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Introduction

Abstract

Oxygen diffusion across the alveolar wall is compromised by low alveolar oxy-
gen but also by pulmonary edema, and leads to hypoxemia and hypoxic pul-
monary vasoconstriction (HPV). To test, whether inhibition of alveolar fluid
reabsorption results in an increased pulmonary arterial pressure and whether
this effect enhances HPV, we established a model, where anesthetized rats
were ventilated with normoxic (21% O,) and hypoxic (13.5% O,) gas received
aerosolized amiloride and lipopolisaccharide (LPS) to inhibit alveolar fluid
reabsorption. Right ventricular systolic pressure (RVsP) was measured as an
indicator of pulmonary arterial pressure. Oxygen pressure (PaO,) and satura-
tion (Sa0,) in femoral arterial blood served as indicator of oxygen diffusion
across the alveolar wall. Aerosolized amiloride and bacterial LPS decreased
PaO, and SaO, and increased RVsP even when animals were ventilated with
normoxic gas. Ventilation with hypoxic gas decreased PaO, by 35 mmHg and
increased RVsP by 10 mmHg. However, combining hypoxia with amiloride
and LPS did not aggravate the decrease in PaO, and SaO, and had no effect
on the increase in RVsP relative to hypoxia alone. There was a direct relation
between SaO, and PaO, and the RVsP under all experimental conditions.
Two hours but not 1 h exposure to aerosolized amiloride and LPS in nor-
moxia as well as hypoxia increased the lung wet-to-dry-weight ratio indicating
edema formation. Together these findings indicate that inhibition of alveolar
reabsorption causes pulmonary edema, impairs oxygen diffusion across the
alveolar wall, and leads to an increased pulmonary arterial pressure.

review see (Sylvester et al. 2012)). Mainly alveolar but
also systemic PO, controls this response (Marshall and

Decreased alveolar oxygen pressure (PO,) causes hypoxic Marshall 1983). HPV occurs not only when inspired PO,
pulmonary vasoconstriction (HPV), and its degree varies is low such as at high altitude (Hultgren et al. 1964) but
with the severity of hypoxia. The oxygen sensor triggering also in situations such as pneumonia (Zapol and Snider
HPV seems to be located in the smooth muscle cells (for 1977) and adult respiratory distress syndrome (ARDS)
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(Ryan et al. 2014), where oxygen diffusion across the
alveolar wall is impaired by edema causing hypoxemia
and pulmonary arterial vasoconstriction (Price et al.
2012). This stresses the significant role of pulmonary
edema in increasing pulmonary arterial pressure (Albert
and Jobe 2012). Pulmonary edema is a consequence of
augmented filtration due to elevated hydrostatic pressure
in pulmonary capillaries and increased alveolar permeabil-
ity; it can also be caused by impaired reabsorption of
alveolar fluid (for review see (Matthay and Ingbar 1998)).

Alveolar reabsorption removes excess fluid from the
alveolar surface in order to optimize the diffusion dis-
tance for respiratory gasses across the alveolar wall. Con-
sequently, an intact fluid clearance correlated with
improved arterial oxygenation and clinical outcome in
ARDS patients (Verghese et al. 1999). Hypoxia increases
fluid filtration due to an increase in pulmonary capillary
pressure (Parker et al. 1979), which plays a role, for
example, in high altitude pulmonary edema (HAPE)
(Maggiorini et al. 2001). Hypoxia also inhibits alveolar
water reabsorption by decreasing active Na reabsorption
(e.g., Baloglu et al. (2011); Giiney et al. (2007); Vivona
et al. (2001)). The resultant accumulation of fluid in the
alveolar space further impaired oxygen diffusion and thus
may contribute to the magnitude of HPV. In fact, indi-
viduals who develop HAPE have exaggerated HPV and
also have decreased Na- and fluid reabsorption in the
lung indicated by the surrogate of lower nasal potential
differences than healthy controls (Sartori et al. 2002;
Mairbaurl et al. 2003; Betz et al. 2015). However, a direct
relation between alveolar reabsorption and pulmonary
vasoconstriction has not been demonstrated.

It was the aim of this study to set up a model where
it can be tested whether inhibition of alveolar reabsorp-
tion impairs alveolar oxygen diffusion and increases pul-
monary arterial systolic pressure even at normal alveolar
PO,, and whether inhibited reabsorption aggravates
physiological HPV. In this model anesthetized and venti-
lated rats received aerosolized amiloride or bacterial
endotoxin lipopolisaccharide (LPS) to inhibit apical alve-
olar epithelial Na channels and thus fluid reabsorption.
Our results indicate that these treatments in fact cause
hypoxemia in rats ventilated with normoxic gas and
increase right ventricular systolic pressure (RVsP). How-
ever, we could not demonstrate that inhibition of alveo-
lar reabsorption in hypoxic animals augments the
physiologic HPV.

