.05 vs. gap274°; P < 0.05 vs. gap2743.

marked increase in endothelial di-8-ANEPPS fluorescence in both
alveolar capillaries and upstream arterioles of Cx40”* lungs (Figure
6A), indicative of endothelial depolarization. In alveolar capillaries,
this depolarization occurred in advance of corresponding changes
in neighboring arterioles (Figure 6B). In isolated lungs of Cx40~~
mice, baseline endothelial di-8-ANEPPS fluorescence in arterioles
and capillaries did not differ from those of Cx40** lungs (Figure
6C). Yet hypoxia caused endothelial depolarization only in alveo-
lar capillaries, while the increase in di-8-ANEPPS fluorescence was
largely abrogated in upstream arterioles of Cx40~~ lungs (Figure 6,
A and D). These findings identified a critical role for Cx40 in the
propagation of hypoxia-induced endothelial depolarization from
the level of the alveolar capillaries to the upstream arterioles.

In order to evaluate the magnitude of endothelial depolariza-
tion in response to hypoxia, we calibrated the di-8-ANEPPS imag-
ing technique by perfusing Cx40** lungs with different K* con-
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centrations ([K*]; Figure 6E). Linear extrapolation of the results
from the calibration experiments revealed that the increases in
di-8-ANEPPS fluorescence in response to hypoxia in arterioles
and capillaries of Cx40”* lungs approximately equaled the effects
of lung perfusion with 13.5 and 8.6 mM [K*] solution, respec-
tively. Assuming a baseline E,, of -86.5 mV for lung perfusion
with 5.9 mM [K*], these findings indicate a hypoxia-induced
endothelial depolarization by 11.9 mV in capillaries and 24.0 mV
in arterioles, as calculated by the Nernst relationship. The func-
tional relevance of this depolarization in HPV was highlighted by
the finding that the characteristic APAP in response to hypoxia
was blocked when isolated lungs were perfused with a buffer
solution containing 20 mM [K'] (Figure 6F). Analogous to the
effects of gap junction uncouplers, this inhibition by a depolar-
izing buffer was specific for hypoxia-induced vasoconstriction,
while the pressure response to Ang II was enhanced.
November 2012 4221
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Cx40 optimizes oxygenation and V/Q matching in hypoxic lungs in vivo. (A) Group data (n = 5 lungs
each) showing arterial PaO; in anesthetized Cx40++ and Cx40-- mice prior to (0 minutes) and after
partial occlusion of larger airways by tracheal instillation of 25 ul saline. PaO, was already significantly
lower in Cx40-- versus Cx40+* mice at baseline; this difference was further amplified after induction
of V/Q mismatches by saline instillation. *P < 0.05 vs. Cx40++. (B) Representative tracings (of 5 rep-
licates) showing SaO, in anesthetized Cx40++ and Cx40-- mice during stepwise decrements in FIO,
starting at 0.21. In the case of sudden SaO, decrements, recruitment maneuvers were performed
(arrowheads) to counteract atelectases. (C) Group data (n = 5 lungs each) showing relative blood flow
(percent total pulmonary blood flow) to the nonventilated right and ventilated left lung during 1-lung
ventilation in Cx40++ and Cx40-- mice, assessed by fluorescent microsphere technique. *P < 0.05 vs.
Cx40++. (D) Group data (n = 5 lungs each) showing acute HPV response, determined as R, 10 minutes
after hypoxia (1% O.) onset versus normoxia (21% Oy), in isolated perfused lungs of Tie2Cre+Cx40""
ApoE~-mice and Tie2Cre*ApoE~- and Cx40""ApoE-- controls. *P < 0.05 vs. normoxia; #*P < 0.05 vs.
Tie2Cre*ApoE~- and Cx40""ApoE~"-.

Endothelial [Ca’*]; signaling is
required for HPV. As lung microvas-
cular endothelial cells express o
subtype T type voltage-dependent
Ca?* channels (VDCCs) (15), mem-
brane depolarization may trigger an
increase in the endothelial cytosolic
Ca?* concentration ([Ca?'];), a
notion that we tested by real-time
imaging of the endothelial [Ca?'];
response to hypoxia. In lungs from
Cx40** mice, hypoxia induced a
distinct endothelial A[Ca?*]; in
both lung capillaries and arteri-
oles (Figure 7, A and B). In lungs
from Cx40~~ mice, this endothelial
[Ca%']; response to hypoxia was
conserved in alveolar capillaries,
but largely absent in correspond-
ing upstream arterioles. Inhibition
of the endothelial [Ca?']; response
to hypoxia in both lung capillaries
and arterioles of Cx40”* mice by the
VDCC blocker mibefradil (10 uM)
identified VDCCs as a functional
link between membrane depolariza-
tion and endothelial [Ca?']; signal-
ing (Figure 7C). This notion was
substantiated by the finding that
endothelial A[Ca?*]; in response
to hypoxia in both capillaries and
arterioles was lost in lungs of mice
deficient in the o subtype T type
channel (Cacnalg”~ mice), while the
depolarization response was unaf-
fected (Figure 7, D and E).

