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ABSTRACT

AIM: To investigate the role of aquaporin-1 (AQP1) and sodium channel on pleural fluid transport.  METHODS:
Wild-type and AQP1 null mice were used in this study.  After the mice were briefly anesthetized, 0.25 mL of
hyperosmolar or isosmolar solution (containing terbutaline, amiloride or saline only) was infused into the pleural
space.  Then mice were sacrificed at scheduled times for measurement of pleural fluid osmolality or volume.
RESULTS: After instillation of hyperosmolar fluid into the pleural space, the osmolality of pleural fluid in wild-type
mice was higher than that in AQP1 null mice killed at the same time (1, 2, 5 min).  There was no difference in the
isosmolar clearance between the wild-type and AQP1 null mice after injection of 0.25 mL isosmolar fluid into the
pleural space.  Terbutaline increased the osmotic and isosmolar fluid transport across pleura, but these effects were
not influenced by AQP1 deletion.  In contrast, amiloride reduced osmotic and isosmolar pleural fluid transport, and
these effects were not influenced by AQP1 deletion.  CONCLUSION: AQP1 water channels facilitated osmotic
fluid transport across the pleural surface.  However, AQP1 did not play an important role in pleural isosmolar fluid
clearance.  Sodium channel may play a role in osmotic and isosmolar pleural fluid transport.  The effects of sodium
channel on fluid transport across pleural space were not influenced by aquaporin-1 deletion.

organs[2].  For example, mice lacking AQP1 or AQP3
have nephrogenic diabetes insipidus with marked poly-
uria[3,4], mice lacking AQP4 manifest reduced cerebral
edema in response to brain injury[5], and mice lacking
AQP5 have defective saliva secretion[6].  Humans with
mutation of AQP2, the vasopressin-regulated water
channel, have a rare autosomal form of hereditary neph-
rogenic diabetes insipidus[7].  But the role of AQP1 on
pleural fluid transport remains unknown.

AQP1 is strongly expressed in microvessels near
diaphragmatic, visceral, and parietal pleura of wild-type
mice.  AQP1 is also expressed in surface mesothelial
cells of visceral pleura and to a lesser extent in parietal
and diaphragmatic pleura[8].  Previous study showed that
AQP1 deletion could reduce alveolar-capillary osmotic
water permeability 10-fold[9].  AQP1 deletion produced
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INTRODUCTION

The aquaporins (AQP) are a family of small mem-
brane-spanning proteins that are expressed at plasma
membranes in many cell types involved in fluid trans-
port[1].  Water movement across aquaporins can be
driven by osmotic, oncotic, or hydrostatic forces.  Re-
cent studies in mice lacking specific aquaporins have
indicated an important role for aquaporins in several
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a small but significant 1.4-fold decrease in lung fluid
accumulation in response to a hydrostatic stress[10].  The
results from previous studies suggest that aquaporin-1
play a major role in osmotic water movement in the
lung.  Therefore we postulated that AQP1 might play a
role in pleural fluid dynamics.

Amiloride is served as a sodium channel antago-
nist and could reduce the clearance of isosmolar fluid
in rabbit pleural space[11].  In contrast, terbutaline could
facilitate the clearance, which was inhibited by
amiloride[12,13].  These findings demonstrated that so-
dium channel appeared to play a role in pleural isomolar
liquid transport.  So far as we know, there is no re-
search on the relation between sodium channel and os-
motic fluid transport.  Since both AQP1 and sodium
channel might be involved in pleural fluid transport, we
hypothesized that AQP1 and sodium channel might in-
fluence each other in pleural fluid dynamics.

In this study, our goal is to investigate the role of
AQP1 and its interaction with sodium channel in fluid
transport across pleural surface.

MATERIALS  AND  METHODS

Transgenic mice  Transgenic knockout mice de-
ficient in AQP1 were generated by targeted gene dis-
ruption as described previously[4,14].  Measurements
were done in litter-matched mice (8-10 weeks of age)
produced by intercrossing of heterozygous mice in a
CD1 genetic background.  The investigators were
blinded to genotype information for all physiological
measurements.  All the mice were generously provided
by Dr  Verkman (UCSF).  Protocols were approved by
Committee on Animal Research, Fudan University.

Osmotic water permeability measurements
Mice were briefly anesthetized by halothane inhalation.
The 0.25 mL of fluid (Ringer’s solution containing su-
crose 200 mmol/L and 5 % bovine serum albumin, 500
Osmmol/kg) was infused into the right pleural cavity
using a 1-mL syringe and 27-gauge needle.  The chest
wall was punctured laterally between the 5th and 6th
ribs, with the tip of needle parallel to the lung surface to
avoid lung puncture.  After discontinuation of anesthesia,
mice resumed normal activity without signs of distress.
Mice were given free access to water.  At scheduled
times (1, 2, and 5min), mice were reanesthetized and
the abdominal cavity was rapidly exposed and the de-
scending aorta was transected.  The chest was opened
by a midline incision, and pleural fluid was withdrawn
using a micropipette.  After low-speed centrifugation

(112×g, 5 min), supernatant osmolality was measured
in duplicate using a freezing-point depression osmom-
eter (Precision System, Natick, MA).  The wild-type
and AQP1 null mice were divided into the following 3
groups, respectively: terbutaline group, amiloride group,
and control group.  In terbutaline group, the fluid in-
stilled into the pleural space contained terbutaline 100
µmol/L.  And in amiloride group, the fluid contained
amiloride 200 µmol/L.