Methods

Male Wistar rats, weight ~300 g (Janvier, Le Genest,
France), were anesthetized by i.p. injection of 90 mg/kg
S-ketamine (Ketanest©, Pfizer, Dun Laoghaire, Ireland)
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and 15 mg/kg xylazine (Rompun©, Bayer, Leverkusen,
Germany) and were heparinized (250 U). The animals
were kept on a heating plate to maintain normal body
temperature. A tracheal tube was inserted for mechanical
ventilation (Hugo Sachs Electronics, March-Hugstetten,
Germany) with a tidal volume of 6 mL/kg at 80 per min
and a positive end-expiratory pressure (PEEP) of 2 cm
H,O; the inspiration-to-expiration ratio was 1:1.5. Every
15 min PEEP was increased from 3 to 10 cm H,O for
10 sec to prevent atelectasis. This protocol was chosen to
minimize ventilator-induced lung injury and to maintain
a constant alveolar PO, at the respective oxygenation level
to standardize the driving force for oxygen diffusion
across the alveolar barrier.

A catheter filled with saline was inserted into the jugu-
lar vein and was advanced into the right ventricle to
record RVsP as a surrogate for pulmonary arterial systolic
pressure. Proper placement of the catheter was monitored
with the pressure curves. Another saline filled catheter
was inserted into the femoral artery to record systemic
systolic blood pressure (FAsP). Pressure transducers were
connected to amplifiers (DBA; Hugo Sachs Electronics).
The output signal was digitized wusing PowerLab
(AdInstruments, Speckbach, Germany) and recorded con-
tinuously on a PC. The PowerLab software detects pres-
sure peaks and frequency to obtain systolic values from
the pressure curves and the heart rate, respectively.

After instrumentation rats were allowed to stabilize for
15 min while being ventilated with normoxic room air
indicated by stable values of FAsP and RVsP. Rats were
then disconnected from the respirator for ~1 min for
intratracheal application of saline (0.9% NaCl) (100 uL),
amiloride (100 uL of 0.9 mmol/L amiloride), or
LPS (100 uL of 55 ug/mL) using a microsprayer (Penn-
Century, Wyndmoor, PA). This amount of amiloride
caused an approximately 50% inhibition of alveolar fluid
clearance (independent experiments, not shown) mea-
sured by fluid instillation as described earlier (Baloglu
et al. 2011). Mechanical ventilation was then continued
with room air (normoxia) or with a hypoxic gas mixture
composed of 13.5% O, and 86.5% N,. Femoral arterial
blood samples (80 uL) were collected for blood gas analy-
ses at the end of the equilibration period and every
15 min thereafter.

Experiments were terminated by removing the lung
after 60 or 120 min. For the measurement of the wet-
weight-to-dry-weight ratio, an indicator of pulmonary
edema, lungs were cleaned from adhering blood, and tra-
chea and main bronchi were removed. The tissue was
weighed before and after drying for 48 h at 80°C. The
protocol was approved by the Animal Protection Com-
mittee of the University of Heidelberg and by the
Regierungsprasidium Karlsruhe, Germany.
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Data evaluation

We performed two series of experiments, where the
experiments were terminated after 60 and 120 min after
the equilibration period, respectively. We had to add
60 min lasting experiments because in some experimental
conditions FAsP and RVsP begun to decrease after pro-
longed exposure. Figure 1A shows examples indicating
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Figure 1. (A) Study end points in 2 h experiments. During the 2 h
experiments a nonrecoverable decrease in systolic femoral arterial
and a concomitant decrease in right ventricular pressure occurred
indicating hemodynamic instability of anesthetized, ventilated rats
in some experimental conditions. The time of its occurrence was
defined as “endpoint” (indicated by the arrow). As an example,
representative curves of FAsP and RVsP from animals exposed to
hypoxia plus amiloride are shown in comparison to FAsSP from a
normoxic control rat. (B) Mean values + SD of “endpoints” defined
as indicated in (A) for the different experimental conditions
(number of experiments: normoxia control 18; hypoxia 16;
normoxia + amiloride 15; hypoxia + amiloride 22;

normoxia + lipopolisaccharide (LPS) 4; hypoxia + LPS 11).
*Significant effect of hypoxia; *significant effect of hypoxia in LPS-
treated animals.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Lung Fluid Balance and HPV

that FAsP was stable over the entire 2 h observation per-
iod in normoxic control rats that received aerosolized sal-
ine. However, in rats ventilated with hypoxic gas and that
also received aerosolized amiloride, FAsP begun to
decrease after ~ 80 min, that is, well before the planned
2 h end point. At the same time also RVsP begun to
decrease, likely because of decreased venous return. There-
fore, we defined as study “endpoint” the time after equili-
bration, when a nonrecoverable drop in FAsP >15 mmHg
begun, which we determined retrospectively. This end
point varied significantly between experimental condi-
tions (Fig. 1B). Thus, in the 2 h experiments wet and
dry weights were obtained from lungs collected after
completing the 2-h exposure, whereas PaO,, SaO,, FAsP,
and RVsP reported are from the respective end point.
Conditions were stable in the 1 h series.

