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Objective To investigate the effect of phenylephrine (an 0-adrenergic agonist) on alveolar fluid
clearance (AFC) in ventilator-induced lung injury and the possible mechanism involved.

Methods A total of 170 male Wistar rats were randomly allocated into 17 groups (n=10) using ran-
dom number tables. Short-term (40 minutes) mechanical ventilation with high tidal volume (HVT) was per-
formed to induce lung injury, impair active Na* transport and lung liquid clearance in the rats. Unventilated
rats served as controls. To demonstrate the effect of phenylephrine on AFC, phenylephrine at different con-
centrations (1X10°, 1X10°, 1X10”, 1X10*, and 1X10”mol/L) was injected into the alveolar space of the
HVT ventilated rats. To identify the influence of adrenergic antagonists, Na" channel, and microtubular sys-
tem on the effect of phenylephrine, phenylephrine at 1X 10° mol/L combined with prazosin (an @,-adrener-
gic antagonist, 1X 10* mol/L), yohimbine (an 0,-adrenergic antagonist, 1X10” mol/L), atenolol (a B,-
adrenergic antagonist, 1X 10° mol/L), ICI-118551 (an B,-adrenergic antagonist, 1X 10° mol/L), amiloride (a
Na" channel blocker, 5X10*mol/L), ouabain (a Na'/K"-ATPase blocker, 5X10*mol/L), colchicine (a mi-
crotubular disrupting agent, 0.25 mg/100 g body weight), or B-lumicolchicine (an isomer of colchicine,
0.25 mg/100 g body weight) were perfused into the alveolar space of the rats ventilated with HVT for
40 minutes. AFC and total lung water content were measured.

Results Basal AFC in control rats was (17.47£2.56)%/hour, which decreased to (9.64%
1.32)%/hour in HVT ventilated rats (P=0.003). The perfusion of phenylephrine at 1X10°*, 1X107, 1X10°,
and 1X10” mol/L significantly increased the AFC in HVT ventilated rats (all P<0.05). This effect of
phenylephrine on AFC was suppressed by prazosin, atenolol, and ICI-118551 in HVT ventilated rats by 53%,
31%, and 37%, respectively (all P<0.05). The AFC-stimulating effect of phenylephrine was lowered by 33%
and 42% with amiloride and ouabain, respectively (both P<0.05). Colchicine significantly inhibited the effect
of phenylephrine (P=0.031).

Conclusion  Phenylephrine could increase the AFC in HVT-ventilated rats and accelerate the ab-
sorption of pulmonary edema.
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HE development of pulmonary edema can be
considered as a combination of alveolar flooding
via increased fluid filtration, impaired alveo-
lar-capillary barrier integrity, and disturbed
resolution due to decreased alveolar fluid clearance (AFC).
An important mechanism regulating AFC is sodium
transport across the alveolar epithelium.!™ Na* enters the
apical membranes of alveolar type II cells through amilo-
ride-sensitive ion channels and is actively transported
across the basolateral membranes of these cells by the
ouabain-sensitive Na*/K*-ATPase.*® The stimulation of
AFC could accelerate the resolution of pulmonary edema
and facilitate gas exchange across the alveolar epithelium.
It has been known that B-adrenergic agonists increase
AFC under both physiological and pathological condi-
tions.®® However, it is unclear whether a-adrenergic ago-
nists have similar effects under pathological conditions. For
patients with respiratory failure, mechanical ventilation is
an indispensable support. However, the use of this tech-
nique has adverse effects, including increased risk of lung
injury.®% The purpose of this study was to investigate the
possible effect of phenylephrine, an a-adrenergic agonist,
on AFC in rats with ventilator-associated lung injury.

MATERIALS AND METHODS

Materials

The (14+2)-week specific-pathogen-free male Wistar rats
(n=170) weighing 330+30 g were provided by animal
center of Shengjing Hospital affiliated to China Medical
University. The study protocol was approved by the insti-
tutional ethics committee.

Phenylephrine, prazosin (an a;-adrenergic antagonist),
yohimbine (an a;-adrenergic antagonist), atenolol (a Bi-
adrenergic antagonist), ICI-118551 (a B;-adrenergic an-
tagonist), amiloride (a Na* channel blocker), ouabain (a
Na*/K*-ATPase blocker), colchicine (a microtubular dis-
rupting agent), B-lumicolchicine, and Evans blue were pur-
chased from Sigma (St. Louis, MO, USA). Albumin bovine
serum, chloral hydrate, phosphoric acid, osmium teroxide,
propylene oxide, uranyl acetate were purchased from Bei-
jing Superior Chemicals & Instruments.