Next, we tested whether the
endothelial [Ca?]; response to
hypoxia was functionally relevant
in HPV. We perfused lungs under
absorptive conditions (24) with
the intracellular Ca?* chelator
BAPTA-AM (40 uM) to selectively
block endothelial [Ca?*]; signaling.

In PASMCs, hypoxia-induced membrane depolarization has
been attributed to the inhibition of oxygen-sensitive, voltage-
gated K* (K,) channels, of which K,1.5 and K,2.1 are considered
particularly relevant (20-22). To test the potential involvement
of these channels in the hypoxic response of lung microvascular
endothelial cells, we determined their expression and function-
ality in the intact mouse lung preparation. Western blot analy-
sis revealed expression of both K,1.5 and K,2.1 in freshly iso-
lated pulmonary endothelial cells as well as in nonpulmonary
endothelial cells (i.e., HUVECs; Figure 6G). Inhibition of K, chan-
nels by 4-aminopyridine (10 mM), which constricts lung vessels
and blocks subsequent HPV (23), caused endothelial membrane
depolarization in pulmonary microvessels of both Cx40%* and
Cx407~ mice, to an extent similar to that of hypoxia in Cx40"*
mouse pulmonary arterioles (Figure 6H), thus attesting to the
functional integrity of endothelial K, channels.

4222 The Journal of Clinical Investigation

http://www.jci.org

BAPTA-AM perfusion almost completely blocked HPV in lungs
of Cx40”* mice (Figure 7F), yet did not attenuate the pulmonary
vasoconstrictor response to Ang II (1 ug; Figure 7G), which con-
firmed that endothelial, but not smooth muscle, Ca?* was chelated
with the protocol used. Furthermore, BAPTA-AM did not attenu-
ate endothelial depolarization in response to hypoxia (Figure 7H),
which substantiates the notion that in the endothelial response to
hypoxia, AE, occurs upstream of A[Ca?'];.

¢PLA; regulates HPV. The next step was to identify the signaling
mechanism by which the endothelial Ca?* signal may evoke a con-
tractile response in the juxtaposed PASMCs. A presumptive signal-
ing pathway in this context is the generation of arachidonic acid
(AA) metabolites as vasoactive lipid messengers in endothelial cells
via the Ca?*-dependent activation of cytosolic phospholipase A,
(cPLA;) (25). This hypothesis is particularly attractive in light of
recent studies that suggest functional relevance for the AA metabo-
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Figure 5

Cx40 deficiency attenuates chronic hypoxic pulmonary hypertension. Group data showing (A) right ventricular systolic pressure (RVSP) and
(B) right ventricular weight relative to septal and left ventricular weight (Fulton index) in Cx40++ and Cx40~- mice housed in either normoxia
(21% 0O,) or hypoxia (10% O,) for 5 weeks. (C) Representative images of H&E-stained lung sections showing pulmonary arterioles (denoted by
4 arrowheads each). Scale bar: 50 um. (D) Group data (n = 8 mice each) showing degree of vascular muscularization in pulmonary arterioles
20-50 um in diameter, expressed as proportion of non-, partially, or fully muscularized vessels, in lungs from normoxic and hypoxic Cx40++ and

Cx407- mice. *P < 0.05 vs. normoxia; *P < 0.05 vs. Cx40++.

lites epoxyeicosatrienoic acids (EETs) in HPV (26). As activation of
cPLA; involves Ca?*-dependent translocation of the enzyme from
the cytosolic cell fraction to the cell membrane and the nuclear
envelope (27), we applied indirect immunofluorescence imag-
ing in endothelial cells of the isolated perfused lung and in cul-
tured pulmonary arterial endothelial cells (PAECs) to test whether
cPLA, translocates in response to hypoxia. Due to pharmacologi-
cal membrane permeabilization and subsequent loss of unbound,
cytoplasmic cPLA,, the applied immunofluorescence assay stains
exclusively for translocated, membrane-bound cPLA,. While trans-
located cPLA; was hardly detectable under normoxic conditions,
hypoxia induced a marked and rapid (<10 minutes) translocation
of cPLA; in endothelial cells of intact mouse lungs in situ and in
PAECs in vitro (Figure 8, A and B). Confocal microscopic imaging
in PAECs revealed that cPLA,; translocated primarily to the perinu-
clear region (nuclear envelope) and, to a lesser extent, to the plasma
membrane. Pretreatment of isolated Cx40** lungs with the specific
cPLA; inhibitor arachidonyl trifluoromethyl ketone (AACOCFs3;
1 uM) largely blocked APAP in response to hypoxia (Figure 9A),
highlighting the functional relevance of cPLA; activation in HPV.
Conversely, pretreating lungs with palmitoyl trifluoromethyl
ketone (PACOCFs3; 1 uM), an inhibitor of the Ca?*-independent
phospholipase A; (iPLA;), had no significant effect on the HPV
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response. As previous studies had identified EETs as AA metabo-
lites with a critical role in HPV (26), we next tested the role of Cx40
in hypoxia-induced EET generation in intact mouse lungs. We
quantified levels of 89-EET, 11,12-EET, and 14,15-EET at normox-
ia and after 10 minutes of hypoxia (i.e., at the approximate peak of
the HPV response; ref. 28) in isolated perfused lungs. In line with
their proposed role as mediators of HPV (26), pulmonary levels
of 11,12-EET and 14,15-EET increased during hypoxia in Cx40"*
mice (Figure 9, B and C), whereas the concentration of 8,9-EET
decreased (data not shown). In Cx40~~ mice, hypoxia-induced stim-
ulation of 11,12-EET and 14,15-EET production was not evident,
even though they expressed higher baseline levels of both regioiso-
mers. Perfusion with exogenous 11,12-EET caused similar APAP in
Cx407* and Cx40~~ mouse lungs (Figure 9D), which confirmed that
EETs act as vasoconstrictive mediators in the pulmonary circula-
tion and that this response itself does not depend on Cx40.