The values for RVsP, FAsP, and HR shown in the fig-
ures are mean values from the last 5 min before the indi-
cated time -points, that is, the end of the equilibration
phase (co), 60 min, and the end point. Blood gas data
shown are from the end of the equilibration period,
60 min, and the time point closest to the end point.
Results are shown as mean values £ SD. One-way
ANOVA was used to calculate changes over time within
each experimental condition and to compare values at the
respective end points from different experimental condi-
tions, followed by Student-Newman-Keul post hoc testing
for group comparisons. Statistics were calculated using
the SigmaPlot® and SigmaStat® software package (Systat
Inc., Erkrath, Germany). A P < 0.05 was considered sta-
tistically significant.

Results

Figure 1B shows mean values of end points for all studied
experimental conditions as defined in Figure 1A. All nor-
moxic control animals that received aerosolized saline
were stable over the full 2 h observation period (end
point = 2 h), whereas the end point was slightly earlier in
hypoxic animals that received aerosolized saline
(P = 0.001). In animals treated with aerosolized amiloride
in normoxia the end point was not different from nor-
moxic controls (P = 0.782), but it was decreased signifi-
cantly when amiloride was combined with hypoxia
(P =0.001). Alveolar application of LPS significantly
decreased the end point in normoxia (P = 0.005) and in
hypoxia (P = 0.001). Treatment with aerosolized amilor-
ide and LPS in hypoxia significantly decreased the end
point relative to hypoxia alone (P = 0.001).

Figure 2 shows that RVsP was about 32 mmHg at the
end of the equilibration period, that is, before treatments
begun (co), which is in the range of values reported in
the literature (e.g., McMurtry et al. (1978)). There was no

2016 | Vol. 4 | Iss. 18 | 12985
Page 3



Lung Fluid Balance and HPV

60 | I co
== 60 min #
B Endpoint ﬁ

50 Ji
*

40

*+

* +
*
*

30

RVsP (mmHg)

20 4

10

Normoxia Hya)xia Norr_noxia Hy&)xia Nor;oxia Hypoxia
controls amiloride amiloride LPS LPS

Figure 2. Effects of hypoxia, amiloride, and lipopolisaccharide on
right ventricular systolic pressure. RVsP at the end of the
equilibration phase (co), and after 60 min (n = 11-27 per
experimental condition) and at the end point (n see legend to

Fig. 1). Mean values + SD. *P < 0.05 relative to co; *P < 0.05
between 60 min and the end point; # indicated difference between
normoxia and hypoxia in the respective experimental condition.

significant difference between groups at this time point
(P = 0.249). The figure also shows that aerosolized saline
did not significantly affect RVsP in normoxia during the
60 and 120 min observation periods (P = 0.162). In con-
trast, hypoxia significantly increased RVsP by 8 mmHg
after 60 min (P < 0.001), and by 13.5 mmHg at the end
point (P = 0.001); there was only a tendency toward sta-
tistical ~ significance between the two time points
(P = 0.082). Aerosolized amiloride in normoxic animals

significantly increased RVsP by 5.5 mmHg after 60 min

B. Davieds et al.

(P=10.001) and by 10 mmHg at the end point
(P =0.001; 60 min vs. endpoint: P = 0.002). Amiloride
in combination with hypoxia significantly increased RVsP
by 9 mmHg after 60 min (P = 0.001) and by 13.3 mmHg
by the end point (P = 0.001; 60 min vs. end point:
P =0.02). Aerosolized LPS in normoxia increased RVsP
by ~5 mmHg (P = 0.012) after 60 min and by 8.4 mmHg
at the end point (P = 0.005); there was no significant dif-
ference between the time points (P = 0.233). Hypoxia
plus LPS increased RVsP 11 mmHg (P = 0.001). There is
no later time point available because of circulatory insta-
bility in the longer experiments. Neither amiloride
(P =0.847) nor LPS (P =0.954) applied in hypoxia
increased RVsP more than hypoxia alone indicating lack
of additivity of effects.

Femoral arterial systolic blood pressure was ~95 mmHg
at the end of the equilibration period (Table 1A;
P =0.194). There was no change in FAsP in normoxic
animals treated with saline (P = 0.412), with amiloride
(P =0.134), as well as in hypoxia (P = 0.081), but a sta-
tistically significant decrease in FAsP in hypoxia plus
amiloride (P = 0.005), and in normoxia plus LPS
(P = 0.05) and hypoxia plus LPS (P = 0.016). Heart rates
(Table 1B) were ~230 per min after the equilibration per-
iod, which is within the reported range (Flindt 1995).
Heart rates were not changed by experimental conditions
in animals ventilated with normoxic gas (P > 0.40), but
were increased significantly in all experiments under
hypoxic conditions (P < 0.05).

