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Parainfluenza viruses are important causes of respi-
ratory disease in both children and adults. In particular,
they are the major cause of the serious childhood illness
croup (laryngotracheobronchitis). The infections pro-
duced by parainfluenza viruses are associated with the
accumulation of ions and fluid in the respiratory tract.
It is not known, however, whether this accumulation is
because of a direct effect of the viruses on ion and fluid
transport by the respiratory epithelium. Here we show
that a model parainfluenza virus (the Sendai virus), in
concentrations observed during respiratory infections,
activates Cl~ secretion and inhibits Na* absorption
across the tracheal epithelium. It does so by binding to a
neuraminidase-insensitive glycolipid, possibly asialo-
GM]1, triggering the release of ATP, which then acts in
an autocrine fashion on apical P2Y receptors to produce
the observed changes in ion transport. These findings
indicate that fluid accumulation in the respiratory tract
associated with parainfluenza virus infection is attrib-
utable, at least in part, to direct effects of the virus on
ion transport by the respiratory epithelium.

The volume of fluid in the respiratory tract is determined by
the balance between the rate of fluid secretion and the rate of
fluid absorption by the respiratory epithelium. The secretion of
fluid is due to the movement of Cl™ into the lumen through
cystic fibrosis transmembrane conductance regulator protein
Cl™ channels and Ca®*-activated Cl~ channels in the apical
membranes of the epithelial cells and is driven by the Na™-K*-
2C1™ cotransporter in their basolateral membranes (1). The
absorption of fluid is because of the movement of Na™ across
the apical membrane through epithelial Na® channels (1-3).
The Na™ is then pumped out of the cytosol across the basolat-
eral membrane by the Na* , K"-ATPase.

Given the importance of ion transport across the respiratory
epithelium in determining the volume of the lung surface fluid,
it is not surprising that disturbances in it lead to pathological
changes in the volume of lung fluid. Hence excessive activity of
epithelial Na™ channels, such as occurs in cystic fibrosis (4),
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leads to dehydration of the respiratory surfaces, whereas re-
duced activity of epithelial Na* channels, such as occurs in
pseudohypoaldosteronism type I, is associated with an increase
in lung surface fluid (3). Similarly, reduced activity of the
epithelial Na™ channels in the respiratory epithelium has been
implicated in the development of high altitude pulmonary
edema (5), neonatal respiratory distress syndrome (6), cardio-
genic pulmonary edema (7), and serous otitis media (8).

Parainfluenza viruses are a major cause of respiratory dis-
ease (9), producing laryngotracheobronchitis (croup) in chil-
dren (10) as well as bronchiolitis and pneumonia in children
(11, 12) and in adults (13). They are disseminated by large
droplet spread and are highly contagious, over 75% of children
are infected by parainfluenza viruses at least once during their
first 5 years of life (9). The infections caused by them are
associated with fluid accumulation in the respiratory tract,
which ranges in severity from rhinitis (9) and serous otitis
media (14) to a life-threatening adult respiratory disease syn-
drome (15). The question thus arises whether parainfluenza
viruses could be directly affecting ion transport by the respira-
tory epithelium. One common respiratory virus, the influenza
virus, has been shown to directly inhibit Na™ absorption by the
respiratory epithelium (16). This inhibition is because of the
binding of the hemagglutinin in the viral coat to a neuramini-
dase-sensitive receptor in the apical membrane of the epithe-
lium and is mediated by activation of phospholipase C3 and
protein kinase C (16). Despite the similarity of their names,
which reflects the similarity of the clinical features they pro-
duce, influenza viruses and parainfluenza viruses are unre-
lated (9). Influenza viruses have a segmented genome and
replicate in the nucleus, whereas the parainfluenza viruses
have a non-segmented genome and replicate in the cytoplasm
(9). Thus it is not possible to assume that parainfluenza viruses
affect epithelial ion transport in the same way as influenza
viruses.

In the present study we performed experiments to determine
whether parainfluenza viruses rapidly alter ion transport by
respiratory epithelia. We found that not only do they inhibit
the absorption of the Na™ by these epithelia, they also activate
epithelial secretion of Cl~. Furthermore, we found that the
mechanism by which parainfluenza viruses alter epithelial ion
transport differs markedly from that used by influenza viruses.