Grouping of the rats
The rats were randomly allocated into 17 groups (n=10)
using random number tables. Specific treatments for each
group were as follows.

Effects of high tidal volume (HVT) ventilation on lung
morphological change and total lung water (TLW): Tissue
samples were taken from the left lung in rats ventilated

March 2013

with HVT for 40 minutes (n=10) and unventilated rats as
controls (n=10) for morphological observation and TLW
measure.

Effects of HVT ventilation on AFC: Isomolar albumin
solutions were injected into the alveolar spaces in rats
ventilated with HVT for 40 minutes (n=10) and unventi-
lated rats as controls (n=10).

Effects of phenylephrine on AFC: Isomolar albumin
solutions with 10, 107, 107, 108, and 10 mol/L pheny-
lephrine were injected into the alveolar spaces in rats
ventilated with HVT for 40 minutes (n=10 for each con-
centration of phenylphrine).

Effects of adrenergic antagonists on AFC modulation by
phenylephrine: Prazosin (1x10™* mol/L, n=10), yohimbine
(1x10™* mol/L, n=10), atenolol (1x10° mol/L, n=10), or
ICI-118551 (1x10™° mol/L, n=10) was added to the al-
bumin solution containing phenylephrine (1x107° mol/L)
and injected into the alveolar spaces in rats ventilated with
HVT for 40 minutes.

Effects of phenylephrine on amiloride-sensitive and
amiloride-insensitive AFC: Isomolar albumin solution with
1x10”° mol/L phenylephrine and 5x10™ mol/L amiloride
(n=10) or 5x10™* mol/L ouabain (n=10) was injected into
the alveolar spaces in rats ventilated with HVT for
40 minutes.

Effects of the cellular microtubular system on AFC
modulation by phenylephrine: Isomolar albumin solution
with 1x107° mol/L phenylephrine was injected into the
alveolar spaces in rats ventilated with HVT for 40 minutes
and treated with colchicine (0.25 mg/100 g body weight
injected intraperitoneally 15 hours before the isolation and
perfusion of rat lung, n=10). As controls, B-lumicolchicine
of the same dose was injected intraperitoneally at the same
time-point (n=10). B-lumicolchicine is an isomer of col-
chicine that does not bind tubulin or depolymerize micro-
tubules.!* However, it shares other properties of colchicine,
such as inhibiting protein synthesis, therefore an appro-
priate control to demonstrate the effect of colchicine which
is caused by microtubular disruption.

Mechanical ventilation

Mechanical ventilation in the rats was performed following
the method in a previous report.'? The rats were anesthe-
tized by intraperitoneal administration of chloral hydrate
(0.03 mL/10 g), tracheotomized to insert an endotracheal
tube, and mechanically ventilated with a rodent ventilator
(TRR-200C, Jiangxi Teli Anaesthesia & Respiration Equi-
pment Co. Ltd., China). The rats were ventilated with HVT
of 40 mL/kg for 40 minutes, with peak airway pressure at
35cm H;O and respiratory rate at 40 breathes/minute
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without positive end-expiratory pressure.

Measurement of AFC

AFC was measured as previously described.'* The rats
were exsanguinated through the abdominal aorta. The
trachea, lungs, and heart were excised and placed in a
humidified incubator at 37°C. The lungs were ventilated
with 100% nitrogen. Isomolar albumin solution, that is,
physiological saline solution (5 mL/kg) containing 5% al-
bumin and Evans blue dye (0.15 mg/mL) was injected into
the alveolar spaces through the endotracheal tube. After
injection, the lungs were inflated with 100% nitrogen at an
airway pressure of 7 cm H,0. Alveolar fluid was aspirated 1
hour after injection. The concentrations of Evans blue-
labeled albumin in the injected and aspirated solutions
were measured using a spectrophotometer (Shimadzu
Corporation, UV-160A, Tokyo, Japan) at 621 nm. AFC was
estimated based on the progressive increase in the con-
centration of alveolar Evans blue-labeled albumin and
calculated as follows: " AFC=[(V;-V¢)/ Vi]x100, V¢ = V;xP; /
Pr. V; stands for the volume of injected solution, V¢ for the
volume of final alveolar fluid, P; for the concentration of
Evans blue in the injected solution, and Pr for the concen-
tration of Evans blue in the final alveolar fluid.