Any impairment of alveolar function that causes alveo-
lar and/or interstitial edema should also compromise oxy-
gen diffusion across the alveolar barrier. Figure 3A and B

Table 1. Effects of hypoxia, amiloride, and lipopolisaccharide (LPS) on femoral arterial systolic pressure (FAsP) and heart rates

co 60 min Endpoint
(A) FAsP (mmHg)
normoxia + saline 90.3 + 18.3 85.8 + 25.0 83.8 + 184
hypoxia + saline 86.0 + 16.0 79.7 £ 20. 8 77.8 £ 12.9
normoxia + amiloride 85.0 + 10.0 829 + 10.9 80.1 + 17.9
hypoxia + amiloride 93.1 £+ 18.5 742 +£16.7 79.1 £ 15.0*
normoxia + LPS 102.3 + 25.8 79.4 + 15.3 78.6 £ 12.9*
hypoxia + LPS 88.8 + 13.3 74.7 £ 12.0*%
(B) Heart rates (per min)
normoxia + saline 224 + 52 228 + 50 231 + 37
hypoxia + saline 213 + 51 252 + 45* 249 + 28*
normoxia + amiloride 221 + 57 230 + 51 219 + 47
hypoxia + amiloride 220 + 43 246 + 45% 232 £+ 45
normoxia + LPS 233 + 40 245 + 39 218 + 24
hypoxia + LPS 203 £ 70 2sis 4k 357

Data are from the end of the equilibration phase (co), and after 60 min (n = 11-27 per experimental condition) and at the end point of treat-

ment (n see legend to Fig. 1). Mean values + SD.
“Indicate P < 0.05 relative to co.

2016 | Vol. 4 | Iss. 18 | e12985
Page 4

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



B. Davieds et al.

>

110

100
90 1
80
70
60
50
40
30
20
10 4

Femoral arterial PO, (mmHg)

. co
1 60 min
I Endpoint

IIJM]II*_'HI]

Normoxia Hypoxia Nor?woxia Hypoxia Nor;oxia Hypoxia

controls

amiloride amiloride

LPS

LPS

w

120
110
100 §
90

N co
[ 60 min
[ Endpoint

Lung Fluid Balance and HPV

80 ]
70
60 §
50 ]
40 4
30
20
10 4§

Femoral arterial SO, (%)

Il_lﬂllll*_lﬂ[rm

Norr_noxia Hypoxia NorTnoxia Hypoxia Nor;oxia Hypoxia
controls amiloride amiloride  LPS LPS

Figure 3. Effects of hypoxia, amiloride, and lipopolisaccharide on
femoral arterial oxygen partial pressure (PO,; A) and oxygen
saturation (SO,: B). Data from the end of the equilibration phase
(co), and after 60 min (n = 11-27 per experimental condition) and
at the end point of treatment (n see legend to Fig. 1). Mean
values + SD. *P < 0.05 relative to co; #P < 0.05 between normoxia
and hypoxia at the respective condition.

shows that at the end of the equilibration period PaO,
and SaO, were ~73 mmHg and ~88%, respectively. In
normoxic controls PaO, (P =0.082) and SaO,
(P =0.091) had decreased slightly in saline-treated animal
after 2 h. Ventilating rats with a hypoxic gas (13.5% O,)
significantly decreased PaO, by 35 mmHg and SaO, by
about 40% (P < 0.001). There was no statistically signifi-
cant difference between 60 min and the end point. In
normoxia, amiloride aerosolization caused a small
decrease in PaO, (P = 0.05) and SaO, (P = 0.005) at the
end point. There was no significant difference between
60 min and the end point. Amiloride in hypoxia
decreased PaO, by 36 mmHg and SaO, by 41%
(P=0.001). LPS in normoxia decreased PaO,
(P =0.028) and SaO, (P = 0.05), and also in hypoxia
(PaO, —36 mmHg, P < 0.001; SaO, —37%, P < 0.001).

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

A 60 o Nsal. 60 min
[ J O Nsal. end
55 4 b' ® Hsal. 60 min
e® ® Hsal end
—~ 507 . — s1=-0.256; r= 0.654
T 45 :
IS
E 401
% 3
&
30 4
25 4
20 T T T T T T T
20 30 40 50 60 70 80 90 100
Femoral arterial SO, (mmHg)
B 60
55 4
50 4
S u "
T 45
IS
E 40
o O N sal. 60 min
;’ 351 O Nsal end .‘l
14 303 ® Namil60min o
B Namil. end o
25 1| A NLPSend=60min o © o
—— s1=-0.243; r=0.411 °
20 T T T T T T T
20 30 40 50 60 70 80 90 100
Femoral arterial SO, (mmHg)
C 60
55 O Hsal 60 min
] L O Hsal end
‘9)(900 ° ®  Hamil. 60 min
50 4 . B Hamil end
A HLPSend=60min

>
jE: ol l —— sl =-0.352; r=0.429
E 40
o A!
) 3
E 35 ] gch og 3

30 4 o ]

o
25 1 o
20 T T T T ! ! !