EXPERIMENTAL PROCEDURES

Viruses—Sendai virus, the gift of Dr. A. Miithlbacher (John Curtin
School of Medical Research, Canberra ACT), was grown for 2 days in the
allantoic cavity of 10-day old embryonated eggs from hens. Aliquots of
allantoic fluid containing the virus were stored at 80 °C. The viral stock
solution was titered on monolayers of Madin-Darby canine kidney cells
an.
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Cell Culture—M-1 mouse cortical-collecting duct cells, provided by
Dr. C. Korbmacher (University of Erlangen, Germany), were grown to
confluence for 3 days on permeable supports (Transwell-Coll, Costar,
Cambridge, MA) in Dulbecco’s modified Eagle’s medium/F12 medium
containing 10% fetal calf serum, glutamine (2 mMm), penicillin (100,000
units/liter), streptomycin (100,000 units/liter) and dexamethasone
(0.1 um).

Ussing Chamber Experiments—Quackenbush-Swiss mice were killed
by cervical dislocation. The trachea were then removed, freed of con-
nective tissue, opened longitudinally, and divided into small pieces that
were stored in a chilled solution containing 145 mum NaCl, 3.8 mm KCl,
5 mM D-glucose, 1 mm MgCl,, 5 mM HEPES, 1.3 mM calcium gluconate,
pH 7.4. Each tracheal piece was mounted in an Ussing chamber (18)
having a circular aperture of 0.95 mm? The apical and basolateral
surfaces of the epithelium were perfused continuously with aerated
solutions at a rate of 10—20 ml/min (chamber volume 1 ml) at 37 °C. The
bath solution contained 145 mm NaCl, 0.4 mm KH,PO,, 1.6 mMm
K,HPO,, 5 mM D-glucose, 1 mMm MgCl,, 1.3 mM calcium gluconate, pH
7.4. All experiments were carried out under open circuit conditions. The
transepithelial potential difference (V,.) was recorded relative to the
serosal side, and current was defined as positive when conventional
current flowed in the apical to serosal direction. The transepithelial
resistance (R,.) was determined, and the equivalent short circuit cur-
rent was calculated as described previously (16).

Compounds—3-Isobutyl-1-methylxanthine, forskolin, amiloride, bu-
metanide, UTP, pertussis toxin holoenzyme, pertussis toxin B oligomer,
carbachol, BAPTA-AM,* bisindolylmaleimide I (BIM), hexokinase, and
suramin were all obtained from Sigma. The phospholipase C inhibitors,
U-73122 and edelfosine, the inactive analogue of U-73122, U-73343,
the MAP kinase inhibitors, SB-203580 and U-0126, and the purinergic
receptor antagonist, pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic
acid (PPADS) were all from Calbiochem. 1-Phenyl-2-hexadecanoy-
lamino-3-morpholino-1-propanol (PPMP) was from Adelab Scientific
(Norwood, SA). Neuraminidase was from Roche Applied Science. The
anti-ASGM1 antibody was from Wako (Japan).

Statistics—Results are presented as the means = S.E. (n = number
of tissues tested). Statistical significance was assessed using unpaired
Student’s ¢ tests at a probability level of p < 0.05. Asterisks in figures
indicate statistically significant differences from control.

RESULTS

The Baseline Electrical Properties of Mouse Tracheal Epithe-
lium—The rate at which the tracheal epithelium secretes C1™
ions and absorbs Na™ ions can be measured by determining the
current flow generated by the movement of these ions across
the epithelium. We can do this by measuring the electrical
potential difference across the epithelium (the transepithelial
potential, V) and the change in the transepithelial potential
produced by the passage of a standard test pulse of current. We
can then use Ohm’s Law to estimate the resistance of the
epithelium to the flow of the test pulse of current (the transepi-
thelial resistance, R,,), as well as the current that is required to
generate the observed transepithelial potential (the so-called
short circuit current, I,, = V,/R,.).

To make these measurements, we placed a small piece of
trachea in an Ussing chamber, an organ bath that permits the
luminal and interstitial surfaces of the tissue to be superfused
by separate solutions and the continuous measurement of tran-
sepithelial potential and resistance. Under control conditions,
we found the potential difference across the tracheal epithe-
lium to be —7.3 = 0.6 mV (n = 23), with the lumen being
negative to the interstitium and the electrical resistance of the
epithelium to be 79.4 = 5.2 QO cm? (n = 23). From these meas-
urements we calculated the short circuit current across the
epithelium to be 98.3 = 7.8 uA cm 2 (n = 23). This current flow
was largely because of the transport of Na* through amiloride-