Isosmolar pleural fluid clearance  Mice were
briefly anesthetized by halothane inhalation.  Isosmolar
fluid 0.25 mL (Ringer’s solution containing 5 % bovine
serum albumin, 300 Osmmol/kg) was infused into the
right pleural cavity.  After discontinuation of anesthesia,
mice resumed normal activity without signs of distress.
Mice were given free access to water.  After 30, 60, or
90 min, mice were reanesthetized, and pleural fluid was
withdrawn as described above.  Care was taken to with-
draw as much fluid as possible.  After centrifugation,
the volume of the supernatant fluid was recorded.  The
groups and drug concentrations were the same as de-
scribed above.

Statistics  Statistical analysis was performed with
SPSS for Windows.  Statistical comparison was deter-
mined by analysis of variance.  P<0.05 was considered
as being significantly different.

RESULT

Role of AQP1 in pleural fluid transport  Os-
motically driven water transport across the pleural sur-
face was measured in anesthetized mice in which 0.25
mL of hyperosmolar (500 Osmmol/kg) solution was
instilled into the pleural space.  Then mice were killed at
scheduled times (1, 2, and 5min), and pleural fluid was
collected from the chest cavity for measurement of
osmolality.  After instillation of 500 Osmmol/kg fluid
into the pleural space, the pleural fluid osmolality in wild-
type mice was significantly lower than that in AQP1
null mice (P<0.01, Fig 1), indicating more osmotic water
entry and hence higher osmotic water permeability.
These findings suggested that AQP1 was contributed
to pleural osmotic fluid transport.

To determine whether the decreased pleural os-
motic water permeability resulted in impaired clearance
of pleural fluid, the pleural space was instilled with
isosmolar fluid, and the pleural fluid volumes remaining
at scheduled time points were measured.  Fig 2 shows
an approximately linear decrease in collected pleural fluid
volume, and there was no difference in pleural absorp-



· 303 ·Jiang JJ  et al / Acta Pharmacol Sin  2003 Apr; 24 (4): 301-305

tion between the wild-type and aquaporin-1 null mice
(P>0.05).  It was concluded that AQP1 deletion did not
affect isosmolar pleural fluid clearance.  Since mea-
surements were comparative, the validity of this con-
clusion was unlikely to be affected by the imperfect
recovery of pleural fluid by the micropipette collection
method (0.23 mL recovered at time 0 of 0.25 mL
instilled).

Interaction of AQP1 and sodium channel in
the pleural fluid transport

Terbutaline  After instillation of 500 Osmmol/kg
fluid into the pleural space of the wild-type mice, the
pleural fluid osmolality of terbutaline group was lower
than that of control group in both wild-type and AQP1
null mice (P<0.05, Fig 3).  The result demonstrated
that terbutaline increased the osmotically driven pleural
fluid transport and AQP1 deletion did not affect
terbutaline role on osmotic pleural liquid transport.
Terbutaline facilitated isosmolar fluid clearance in pleu-
ral cavity of these two gene-types mice (P<0.05, Fig 5
and 6).  And fluid absorption in terbutaline group of
wild-type mice was not different from that of AQP1
null mice (P>0.05).  AQP1 deletion did not influence
terbutaline increasing isosmolar pleural fluid clearance.

Amiloride  In both wild-type and AQP1 null mice,
amiloride reduced osmotic pleural liquid transport
(P<0.05, Fig 4).  Therefore, the effect of amiloride on
osmotically driven pleural liquid transport was not af-
fected by AQP1 deletion. Amiloride decreased isosmolar
pleural fluid absorption in these two gene-types mice
(P>0.05, Fig 5 and 6).  AQP1 deletion did not affect
amiloride reducing isosmolar pleural fluid clearance.

DISCUSSION

Aquaporin knockout mice serve as sophisticated
tools to analysis of aquaporin function.  The AQP1 null
mouse thus provided a useful model with which to ex-
amine the role of AQP1 in the various processes asso-

Fig 1.  Osmotically induced water transport across the pleu-
ral barrier in wild-type ( ) and AQP1 null ( ) mice.  Time
course of pleural fluid osmolality.  n=4 mice.  Mean±SD.
cP<0.01 vs wild-type group.

Fig 2.  Isosmolar fluid absorption from the pleural space in
wild-type ( ) and AQP1 null ( ) mice.  Time course of
pleural fluid volume in wild-type and AQP1 null mice.  n=4
mice.  Mean±SD.  aP>0.05 vs wild-type group.