20 30 40 50 60 70 80 90
Femoral arterial SO, (mmHg)

100

Figure 4. Inverse correlations between right ventricular systolic
pressure (RVsP) and femoral arterial SO,. Data from experiments
with (A) normoxia-saline and hypoxia-saline, (B) normoxia-saline,
normoxia-amiloride, and normoxia-lipopolisaccharide (LPS), and (C)
hypoxia-saline, hypoxia-amiloride, and hypoxia-LPS. N, normoxia; H,
hypoxia; sal., aerosolized saline; sl, slope of the regression line
(mmHg per % SO,).

Neither amiloride nor LPS in combination with hypoxia
decreased PO, and SO, more than hypoxia alone indicat-
ing lack of additivity of these effects.

Because the degree of HPV has been shown to depend
on the degree of hypoxia (Sylvester et al. 2012), we corre-
lated PaO, and SaO, in femoral arterial blood with RVsP
to test whether this was also true in our experimental set-
ting. Figure 4 shows inverse correlations between SaO,
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and RVsP. Regression coefficients are shown in the
inserts. Figure 4A shows that RVsP increased significantly
with decreasing SaO, (R = 0.654; P < 0.001) when plot-
ting results from normoxic and hypoxic animals that
received aerosolized saline. The slope (sl) of the regression
line amounted to 0.252 mmHg per 1% decrease in SaO,.
In comparison, Figure 4B shows that significant correla-
tions existed also for SaO, and RVsP, when animals were
ventilated with normoxic gas and were treated with saline,
amiloride, and LPS (R = 0.411, P = 0.001). Plotting only
the data from hypoxic animals (treatments saline, amilor-
ide, or LPS, 60 min and end points) also resulted in a
statistically significant correlation (Fig. 4C; R = 0.429;
P =0.001). Similar correlations were found between
RVsP and PaO, (not shown).

Wet-to-dry-weight ratios were measured to see whether
inhibition of alveolar reabsorption and hypoxia caused pul-
monary edema. Figure 5 shows wet-weight-to-dry-weight
ratios from the 1 and 2 h experiments, normalized to mean
values from normoxic controls. It has to be noted that the
latter values were obtained from lungs after 2 h and not at
the defined endpoint (see Fig. 1A and B). There was no
difference in the wet-to-dry-weight ratios between experi-
mental conditions in the 1 h experiments (P = 0.292). In
contrast, 2 h after the treatment lung water was
significantly increased in hypoxic animals that received
aerosolized saline (P = 0.026), in normoxic animals receiv-
ing amiloride (P = 0.001), hypoxia plus amiloride
(P = 0.044), and normoxia plus LPS (P = 0.010). There
was a significant difference in the wet-to-dry ratios between
1 and 2 h experiments in hypoxia (P = 0.035), in hypoxia
plus amiloride (P = 0.008), and in normoxia with LPS
(P = 0.003).
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1.4 ] [ 2 hexpts. *
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Figure 5. Effects of hypoxia, amiloride, and lipopolisaccharide (LPS)
on the wet-to-dry-weight ratio of rat lungs. In one series
experiments were terminated after 1 h (n = 7-10 per experimental
condition), in a second 2 h after equilibration (n = 4

[normoxia + LPS] to 22) for collecting lung tissue samples to
determine the wet-to-dry-weight ratios. Mean values + SD;

*P < 0.05 relative to normoxia control; *P < 0.05 between 1 and

2 h.
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Discussion

Hypoxia causes pulmonary arterial vasoconstriction (Syl-
vester et al. 2012). Hypoxia of pulmonary vascular
smooth muscle cells is caused by impaired oxygen diffu-
sion across the alveolar wall as a consequence of
decreased alveolar PO, and a thickening of the alveolar
barrier by interstitial and alveolar edema. Because the lat-
ter can also be caused by impaired alveolar fluid clearance
(Matthay et al. 2002), we tested whether inhibition of
alveolar reabsorption affects pulmonary arterial pressure,
independent of alveolar PO,. Indeed, we found that
amiloride and LPS increased right ventricular systolic
pressure in rats ventilated with normoxic gas, similar to
hypoxic pulmonary arterial vasoconstriction.

We used a model, where anesthetized rats were venti-
lated with normoxic or hypoxic gas with a constant tidal
volume and respiratory rate to maintain a constant alveo-
lar PO, at the respective oxygen content of the gas used
for ventilation. Aerosolized amiloride and LPS were
applied to inhibit the reabsorption of alveolar fluid in
order to increase the volume of alveolar lining fluid,
which should impair oxygen diffusion across the alveolar
wall indicated by a decrease in femoral arterial PO, and
SO,. We considered changes in arterial oxygenation to be
a more sensitive parameter than lung water content mea-
sured as the wet-to-dry-weight ratio to indicate alveolar
edema because we found the latter unchanged even
though PO, and SO, were already decreased. This is in
line with findings indicating that already very small
changes in lung water, which are difficult to detect as
weight change, are sufficient to impair oxygen diffusion
(Tschumperlin and Margulies 1999; Ochs 2006).