1The abbreviations used are: BAPTA-AM, 1,2-bis(2-aminophe-
noxy)ethane-N,N,N' ,N'-tetraacetic acid tetrakis(acetoxymethyl ester); BIM,
bisindolylmaleimide I; MAP, mitogen-activated protein; PPADS, pyridoxal-
phosphate-6-azophenyl-2',4'-disulfonic acid; PPMP, 1-phenyl-2-hexade-
canoylamino-3-morpholino-1-propanol; pfu, plaque-forming unit; (), ohm;
GM1, GalB1-3GalNAcB1-4(NeubAca2-3)Gal1-4GlcB1-1'Cer.
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sensitive Na™ channels, as the application of amiloride (10 um),
a selective inhibitor of these channels, to the apical surface of
the epithelium reduced the short circuit current by 90.2 + 6.9
wA ecm 2 (n = 23), a 92% reduction.

The Effects of Sendai Virus—Exposure of the apical mem-
brane of mouse tracheal epithelium to the Sendai virus (108
pfu/ml) caused the transepithelial potential and the short
circuit current to become transiently more negative (Fig. 14,
AV,, = —-12*0.2mV,n = 8 Al,, = —43.1 + 9.0 uA cm ?).
This transient occurred within ~1 min of adding the virus to
the epithelium and lasted ~5 min. It could have been due
either to an increase in the rate of Cl™ secretion or to an
increase in the rate of Na™ absorption. We found that it could
not be prevented by inhibiting Na™* absorption by the addition
of 10 uMm amiloride to the apical membrane (data not shown),
and hence could not be attributed to an increase in the rate of
Na™ absorption. It could be inhibited, however, by blocking the
secretion of C1™ by the addition to the basolateral membrane of
100 um bumetanide, an inhibitor of the Na*-K"-2C1~ cotrans-
porter (data not shown). Hence the initial transient stimulation
of the short circuit current was because of an increase in the
rate of Cl™ secretion. We further found that this transient
stimulation of short circuit current required an increase in the
intracellular concentration of Ca?", as it could be prevented by
maneuvers that clamp cytosolic Ca?" at a low level, such as the
removal of extracellular Ca2" or loading the cytosol with the
Ca?" chelator, BAPTA (see Fig. 4). Hence the initial increase in
short circuit current produced by Sendai virus was because of
the activation of Ca?*-activated Cl~ channels in the apical
membrane of the epithelium.

After the epithelium had been exposed to the virus for 1 h
(Fig. 1A), the transepithelial potential had fallen from —5.6 =
0.6 mV (n = 8)to —3.3 = 0.2 mV (n = 8), and the transepithelial
resistance had increased from 49.7 = 5.0 Q ecm? (n = 8) to
67.5 + 8.4 O cm? (n = 8). From these measurements we calcu-
lated that the short circuit current across the epithelium had
declined from —117.7 + 17.1 pAcm 2 (n = 8) to —52.7 = 6.6 A
cm 2 (n = 8). This decrease in current flow during prolonged
exposure to parainfluenza virus was almost entirely because of
a reduction in the rate of amiloride-sensitive Na™ transport
(Fig. 1B). In paired control experiments, the ion transport
activity of the epithelium did not change over this period (Fig.
1B). The addition of allantoic fluid also did not affect the ion
transport activity of the epithelium (data not shown). We fur-
ther found that, as we had previously observed for influenza
virus (16), the action of the Sendai virus on the epithelium was
not prevented by an UV inactivation of the virus. A UV light-
inactivated virus produced an initial transient increase in the
short circuit current of 23.4 = 6.0 uA cm™ 2 (n = 5) and, after
1 h of exposure, reduced the rate of amiloride-sensitive Na™
absorption from —89.4 = 9.3 uAcm 2(n = 5)to —50.1 = 4.2 uA
em 2 (n = 5).

To check whether the Sendai virus exerted a nonspecific
toxic effect, we examined the other parameters of the function
of the tracheal epithelium. In particular, we examined the
effect of the virus on (i) the rate of C1™ secretion by the epithe-
lium in response to an increase in intracellular cyclic AMP
produced by exposure to the activator of the adenylate cyclase
forskolin (18), (ii) the rate of Cl™ secretion in response to an
increase in intracellular Ca®" produced by the muscarinic ag-
onist carbachol (18, 19), and (iii) the rate of electrogenic co-
transport of Na™ and glucose across the epithelium (16, 20). We
found (Fig. 1C) that although exposure to the Sendai virus (10°
pfu/ml) for 1 h reduced the response to 100 um forskolin, it did
not affect the response to 100 um carbachol or the rate of
electrogenic glucose transport. The virus thus appears not to
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A