Discussion
The present study reports what we believe to be a fundamentally
new concept for the mechanism of HPV in intact lungs (Figure
10). In contrast to prevailing paradigms, our data revealed a piv-
otal role for the pulmonary endothelium in HPV, in that it con-
ducts a hypoxic response retrogradely via Cx40-containing gap
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Endothelial membrane depolarization. (A) Representative images (of 5 replicates) showing endothelial di-8-ANEPPS fluorescence in capillaries
and arterioles of Cx40++ and Cx40-- lungs at normoxia (21% O>) and after 10 minutes of hypoxia (1% O.). Arteriolar vessel margins are shown by
dotted lines, and representative capillary and arteriolar endothelium are denoted by circles and squares, respectively. Scale bar: 50 um. (B) Rep-
resentative tracings (of 5 replicates) of di-8-ANEPPS fluorescence. Hypoxia-induced AEr, in capillaries preceded arteriole response. Group data
(n =5 lungs each) showing (C) comparable baseline endothelial di-8-ANEPPS fluorescence (reflecting En) and (D) hypoxia-induced increases
in endothelial di-8-ANEPPS fluorescence (reflecting AEr) in capillaries and arterioles of Cx40*+ and Cx40-- lungs. *P < 0.05 vs. capillaries;
#P < 0.05 vs. Cx40++. (E) Calibration of endothelial di-8-ANEPPS fluorescence by lung perfusion with different [K*]. n = 3 lungs each. (F) Group
data (n = 5 lungs each) showing APAP in response to hypoxia (1% O) or Ang Il (1 ug bolus) in isolated Cx40++ lungs perfused with 5.9 or 20 mM
[K*].*P < 0.05 vs. 5.9 mM. (G) Representative Western blots showing K,1.5 and K,2.1 expression in freshly isolated pulmonary endothelial cells;
whole lung homogenate, rat PASMCs, and HUVECs served as controls. (H) Group data (n = 5 lungs each) showing endothelial AEr, in capillaries
and arterioles of Cx40+* and Cx40-- lungs in response to 10 mM 4-aminopyridine. No significant differences.

junctions, from the alveolar area of gas exchange to the upstream
arteriolar resistance vessels. This concept is substantiated by
our findings that (a) Cx40 expression in lungs was confined to
the endothelium, (b) HPV was largely inhibited by gap junc-
tion uncouplers, Cx40 mimetic peptides, in lungs of Cx407~ and
Tie2Cre*Cx40"ApoE~/~ mice, (c) V/Q mismatch was aggravated in
Cx40~/~ mice, and (d) hypoxia caused depolarization of capillary
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endothelial cells that was propagated to upstream arterioles in
lungs of Cx40** mice, but not Cx40~/~ mice. In subsequent experi-
ments, we outlined a signaling cascade by which endothelial depo-
larization may elicit contraction of adjoining smooth muscle cells
in upstream arterioles. Based on our findings that (a) hypoxia
induced endothelial Ca?" entry via o subtype T type Ca?* chan-
nels and (b) chelation of endothelial Ca?* blocked HPV, we pro-
November 2012
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Role of endothelial [Ca?];in acute HPV. (A) Representative images (of 5 replicates) of fura-2—loaded lung arterioles showing endothelial [Ca?*];
at normoxia (21% O,) and after 10 minutes of hypoxia (1% O.) in Cx40+*+ and Cx40-- lungs. Vessel margins are denoted by dotted lines. Scale
bar: 50 um. Group data (n = 5 lungs each) show endothelial A[Ca?*]; in response to acute hypoxia in pulmonary capillaries and arterioles of
(B) Cx40++ and Cx40-- mice or (C) Cx40+* lungs in the absence (control) or presence of the VDCC blocker mibefradil (10 uM). *P < 0.05 vs.
Cx40++ or control. Group data (n = 5 lungs each) showing (D) endothelial A[Ca2*]; or (E) AEr, in response to acute hypoxia in capillaries and
arterioles of Cacna7g++and Cacnalg~-lungs. *P < 0.05 vs. Cacna1g+*; *P < 0.05 vs. capillary. Group data (n = 5 lungs each) showing PAP in
isolated perfused Cx40++ lungs (F) at normoxia and after 10 minutes of hypoxia or (G) at baseline and after Ang Il (1 ug bolus) in control lungs
or after endothelial Ca2+ chelation by BAPTA-AM (40 uM). *P < 0.05 vs. normoxia or baseline; #P < 0.05 vs. control. (H) Group data (n = 5 lungs
each) showing endothelial AEy, in response to acute hypoxia in pulmonary capillaries and arterioles in the absence (control) or presence of