Morphological changes
Tissue samples for electron microscopy and light micros-
copy were taken from left lung of the rats. Samples for
electron microscopy were washed in 1% phosphoric acid
buffer, fixed with 4% osmium tetroxide, and dehydrated in
a graded series of alcohol, transferred to propylene oxide,
and embedded in Epon 618. The samples were cut into
1-mm thin sections using a diamond knife, and stained with
uranyl acetate and lead citrate for electron microscopy.
The methods for evaluating the number of endothelial
cells and alveolar epitheliai cells were described previously
in detail.’* The numerical density of lung cells (Nv) was
determined following the equation Nv=NA/5, where NA

Figure 1. Light microscopic (A) and electron microscopic findings (B) in rats not ventilated (n=10).
A. The alveolar space is basically dry, the lung interstitium shows no edema, and the peri-alveolar blood vessels are not dilated
or hyperemic (HE x400);
B. The epithelial cellular structure remains normal (x12 000).
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stands for the frequency of occurrence of nuclear profiles
per unit area of a random sectioning plane, and D for the
mean caliper diameter of pulmonary cell nuclei. NA was
determined using the electron microscope, and D was
determined using previously described techniques.'*

Tissue samples for light microscopy were embedded in
paraffin, cut to 10-um sections, and stained with hema-
toxylin and eosin following standard procedures.

Measurement of TLW

The TLW of the rats was measured by drying the lungs to a
constant weight at 60°C for 72 hours. The TLW was cal-
culated using the previously described method:!® TLW=
(wet lung weight—dry lung weight)/ dry lung weight.

Statistical analysis

Prism 4 (GraphPad Software, San Diego, CA, USA) was
applied for statistical analysis of this study. The data are
presented as means+SD. Kolmogorov-Smirnov test was
used for normality of variables. Bartlett’s method and F test
were used for homogeneity of variances. All data had
confirmed normality of the population and equal variances
among different experiment groups. Statistical significance
was evaluated by t test between two groups and analysis of
variance post-hoc Student-Newman-Keuls method among
multiple groups. The level of statistical significance was set
at P<0.05.

RESULTS

Morphological findings

In the control group, the alveolar space was basically dry,
the lung interstitium had no edema, and the peri-alveolar
blood vessels showed no dilations or hyperemia (Fig. 1A);
the lung epithelial cells remained normal (Fig. 1B). In HVT
ventilated rats, the peri-alveolar blood vessels were dilated,
intra-alveolar and interstitial hemorrhage and edema were
observed (Fig. 2A). Other findings included structural da-
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mage of lamellar bodies, vacuole-like changes of mito-
chondria, edematous cytoplasm, condensed nuclei, and
large and blunt protrusions in replace of microvilli in the
alveolar type II epithelial cells (Fig. 2B).

The total number of alveolar type II epithelial cells in
HVT ventilated rats decreased significantly compared with
control rats (P<0.05, Fig. 3). The TLW significantly in-
creased from 2.57£0.26 g/g in the control rats to
5.26+0.87 g/g in HVT ventilated rats (P=0.019).

Basal AFC in the control rats was (17.47+2.56)%/hour,
which decreased to (9.64+1.32)%/hour in HVT ventilated
rats (P=0.003). The presence of phenylephrine at 1x107%,
1x107, 1x10®, and 1x10° mol/L increased AFC signifi-
cantly in HVT ventilated rats (all P<0.05, Fig. 4).

Prazosin, atenolol, and ICI-118551 significantly inhib-
ited the increase in AFC by 1x10°° mol/L phenylephrine in
HVT ventilated rats by 53%, 31%, and 37%, respectively
(all P<0.05, Fig. 5). No such effect was observed in yo-
himbine treated rats. Amiloride and ouabain significantly
inhibited AFC stimulation by phenylephrine in HVT venti-
lated rats by 33% and 42%, respectively (both P<0.05, Fig.
5). Colchicine inhibited the stimulatory effect of pheny-
lephrine on AFC in HVT ventilated rats (P=0.031), whereas
the isomer B-lumicolchicine did not influence the effect of
phenylephrine on AFC (Fig. 5).

Figure 2. Light microscopic (A) and electron microscopic fin-
dings (B) in rats ventilated with high tidal volume
(HVT) for 40 minutes (n=10).
A. The peri-alveolar blood vessels are slightly dilated
and have blood stasis, alveolar cavity is edematous
(HE x400);
B. Osmiophilic multilamellar bodies are damaged, the
mitochondria show vacuole-like changes, and the
nuclei become condensed (x12 000).
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Figure 3. Total number of endothelial and alveolar type II
epithelial cells in the lungs of unventilated rats (n=
10) or HVT ventilated rats (n=10).