The volume of alveolar lining fluid depends strongly
on the activity of alveolar Na transport. Amiloride and
LPS are well-known inhibitors of epithelial Na transport
(Eaton et al. 2009). Both affect mainly epithelial Na
channels (ENaC) located at the alveolar surface, which,
together with basolateral Na/K-ATPase, mediate vectorial
Na transport and thus generate the osmotic driving force
required for the removal of water from the alveolar sur-
face (Eaton et al. 2009; Matalon et al. 2015). The signifi-
cance of alveolar reabsorption is best documented by the
fact that impaired alveolar fluid clearance correlates with
bad clinical outcome in ARDS patients (Matthay and
Wiener-Kronish 1991; Ware and Matthay 2001). Conse-
quently, a decreased in the activity of ENaC should
result in increased lung water and hypoxemia by
impaired oxygen diffusion. In fact we show here that
both, aerosolized amiloride and LPS, decrease femoral
arterial PO, and SO, even when animals were ventilated
with normoxic gas. As postulated, this resulted in a sig-
nificant increase in RVsP.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Alveolar Na- and water reabsorption is inhibited by
hypoxia. This has been demonstrated in cultured primary
alveolar epithelial cells (e.g., Mairbaurl et al. (2002);
Planes et al. (2002)) as well as in rats exposed to hypoxia
(e.g., Baloglu et al. (2011); Giiney et al. (2007); Vivona
et al. (2001)). Furthermore, the lung water content of
hypoxic rats was increased (e.g., Stelzner et al. (1988)),
which we confirm here. The increase in lung water seems
to occur slowly because we did not see it after 1 h but
only after 2 h of ventilating rats with hypoxic gas. This
indicates that alveolar hypoxia can lead to pulmonary
vasoconstriction by two means: one is vasoconstriction
due to the decreased alveolar PO,; a second is an
increased alveolar water content, which may be a conse-
quence of increased filtration due to a hypoxia-induced
increase in pulmonary capillary pressure (Maggiorini
et al. 2001), which is not adequately removed due to
hypoxic inhibition of alveolar reabsorption. Both effects
might add and even enhance water accumulation as well
as the resultant hypoxemia, and thus, also of HPV. Our
experiments do not allow quantifying the contribution of
each of the two effects.

Correlation analysis revealed a statistically significant
increase in RVsP with arterial deoxygenation. Hypoxemia
caused by ventilation with a hypoxic gas resulted in an
increase in RVsP by ~0.25 mmHg per percent SO,. This
response is approximately 50% of that estimated from data
reported by Marshall and Marshall (1983) and McMurtry
et al. (1978) for rats, and from other species (Table 1 in
Sylvester et al. (2012)). The difference may be due to differ-
ences in the experimental settings. Interestingly, we found
that in normoxic animals RVsP increased by a similar mag-
nitude, when hypoxemia was caused by inhibiting alveolar
reabsorption with amiloride or LPS (Fig. 4). Although cor-
relation provides no basis for a causal relationship, this
result indicates that the increase in RVsP by hypoxia of pul-
monary vascular smooth muscle cells depends not only on
alveolar PO, alone but also on factors that limit the rate of
oxygen diffusion across the alveolar barrier.

Based on these findings we expected that combining
ventilation with a hypoxic gas and inhibition of alveolar
reabsorption might impair oxygen diffusion and cause an
increase in RVsP, respectively, that was more pronounced
than by each intervention alone, resulting in an exagger-
ated increase in RVsP. However, our results do not sup-
port this hypothesis. Neither femoral arterial PO,
decreased more after inhibition of alveolar reabsorption
in hypoxic animals than with hypoxia alone, nor was
there a more pronounced increase in RVsP.

We can only speculate on reasons that might explain the
lack of additivity. One might be the shorter time to reach
the end point in hypoxic animals that also received aeroso-
lized amiloride or LPS because of a shorter time for
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alveolar fluid accumulation and therefore less impairment
of O, diffusion. Another reason might be diffusion of
amiloride to vascular smooth muscle cells. Amiloride inhi-
bits Ca entry into smooth muscle cells, which weakens con-
traction (Cribbs 2006; Kuo et al. 2011), and systemically
applied amiloride has been shown to blunt HPV by Ca-
dependent mechanisms (Raffestin and McMurtry 1987). In
fact, significant plasma levels have been found in humans
after inhaling amiloride (Jones et al. 1997). An increased
alveolar permeability and protein leakage into the alveolar
space in hypoxic rats (Stelzner et al. 1988) enhance amilor-
ide diffusion. Thus, diffusion of amiloride may have pre-
vented an exaggerated increase in RVsP resulting in
reduced filtration of water into the alveolar space, and thus
a smaller effect on oxygen diffusion. Another factor might
be a reduction in the number of Na channels in hypoxic
alveolar epithelium (Planes et al. 2002) because it reduces
the degree of inhibition of Na transport by amiloride.
Together these effects might prevent the additivity of
effects of breathing hypoxic gas and alveolar transport
inhibition on arterial hypoxemia and RVsP.