BAPTA-AM. *P < 0.05 vs. capillary.

pose that endothelial Ca?* signaling is essential for an intact HPV
response, probably in that it causes generation of vasoconstrictive
AA metabolites such as EETs via activation of cPLA,. Notably, the
critical role of Cx40 in hypoxia extends beyond the acute HPV
response, as Cx407~ mice were largely protected from chronic
hypoxic pulmonary hypertension and vascular remodeling. The
emerging recognition of the endothelium as an important regula-
tor of HPV and the implication of a conducted response provide
what we believe to be a novel view of HPV, and — as discussed
below — may provide a mechanistic explanation for the impair-
ment of HPV in various pathophysiological conditions.

Previous studies in HPV have focused predominantly on the
PASMC as both sensor and effector cell, for which a signaling
network of rapidly growing complexity has been identified (1,
29). In contrast, the contribution of the endothelium to the ini-
tial HPV response is generally considered insignificant, given that
(a) hypoxia causes contraction of isolated PASMCs in vitro in
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the absence of endothelial cells (30) and that (b) the acute HPV
response is unabated or even enhanced after endothelial denuda-
tion in isolated pulmonary arterial vessel rings (23, 31, 32). While
isolated PASMCs and vessel rings have been indispensable tools
for the study of hypoxic signaling in smooth muscle cells, these
techniques fail to address aspects of HPV that relate to the mor-
phological characteristics of the intact pulmonary vasculature. As
HPV responds to changes in alveolar gas composition rather than
in pulmonary arterial blood, the oxygen sensor should ideally be
located either within the alveolocapillary unit or in vessels down-
stream thereof (3). Yet HPV is restricted to lung vessels larger than
30 um in diameter (6) and is predominantly localized in medium-
sized pulmonary arterioles of 100-500 um (33). Electron micro-
scopic studies show that these arterioles are not in direct proximity
to the alveolar space, but are embedded in a sheath of parenchy-
mal tissue with sparse, nonalveolar capillaries (34). Based on these
considerations, we hypothesized that sensor and effector in HPV
November 2012 4225
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may be spatially distinct in the intact lung, thus raising the neces-
sity for communication of the hypoxic signal from the area of gas
exchange to the site of vasoconstriction. Ideally, this signal propa-
gation should occur retrogradely along the pulmonary vascular
tree to ensure optimal regional V/Q coupling.

In the systemic microcirculation, such retrograde signal conduc-
tion is a well-recognized mechanism known as conducted response,
by which topical stimuli elicit their vasoactive effects not only
locally, but also remotely in upstream resistance vessels (35). These
conducted responses arise from local hyper- or depolarizations that
propagate along the vascular wall through intercellular gap junc-
tion channels composed of connexins. Cx40 presents a particularly
attractive candidate to facilitate a conducted response in HPV, in
that it is abundantly expressed in pulmonary tissue (13) and medi-
ates conducted responses to electrical or pharmacological stimuli
in the systemic circulation (8, 12). In the pulmonary circulation,
expression of Cx40 is strictly confined to the endothelial cell layer,
as confirmed by our immunofluorescence studies. In contrast to
systemic blood vessels, which express Cx40 predominantly in arte-
rioles (36), Cx40 was detected in endothelium of pulmonary capil-
laries and arterioles, which suggests this may be an ideal candidate
to facilitate signal propagation from the alveolar area to upstream
resistance vessels. Our finding was in line with a previous study
showing that expression of a fluorescence marker protein placed
under control of endogenous Cx40 transcription regulatory ele-
ments is confined to the endothelial cell layer of arterioles and cap-
illaries in the lung, whereas veins lack expression of the protein (14).