*P<0.05 compared with the control.
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Figure 4. Effects of phenylephrine on alveolar fluid clearance
(AFC) in rats ventilated with HVT for 40 minutes
(n=10 in each group).
*P<0.05 compared with AFC in HVT ventilated rats not
treated with phenylephrine.
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Figure 5. Effects of adrenergic antagonists, amiloride, and mic-
rotubular system disrupting agent on AFC modulation
by phenylephrine (n=10 in each group).

*P<0.05 compared with HVT ventilated rats; #P<
0.05 compared with phenylephrine treated rats;
AP<0.05 compared with colchicine treated rats.

DISCUSSION

Mechanical ventilators are increasingly used in inten-
sive care units. However, they may cause lung injury and
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pulmonary edema due to increased permeability.*®” Im-
paired AFC is associated with mortality in patients with
pulmonary edema. It is well accepted that B-adrenergic
agonists can stimulate AFC.5® The results of these studies
in rats with lung injury demonstrated a marked upregula-
tion in alveolar epithelial fluid transport capacity by
a-adrenergic agonist.

After HVT ventilation to 35 cm H,0 for 40 minutes, TLW
increased and AFC decreased markedly in ventilated rats
compared to the unventilated rats. The alveolar epithelial
cells showed structural changes. The number of endothelial
cells and alveolar type II epithelial cells decreased sig-
nificantly. These findings illustrated that the disruption in
alveolar fluid transport capacity might depend on the
structural damage and functional disorder of epithelial
sodium channels in type II epithelial cells and on the de-
creased number of type II cells. The destruction of pul-
monary epithelial structures must accompany with the
decreases of sodium channel and Na*/K*-ATPase activity.18
Normal structural morphology of alveolar epithelium is
indispensable for maintaining the normal AFC.

Alveolar epithelial fluid transport is mainly regulated by
a catecholamine-dependent regulatory mechanism.!>%
Both endogenous and exogenous catecholamine can up-
regulate the alveolar epithelial fluid clearance. But it is
unknown whether a-adrenergic agonists can stimulate AFC
in lung injury. As demonstrated by the present study, al-
though 1x10°° mol/L phenylephrine did not increase AFC,
phenylephrine at 1x10® mol/L to 1x10~° mol/L increased
AFC significantly in HVT ventilated rats. Therefore, it can be
speculated that the effect of phenylephrine on AFC is dose-
dependent. Furthermore, the present study showed that
a;-adrenergic antagonist prazosin, Bi-adrenergic antago-
nist atenolol, and B;-adrenergic antagonist ICI-118-551
significantly inhibited the increase of AFC by phen- yle-
phrine in HVT ventilated rats (all P<0.05). In contrast, a;
receptor antagonist yohimbine had no effect on AFC. It
suggests that the stimulatory effect of phenylephrine on
AFC is mediated by stimulating ai, Bi, and B, adrenergic
receptors.

As demonstrated by the present study, the Na* channel
blocker amiloride and the Na*/K*-ATPase inhibitor ouabain
reduced the stimulatory effects of phenylephrine on AFC by
33% and 42% respectively (both P<0.05), suggesting that
phenylephrine acts mainly through stimulating Na* channel
and Na*/K*-ATPase. The ratio of amiloride-sensitive so-
dium channel to Na*/K*-ATPase are different among dif-
ferent animals. The amiloride-sensitive sodium channel is
40%-50% in human and rat, but over 80% in rabbit and
mouse.?? The biological function of Na'/K*-ATPase in
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human is not negligible.

Saldias et al'! reported that Na*/K"-ATPase exists in
intracellular pools and can be rapidly recruited in response
to specific signals via microtubular transport into the
plasma membrane. Therefore we studied whether colchi-
cine, an inhibitor of cell microtubular transport of Na*/K*-
ATPase from intracellular pools to the plasma membrane,
could hamper the stimulatory effects of phenylephrine on
active Na* transport. The results suggest that phenyle-
phrine stimulation of AFC is probably mediated by re-
cruitment of ion-transporting proteins from inner pools to
the plasma membrane of the alveolar epithelium.

In conclusion, phenylephrine regulates the AFC in rats
with ventilator-associated lung injury, possibly through
promoting the intracellular transport of Na*/K*-ATPase.
This substance can accelerate the resolution of pulmonary
edema and thus may be beneficial in the management of
patients with acute ventilator-associated lung injury.
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