A major limitation of our model is the limited stability
of circulation, which seems to occur upon a drop in arte-
rial PO, below approximately 35 mmHg and an oxygen
content of inspiratory air below 13.5% as tested in pre-
liminary experiments (not shown). This phenomenon is
likely caused by anesthesia and constant ventilation,
which prevents circulatory and ventilatory adjustments to
hypoxia. By contrast, awake rats tolerate normobaric
hypoxia (inspiratory O, 8%) very well (e.g., Baloglu et al.
(2011)). The higher degree of hypoxemia upon combin-
ing ventilation with a hypoxic gas and inhibition of alveo-
lar reabsorption was therefore likely the reason for the
earlier onset the circulatory instability and may have pre-
vented seeing additivity of effects.

Conclusion

Our results show that inhibition of alveolar fluid reab-
sorption by inhibition of Na transport with amiloride and
LPS impairs oxygen diffusion, likely by alveolar edema.
This results in hypoxemia, and causes a similar degree of
increase in pulmonary arterial pressure as ventilating rats
with hypoxic gas.

Acknowledgments

We thank Mr. Roland Galmbacher, Mrs. Sonja Engel-
hardt, and Mrs. Christiane Herth for excellent technical
assistance. This study was supported by Translational
Lung Research Center Heidelberg (TLRC-H), part of the
German Center for Lung Research (DZL), and by the
German Research Foundation (DFG).

2016 | Vol. 4 | Iss. 18 | 12985
Page 7



Lung Fluid Balance and HPV

Conflicts of Interest

There are no conflicts of interest to be declared.

References

Albert, R. K., and A. Jobe. 2012. Gas exchange in the
respiratory distress syndromes. Compr. Physiol. 2:1585—
1617.

Baloglu, E., T. Reingruber, P. Bdrtsch, and H. Mairbdurl. 2011.
beta2-Adrenergics in hypoxia desensitize receptors but blunt
inhibition of reabsorption in rat lungs. Am. J. Respir. Cell
Mol. Biol. 45:1059-1068.

Betz, T., C. Dehnert, P. Bartsch, K. Schommer, and H.
Mairbaurl. 2015. Does high alveolar fluid reabsorption
prevent HAPE in individuals with exaggerated pulmonary
hypertension in hypoxia? High Alt. Med. Biol. 16:283-289.

Cribbs, L. L. 2006. T-type Ca>* channels in vascular smooth
muscle: multiple functions. Cell Calcium 40:221-230.

Eaton, D. C., M. N. Helms, M. Koval, H. F. Bao, and L. Jain.
2009. The contribution of epithelial sodium channels to
alveolar function in health and disease. Annu. Rev. Physiol.
71:403-423.

Flindt, R. 1995. Herz-Kreislauf. Pp. 63—68. Biologie in Zahlen.
Gustav Fischer Verlag, Stuttgart.

Giiney, S., A. Schuler, A. Ott, S. Hoschele, E. Baloglu, P.
Bartsch, et al. 2007. Dexamethasone prevents transport
inhibition by hypoxia in rat lung and alveolar epithelial cells
by stimulating activity and expression of Na/K-ATPase and
ENaC. Am. J. Physiol. 293:L1332-L1338.

Hultgren, H. N., C. E. Lopez, E. Lundberg, and J. Miller. 1964.
Physiologic studies of pulmonary edema at high altitude.
Circulation 29:393-408.

Jones, K. M., E. Liao, K. Hohneker, S. Turpin, M. M. Henry,
K. Selinger, et al. 1997. Pharmacokinetics of amiloride after
inhalation and oral administration in adolescents and adults
with cystic fibrosis. Pharmacotherapy 17:263-270.

Kuo, I. Y., S. E. Wolfle, and C. E. Hill. 2011. T-type calcium
channels and vascular function: the new kid on the block? J.
Physiol. 589:783-795.

Maggiorini, M., C. Melot, S. Pierre, F. Pfeiffer, I. Greve, C.
Sartori, et al. 2001. High-altitude pulmonary edema is
initially caused by an increase in capillary pressure.
Circulation 103:2078-2083.

Mairbaurl, H., K. Mayer, K. J. Kim, Z. Borok, P. Bartsch, and
E. D. Crandall. 2002. Hypoxia decreases active Na transport
across primary rat alveolar epithelial cell monolayers. Am. J.
Physiol. 282:L659-L665.