Our results identified an essential role for Cx40 in acute HPV,
given that hypoxia-induced APAP was largely abrogated in lungs
of Cx40~/~ mice. This finding was substantiated by calculation of
Ry from pressure-flow curves, which yields a quantitatively more
robust reflection of vasoconstriction, as it corrects for the non-
linearity of the pulmonary vascular pressure-flow relationship
(37). Similar inhibition of HPV was achieved by the nonspecific
gap junctional uncoupler 18a-glycyrrhetinic acid, a finding in
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dent experiments. *P < 0.05 vs. normoxia.

line with previous results by Morio and coworkers, who already
speculated on a potential role of gap junctions in HPV (38). As
Cx40 deficiency may affect the expression or cellular distribu-
tion of other connexins, including Cx37 or Cx43 (18, 39, 40), we
substantiated the role of Cx40 using gap27°, a mimetic peptide
that prohibits connexon docking between adjacent cells due to
its sequence homology with specific regions of the Cx40 protein
(41). Neither expression nor Ser368 phosphorylation of Cx43 was
reduced in Cx407~ mice, in line with previous findings in mice
with an endothelial-specific deletion in Cx40 (39), and in agree-
ment with the notion that concomitant loss of endothelial Cx40
and Cx43 would cause spontaneous lung fibrosis, which is absent
in Cx40~/~ mice (42). Nonetheless, inhibition of Cx43 by gap274
tended to decrease HPV (albeit without reaching significance), yet
this effect was additive to the inhibition of Cx40 by gap274, which
indicated that the role of Cx40 is distinct from that of Cx43.

The relevance of Cx40 in HPV was further highlighted by arte-
rial blood gas analyses, which suggested a higher baseline shunt
and increased V/Q mismatch following partial airway occlusion
in Cx407~ versus Cx407* mice. Moreover, incremental hypoxia
resulted in rapid desaturation in Cx40~~ mice. This vulnerability
may in part be attributable to the role of Cx40 in electrical coupling
between atrial myocytes, in that Cx40 deficiency may predispose
mice to cardiac arrhythmias in response to hypoxia (43). Yet as indi-
cated by spontaneous episodes of deoxygenation in Cx40~7~ mice
and their rapid recovery following recruitment maneuvers, Cx40
deficiency may simultaneously prevent redistribution of blood
flow in case of spontaneous atelectases during anesthesia, and this
lack of adequate V/Q matching may be particularly detrimental
in hypoxia. Impaired V/Q matching was furthermore directly evi-
denced by fluorescent microsphere measurements during 1-lung
ventilation, as blood flow distribution from the nonventilated to
the ventilated lung was markedly attenuated in Cx40~~ mice.

The identified role of Cx40, in conjunction with the notion that
Cx40 expression is confined to capillary and arteriolar endothelial
Number 11

Volume 122 November 2012



(o1]
©
@
<}

7 3 Normoxia
Em Hypoxia

o

IS

a
L

o

o

o
L

11,12-EET (ng/g)
o
>

APAP (mmHg)

o
e
o

1 #

%I

o

=)

o
s

research article

capillary level, but largely blocked depolarization
# in upstream vessels. Taken together, these find-
ings suggest that AE,, conducts from capillaries to
upstream arterioles via Cx40-containing gap junc-
tions and identify the capillary endothelium as an
early sensor and/or conductor of alveolar hypoxia.
The subsequent propagation of the hypoxic signal
via Cx40 is essentially in line with the established
concept of a conducted response in the systemic
circulation, in that local agonists evoke AE,, in
vascular wall cells that spreads upstream via gap
junctions (7, 35). The finding that hypoxia caused
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membrane depolarization in endothelial cells of
the intact lung was strongly reminiscent of the
effect of hypoxia on PASMCs in vitro (44), which
has been ascribed largely to the inhibition of the K,
channels K,1.5 and K,2.1 (23). Results of Western
blot analyses and endothelial membrane depolar-
ization in response to 4-aminopyridine suggested
that this concept may equally apply to endothelial
cells, which similarly expressed functional K,
channels. However, the molecular mechanisms of
endothelial depolarization in hypoxia remain to be
delineated in greater detail.

We recently identified a potential link between
endothelial E,, and [Ca?']; in intact lungs; namely,
endothelial membrane depolarization induces

Cx407-

Cx40++ Cx40~ Hypoxia

Figure 9

Role of cPLA; and EETs in acute HPV. (A) Group data (n = 5 lungs each) showing acute
HPV response, determined as APAP 10 minutes after hypoxia onset (1% O,) versus
normoxia (21% O) in untreated isolated perfused lungs of Cx40++ mice (control) and
in lungs of Cx40++ mice treated with either the cPLA,-specific inhibitor AACOCF; or the
iPLA.-specific inhibitor PACOCF3 (both 1 uM). #P < 0.05 vs. control. Group data show-
ing concentrations of (B) 11,12-EET and (C) 14,15-EET in isolated lungs of Cx40*+ and
Cx40-- mice lungs at normoxia or after 10 minutes of hypoxia. *P < 0.05 vs. normoxia;
#P < 0.05 vs. Cx40++. (D) Group data (n = 5 lungs each) showing acute pulmonary vaso-
constrictor response to hypoxia and exogenous infusion of 11,12-EET (3 uM), deter-
mined as APAP, in isolated lungs from Cx40++ and Cx40-- mice. #P < 0.05 vs. Cx40+*.