Fig 3.  Osmotically induced water transport across the pleu-

ral barrier in wild-type (control:  , terbutaline: ) and

AQP1 null (control: , terbutaline: ) mice.  Time course

of pleural fluid osmolality .  n=4 mice.  Mean±SD.  bP<0.05

vs control group.
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ciated with pleural fluid balance.  One finding of this

study was that though AQP1 provided a major path-

way for osmotically driven water transport across the

pleural barrier, AQP1 did not appear to play a role in

isosmolar pleural fluid clearance.  Since AQP1 is ex-

pressed primarily in microvascular endothelial cells near

the pleural surface, the reduced osmotic water perme-

ability in AQP1 null mice indicates that the microvascu-

lar endothelium is a principal barrier for osmosis.  The

results here indicate that pleural osmotic water perme-

ability is high and significantly reduced by AQP1 deletion.

Amiloride blocked epithelial sodium channel

(ENaC), Na+/H+ exchanger, Na+-K+-ATPase and Na+-

cotransport in different organs of different animals[14-16].

In rabbit expriments, amiloride decreased net rate of

Na+ and liquid absorption in pleural space[11].  Terbutaline

increased the activity of Na+-K+-ATPase and ENaC by

cAMP [11,12].  Furthermore, terbutaline could increase the

net rate of Na+ and fluid absorption in rabbit pleural

space[18,19], and this effect could be inhibited by amiloride.

It showed that amiloride and terbutaline could modulate

the sodium absorption in rabbit pleural fluid transport

by sodium channel.  Our study suggested that terbutaline

may not only facilitate osmotic fluid entry into the pleu-

ral space, but also increase isosmolar pleural fluid

clearance.  In contrast, amiloride decreased both os-

motic and isosmolar pleural liquid transport.  Further-

more, aqauporin-1 deletion did not affect the function

of terbutaline and amiloride on pleural fluid transport.

The results suggested that the role of sodium channel

on pleural fluid transport could not be influenced by

aquaporin-1 lacking.

Our study showed that AQP1 deletion did not af-

fect clearance of isosmolar fluid in the pleural space.

As Starling forces favor fluid accumulation, it is likely

that the majority of fluid existing in the pleural space

passes through lymphatics located throughout the pari-

etal pleura[19-21].  Thus the expression of AQP1 in pleu-

ral microvasculature does not facilitate pleural fluid

clearance.  Another reason might be due to the slow

fluid clearance rate.  As found in the study of alveolar

Fig 4.  Osmotically induced water transport across the pleu-

ral barrier  in wild-type (control: ,  amiloride: ) and

AQP1 null (control: , amiloride: ) mice.  Time course

of pleural fluid osmolality.  n=4 mice.  Mean±SD.  bP<0.05

vs control group.

Fig 5.  Isosmolar fluid absorption from the pleural space in

wild-type mice (control: , amiloride: , terbutaline: ).

Time course of pleural fluid volume in wild-type and AQP1

null mice.  n=4 mice.  Mean±SD.  bP<0.05 vs  control group.

Fig 6.  Isosmolar fluid absorption from the pleural space in

AQP1 null mice (control: ,  amiloride: ,  terbutaline:

).  Time course of pleural fluid volume in wild-type and

AQP1 null mice.  n=4 mice.  Mean±SD.  bP<0.05 vs control

group.
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fluid clearance, maximum stimulation of alveolar fluid

clearance was not affected by AQP1 deletion, given

much lower fluid transport rate in the lung than that in

the kidney proximal tubes[10].  Though terbutaline could

increase the isosmolar fluid pleural clearance, the fluid

transport rate was till lower compare to osmotic fluid

transport.   Our results showed that terbutaline and

amiloride could affect pleural fluid transport in mice.  It

indicates that sodium channel may play a role in pleural

fluid dynamics.  It is assumed that sodium channel func-

tion might be up-regulated after deletion of AQP1 as an

co mp en sa to ry  mechan i sm,  bu t  f r om t h i s  s t ud y ,

aqauporin-1 deletion did not affect pleural fluid trans-

port in control or treated groups.  As we know, it was

the first time to show the relation between aquaporin-1

and sodium channel in pleural fluid transport.

In summary, aquaporin-1 may play a major role in

osmotic fluid pleural transport, but it does not play an

important role in isosmolar fluid pleural clearance.  Since

AQP1 is expressed in a number of microvascular beds

in pleural space and expressed higher in metastasis tu-

mor tissue[22], maybe it plays a role in the process of

malignant pleural effusion in which pleural capillary is

invaded by tumor cell or other acute pleural filtration

disease in which large amount of accumulation occurs.

Sodium channel activities are associated with osmotic

and isosmolar fluid transport in pleural space.  By in-

creasing or decreasing activities of pleural sodium

channel, the fluid transport rate could be modulated.

The role of sodium channel in pleural fluid transport

may be unaffected by aquaporin-1 deletion.
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