Mairbaurl, H., J. Weymann, A. Mohrlein, E. R. Swenson, M.
Maggiorini, J. S. R. Gibbs, et al. 2003. Nasal epithelium
potential difference at high altitude (4559 m): evidence for
secretion. Am. J. Respir. Crit. Care Med. 167:862-867.

Marshall, C., and B. Marshall. 1983. Site and sensitivity for
stimulation of hypoxic pulmonary vasoconstriction. J. Appl.
Physiol. 55:711-716.

2016 | Vol. 4 | Iss. 18 | e12985
Page 8

B. Davieds et al.

Matalon, S., R. Bartoszewski, and J. E. Collawn. 2015. Role of
epithelial sodium channels in the regulation of lung fluid
homeostasis. Am. J. Physiol. 309:L1229-L1238.

Matthay, M. A., and D. H. Ingbar. 1998. Pulmonary edema.
Marcel Dekker Inc, New York.

Matthay, M. A., and J. P. Wiener-Kronish. 1991. Intact
epithelial barrier function is critical for resolution of
alveolar edema in humans. Am. Rev. Respir. Dis. 144:468—
468.

Matthay, M. A., H. G. Folkesson, and C. Clerici. 2002. Lung
epithelial fluid transport and the resolution of pulmonary
edema. Physiol. Rev. 82:569-600.

McMurtry, I. F., M. D. Petrun, and J. T. Reeves. 1978. Lungs
from chronically hypoxic rats have decreased pressor
response to acute hypoxia. Am. J. Physiol. 235:H104-H109.

Ochs, M. 2006. Stereological analysis of acute lung injury. Eur.
Respir. Rev. 15:115-121.

Parker, J. C., A. C. Guyton, and A. E. Taylor. 1979. Pulmonary
transcapillary exchange and pulmonary edema. Int. Rev.
Physiol. 18:261-315.

Planes, C., M. Blot-Chabaud, M. A. Matthay, S. Couette, T.
Uchida, and C. Clerici. 2002. Hypoxia and beta(2)-agonists
regulate cell surface expression of the epithelial sodium
channel in native alveolar epithelial cells. J. Biol. Chem.
277:47318-47324.

Price, L. C.,, D. F. McAuley, P. S. Marino, S. J. Finney, M. J.
Griffiths, and S. J. Wort. 2012. Pathophysiology of
pulmonary hypertension in acute lung injury. Am. J.
Physiol. 302:1803-L815.

Raffestin, B., and I. F. McMurtry. 1987. Effects of intracellular
pH on hypoxic vasoconstriction in rat lungs. J. Appl.
Physiol. 63:2524-2531.

Ryan, D., S. Frohlich, and P. McLoughlin. 2014. Pulmonary
vascular dysfunction in ARDS. Ann. Intensive Care 4:28.

Sartori, C., Y. Allemann, H. Duplain, M. Lepori, M. Egli, E.
Lipp, et al. 2002. Salmeterol for the prevention of high-
altitude pulmonary edema. N. Engl. J. Med. 346:1631—
1636.

Stelzner, T. J., R. F. O’Brien, K. Sato, and J. V. Weil. 1988.
Hypoxia-induced increases in pulmonary transvascular
protein escape in rats. Modulation by glucocorticoids. J.
Clin. Invest. 82:1840-1847.

Sylvester, J. T., L. A. Shimoda, P. I. Aaronson, and J. P. Ward.
2012. Hypoxic pulmonary vasoconstriction. Physiol. Rev.
92:367-520.

Tschumperlin, D. J., and S. S. Margulies. 1999. Alveolar
epithelial surface area-volume relationship in isolated rat
lungs. J. Appl. Physiol. 86:2026-2033.

Verghese, G. M., L. B. Ware, B. A. Matthay, and M. A.
Matthay. 1999. Alveolar epithelial fluid transport and the
resolution of clinically severe hydrostatic pulmonary edema.
J. Appl. Physiol. 87:1301-1312.

Vivona, M. L., M. A. Matthay, M. B. Chabaud, G. Friedlander,
and C. Clerici. 2001. Hypoxia reduces alveolar epithelial

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



B. Davieds et al.

sodium and fluid transport in rats: reversal by beta-
adrenergic agonist treatment. Am. J. Respir. Cell Mol. Biol.
25:554-561.

Ware, L. B., and M. A. Matthay. 2001. Alveolar fluid clearance
is impaired in the majority of patients with acute lung

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Lung Fluid Balance and HPV

injury and the acute respiratory distress syndrome. Am. J.
Respir. Crit. Care Med. 163:1376-1383.

Zapol, W. M., and M. T. Snider. 1977. Pulmonary
hypertension in severe acute respiratory failure. N. Engl. J.
Med. 296:476—-480.

2016 | Vol. 4 | Iss. 18 | 12985
Page 9