cells, points to a fundamental role for the lung vascular endothe-
lium in HPV. The relevance of endothelial gap junctional com-
munication was further confirmed by the finding that HPV was
also impaired in Tie2Cre*Cx40"'ApoE~~ mice, with endothelial-
specific deletion of Cx40. As the relevance of the endothelium
depends critically on intact lung morphology, in which areas
of gas exchange and vasomotor activity are spatially separated,
detailed interrogation of the mechanisms underlying the role of
Cx40 in HPV must focus primarily on the intact lung preparation.
To this end, real-time imaging of endothelial cells in the isolated
mouse lung preparation represents an ideal approach, in that it
provides direct information on the spatial and temporal profiles
of intra- and interendothelial cell signaling in the intact lung vas-
culature (24). By fluorescence monitoring of endothelial E,, in
lung microvessels, we detected that endothelial cells of both alveo-
lar capillaries and pulmonary arterioles depolarized in response
to hypoxia in intact lungs of Cx40*%* mice, with the endothelial
response in capillaries preceding that in neighboring arterioles.
Lack of Cx40 did not prevent endothelial depolarization at the
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mibefradil-sensitive Ca?* entry via o subtype
T type VDCCs (15). Here, we provide evidence that
this mechanism is a critical constituent of the
Cx40-mediated conducted response to hypoxia,
in that hypoxia evoked endothelial A[Ca?']; in
both lung capillary and arteriolar endothelial cells
that was blocked by mibefradil and was absent in
Cacnalg”’~ mouse lungs. Recently, Kiefmann and
colleagues reported on lung endothelial A[Ca?*];
in response to hypoxia triggered by reactive oxygen
species production from red blood cells (45). Our
present observations rule out a contribution of red
blood cells to the endothelial [Ca?*]; response, as
lungs were imaged during blood-free perfusion.
The seeming difference between our and previous data regarding
the endothelial [Ca?*]; response to hypoxia in the absence of red
blood cells may relate to the actual degree of hypoxia, which was
more pronounced in the study by Kiefmann than in ours, as indi-
cated by corresponding PO, values in lung perfusate (22 + 4 mmHg
vs. 40 = 8 mmHg). In Cx40~~ mice, hypoxia-induced endothelial
A[Ca?']; was largely blocked in arterioles, yet not in capillaries,
which suggests that the arteriolar response is the result of Cx40-
mediated signal propagation. This notion is in line with our find-
ing that arteriolar but not capillary endothelial depolarization in
response to hypoxia was attenuated in Cx407~ mice. The finding
that endothelial depolarization was not attenuated in Cacnalg’~
mice or by treatment with the intracellular Ca?* chelator BAPTA-
AM, and by itself sufficed to stimulate oi;g-mediated Ca?* entry
(15), further suggests that the actual propagated signal is primar-
ily a charge transfer (i.e., AE,) causing a secondary Ca?" influx via
o4 subtype T type channels, rather than an intercellular transfer
of Ca?* itself. The functional relevance of the hypoxia-induced,
Cx40-propagated, and o;g-mediated endothelial [Ca?*]; response is

11,12-EET

Volume 122 Number 11 ~ November 2012 4227



research article

. Smooth muscle
Hypoxia
Epithelium —— —
Cx40 Cx40 >
o e, BB )
Jc K E,! E}! " '
Endothelium v 16
K+ Ca+
Capillary Arteriole

Conducted response

Area of gas exchange

Figure 10

Proposed concept for a conducted response propagated via endothelial Cx40 in HPV.
The scheme encompasses (i) proposed signaling events at the level of the alveolar site
of gas exchange (left), in which hypoxia induces endothelial membrane depolarization
(Em?) in lung capillaries, potentially by inhibition of oxygen-sensitive K, channels; (ii) ret-
rograde propagation of endothelial membrane depolarization from alveolar capillaries to
upstream arterioles via Cx40 (middle), and (iii) elicitation of a vasoconstrictive response
at the level of the upstream arteriole (right) through activation of the a1g subtype T type
VDCC, subsequent activation of cPLA,, and formation of EETs, which may serve as either
direct (intercellular) or indirect (intracellular) mediators of smooth muscle cell contraction.

highlighted by our finding that HPV was blocked by endothelial-
specific Ca?* chelation.

The generation of prostanoids and other AA metabolites con-
stitutes a key mechanism by which endothelial Ca?* signals evoke
vasoactive responses. In lung endothelial cells, the release of AA
from membrane phospholipids is primarily mediated by cPLA,
(25), which requires Ca?*-dependent translocation from the cyto-
sol to the cell membrane and the nuclear envelope (27). We showed
that hypoxia stimulated the translocation of cPLA; in pulmonary
endothelial cells and that cPLA; activity was essential for an intact
HPV response, a finding in line with the previous demonstration
of an attenuated HPV response in cPLA,,-deficient mice (46).

EETs, which are generated from AAs by the cytochrome P450
(CYP) enzymes CYP2C and CYP2J in the cardiovascular system,
present a particularly attractive candidate for endothelial-derived
AA metabolites that may trigger PASMC contraction in the context
of HPV. First, 11,12-EET — but potentially also the regioisomers
5,6-EET, 8,9-EET, and 14,15-EET — is a potent endothelial-derived
vasoconstrictor in the pulmonary circulation (26, 47). In paral-
lel to the divergent effects of hypoxia in systemic and pulmonary
blood vessels, EETs induce vasorelaxation in resistance vessels of the
systemic circulation (48). Second, CYPs are abundantly expressed
in the lung (49), and CYP2J in particular is strongly expressed in
human pulmonary endothelium (50). Third, levels of 11,12-EET
and 14,15-EET increase in microsomes of isolated mouse lungs
during hypoxia and also contribute to HPV; namely, CYP inhibition
by fenbendazole attenuates HPV, whereas inhibition of EET deg-
radation by soluble epoxyhydrolase enhances it (26, 51). Here, we
showed that hypoxia increased levels of 11,12-EET and 14,15-EET
in isolated perfused lungs of Cx40** mice, but not in Cx40~/~ lungs.
This finding is in line with the view that EETs may be critical to
trigger arteriolar vasoconstriction downstream of the Cx40-propa-
gated conducted response, a notion that is further supported by our
finding that stimulation with exogenous 11,12-EET elicited a simi-
lar pulmonary vasopressor response in Cx40"* and Cx40~/~ mice.

4228 The Journal of Clinical Investigation

,4; -EETrs

Vasoconstriction

Area of vasoregulation

http://www.jci.org

Although exogenous EETs can trigger TRPC6

translocation and thus facilitate Ca?* entry and
- contraction in PASMCs (26), our finding that
fairly high concentrations of 11,12-EET were
required to cause a relatively modest APAP sug-
gests that EETs may not act as direct intercellular
mediators, but rather indirectly as intracellular
signaling molecules that regulate signal conduc-
tion from the endothelium to smooth muscle
cells. This view is in line with data from the sys-
temic circulation, in which EETs were initially
believed to directly mediate vasodilation, but
were subsequently shown to act primarily by pro-
moting endothelial hyperpolarization, myoen-
dothelial gap junctional communication, and/
or increasing extracellular [K*] (52). Remarkably,
EETSs may also dynamically modulate interendo-
thelial gap junctional communication (53). The
reported biphasic effect of EETs, with a transient
increase in interendothelial electrical coupling
followed by sustained uncoupling (53), may thus
account in part for the well-described temporal
profile of the HPV response, with an initial maxi-
mum and a subsequent nadir (28). Notably, basal
EET levels were markedly upregulated in lungs of
Cx407- compared with Cx40* mice. As these higher EET levels were
not associated with a corresponding increase in basal pulmonary
vascular tone, despite unabated pulmonary reactivity to EETs, EET
production in Cx40~~ lungs may be compartmentalized and — just
like hypoxia-induced endothelial Er, and [Ca?*]; signaling — con-
fined to lung capillaries, a notion that cannot currently be tested
given the lack of sensitive single-cell EETs assays.

The involvement of a Cx40-mediated conducted response in
HPV may provide a mechanistic explanation for the characteristic
failure of HPV in the clinical settings of systemic inflammatory
disorders (54, 55) or during administration of volatile anesthetics
(56, 57). Indeed, inflammatory stimuli rapidly impair interendo-
thelial coupling via Cx40 (58) and decrease its expression in lungs
(13), while volatile anesthetics have long been known to inhibit
gap junctional communication (59, 60). Furthermore, our finding
that Cx40 was not only required for an intact HPV, but of equal rel-
evance in chronic hypoxic pulmonary hypertension and vascular
remodeling, identified a critical role for gap junctional communi-
cation in chronic hypoxic lung disease.

In conclusion, the results of the present study delineate a mecha-
nistic concept for HPV: alveolar hypoxia is sensed at the alveolo-
capillary level, from which the response is retrogradely conducted
along the endothelial cell layer via Cx40-containing gap junctions
to upstream arterioles, where it causes vasoconstriction. This para-
digm of HPV ascribes a pivotal role to the vascular endothelium
as an essential signal conductor in the intact lung and identifies
Cx40 as a potential target for therapeutic modulation of HPV in
conditions of either impaired or exaggerated HPV responses as
well as in chronic hypoxic lung disease.

Methods
Further information can be found in Supplemental Methods, available
online with this article; doi:10.1172/JCI59176DS1.

Animals. Experiments were performed in male mice deficient in Cx40
(Cx407/- mice; ref. 43) or the ayg subtype T type Ca?* channel (Cacnalg”
Volume 122
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mice) or in mice with endothelial-specific deletion of Cx40 on an ApoE~~
background (Tie2Cre*Cx40" ApoE~~ mice; ref. 39) of 20-30 g body weight,
and their respective wild-type littermates (Cx40"* and Cacnalg”*) and cre-
lox controls (Tie2Cre*ApoE~~ and Cx40"ApoE~/").

Isolated perfused mouse lung. Isolated lungs were prepared and perfused
with HBSS containing 5% bovine serum albumin and 5% dextran. APAP
was recorded in response to a change from normoxic (21% O; yielding
137.5 £ 4.6 mmHg PO; in the lung effluate) to hypoxic (1% O,; yielding
40.2 + 7.9 mmHg PO,) ventilation. In proof-of-principle experiments for
the involvement of Cx40 in HPV, we additionally calculated Ry (i.e., the
resistance that would exist if the lung vessels were at their respective diam-
eter at 0 vascular pressure) from nonlinear regression analyses of pressure-
flow curves (54). Connexin-specific mimetic peptides for inhibition of gap
junctional communication were administered 30 minutes prior to hypoxia.

Oxygenation during regional and global hypoxia in vivo. In anesthetized and
mechanically ventilated mice, ventilation inhomogeneities were induced
by tracheal instillation of 25 ul saline, causing occlusion of a fraction of
the larger airways (28). Blood gas analyses were performed before and
2 and 10 minutes after saline instillation. For global hypoxia, SaO, was
monitored continuously, and FIO, was gradually decreased from 0.21. In
case of a sudden SaO, decrement, a recruitment maneuver was performed
to counteract potential atelectases.

V/Q matching in vivo. Anesthetized mice were subjected to 1-lung ventila-
tion via a tracheal tube wedged into the left main bronchus. Yellow-green
fluorescent microspheres (1.5 x 10° beads; 15 um diameter) were injected
intravenously, and lungs and right kidney were harvested and digested
(61). Microspheres were collected on 10-um filters, and fluorescence was
solved and quantified by fluorometry. Fluorescence was related to lung
weight and expressed as percent total lung blood flow for both the venti-
lated and the nonventilated lung.

Chronic hypoxia experiments. Cx407* and Cx407~ mice were housed at
either normoxia (21% O;) or hypoxia (10% O) for 5 weeks, at which time
right ventricular systolic pressure was determined by a 1.4 F microtip Mil-
lar catheter. Right ventricular hypertrophy was calculated as the Fulton
index (i.e., right ventricular weight divided by the sum of septal and left
ventricular weights), and the percentage of non-, partially, and fully mus-
cularized lung microvessels was assessed from H&E-stained lung sections
as described previously (62).

Real-time fluorescence imaging. Real-time fluorescence imaging was per-
formed in isolated perfused mouse lungs as previously reported (24, 63).
For measurement of Ep,, and cytosolic [Ca?*];, endothelial cells were loaded
in situ by di-8-ANEPPS and fura-2, respectively. Endothelial fluorescence
in lung arterioles and capillaries was excited and imaged at the appropriate
wavelengths. AE,, was calculated based on the calibration of di-8-ANEPPS
fluorescence by lung perfusion with different [K*] (64). Endothelial [Ca?*];
was determined from the 340/380 fura-2 ratio based on K4 of 224 nM and
appropriate calibration parameters (65).

cPLA; translocation. Translocation of PLA, from the cytosolic to the
membrane-bound fraction was imaged in endothelial cells of the isolated
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perfused lung and in cultured PAECs by indirect immunofluorescence, as
previously described (27, 66). This assay stains specifically for translocated
(i.e. membrane-bound) as opposed to nonactivated, cytoplasmic cPLA,.
In brief, lungs were ventilated with normoxic or hypoxic gas mixture for
10 minutes. Endothelial cell membranes were then permeabilized in situ
by 0.5% Triton X-100, allowing for subsequent cell loading with primary
anti-cPLA; and corresponding FITC-conjugated secondary antibodies,
while concomitantly causing loss of unbound cytoplasmic molecules such
as nonactivated cPLA; when cells were subsequently washed. As a result,
immunofluorescent staining for cPLA; is absent in unstimulated cells,
where cytoplasmic cPLA; has been washed out, whereas cPLA; fluorescence
is evident in activated endothelial cells, in which cPLA; has translocated to
the cell membrane or the nuclear envelope. Endothelial nuclei were coun-
terstained by HOECHST 33342.

Fluorescence immunohistology and Western blot analyses. Cryoslices of Cx40"*
and Cx407/~ mice were incubated with primary antibodies against vWF,
Cx40, or Cx43 and stained by appropriate secondary fluorescence antibodies.
Expression of Cx43 and phospho-Cx43 was detected by Western blot analyses
from whole lung homogenate. For K, channels, Western blot analyses from
whole lung homogenate and fresh lung endothelial cells were performed.

Detection of EETS. Isolated mouse lungs were perfused at normoxia or
hypoxia for 10 minutes, snap frozen, and homogenized in liquid nitrogen.
Samples were extracted, and EETs were determined with a Sciex API4000
mass spectrometer as described previously (67).

Statistics. Data are presented as mean + SEM. Statistical analyses were
performed using SigmaStat software (SigmaStat 3.1; JandelScientific).
Statistical significance was determined by 2-tailed Student’s ¢ test or 1-way
ANOVA as appropriate. A Pvalue less than 0.05 was considered significant.

Study approval. The study was approved by the Institutional Animal Care
and Use Committee of St. Michael’s Hospital. All experiments were per-
formed in accordance with the Guide for the Care and Use of Laboratory Ani-
mals (Institute of Laboratory Animal Resources, 7th edition 1996).
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