Fic. 1. Effects of Sendai virus on
ion transport by mouse trachea. A,
original recording of the transepithelial
voltages (V,.) and the effects of amiloride
(A; 10 pum) prior to and following a 1-h
incubation with the Sendai virus (10° pfu/
ml) or with control buffer. The initial
transient increase in transepithelial po-
tential that follows the addition of the
virus is marked by a dagger. The tran-
sepithelial potential (V,,) in the absence
of the test current pulse is marked with
an arrow. B, effects of a 1-h incubation in
Sendai virus or control buffer on amilo-
ride-sensitive short circuit currents (I
amil). C, effects of a 1-h incubation in Sen-
dai virus on the short circuit current
responses (Al,) induced by carbachol
(CCH, 100 um), by a mixture of isobutyl-
methylxanthine (100 uM) and forskolin (2
uM) (cCAMP), or by luminal glucose (5 mm).
D, concentration-response relation for the
initial transient increase in short circuit
current (Initial A, ) produced by the Sen-
dai virus. Initial AI_, was measured as the
difference between the peak I, observed
following the addition of Sendai and the
I, observed immediately prior to its addi-
tion. E, concentration-response relation
for the inhibition of I 4, produced by
incubation in Sendai virus for 1 h. Statis-
tically significant effects are marked with
an asterisk.
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have exerted a nonspecific toxic effect.

Finally, we examined the dependence of the ion transport
effects of the Sendai virus on the concentration of virus bathing
the apical membrane. We found that both the initial transient
stimulation of the short circuit current (Fig. 1D) and the longer
term inhibition of the amiloride-sensitive Na™ absorption (Fig.
1E) were dependent on the viral concentration over the range
10%-108 pfu/ml. By comparison, the levels of the Sendai virus in
the lungs of infected mice reach 7 X 10° pfu/g of wet weight of
lung tissue or higher (21-23).

The Apical Membrane Target for Sendai Virus—We have
previously reported that the effects of the influenza virus on ion
transport in the mouse trachea can be inhibited by the treat-
ment of the apical membrane with neuraminidase (16). In the
present study, however, we found that pre-incubation with
neuraminidase (0.1 and 1 units/ml) for 30 min had no impact on
the actions of the Sendai virus (data not shown). Because
glycolipids have been reported to act as membrane receptors for
Paramyxoviruses, including Sendai (24), we also examined the
possibility that the effects of Sendai virus might be mediated by
a glycolipid. We first examined the effect of blocking glycolipid
synthesis using PPMP, an inhibitor of the enzyme glucosylce-
ramide synthase that requires 24 h or more to be effective (25).
Because we found that the incubation of the excised tracheal
epithelium for 24 h led to an irreversible deterioration of its
ion-transporting function, we performed these studies using
monolayers of the M1 mouse collecting duct cell line, a cell line
that, like the tracheal epithelium, absorbs Na™* through amilo-
ride-sensitive Na* channels (26, 27). Furthermore, M1 cells
respond to Sendai virus in a similar manner to tracheal epi-
thelium, showing an initial transient stimulation in short cir-
cuit current followed by a longer term inhibition in the amilo-
ride-sensitive current (Fig. 2, E and F). We found that pre-
incubation of M1 mouse collecting duct cells in PPMP (20-40
uM) for 24 h almost completely inhibited both the initial tran-
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sient stimulation of short circuit current (Fig. 2F) and the
reduction of the amiloride-sensitive current (Fig. 2E) that fol-
lows the addition of 10° pfu/ml Sendai to the apical bathing
solution. In contrast, the inhibition of the amiloride-sensitive
current produced by the influenza virus in M1 cells was not
affected by pre-incubation in PPMP (data not shown).

We further explored the role of glycolipids in mediating the
effects of the Sendai virus by testing the effect of an antibody
directed against the ganglioside asialoGM1. This ganglioside
has been previously identified as the apical receptor by which
many bacterial pathogens evoke mucus and cytokine produc-
tion by epithelia (28, 29). We found that pre-incubation for 20
min in an anti-asialoGM1 antibody in a dilution of 1 in 100
completely inhibited the effects of the Sendai virus (Fig. 2, A, B,
and D). Interestingly, as reported in other systems (28, 29),
when added to tracheal epithelium at the lower dilution of 1 in
20, the antibody acted as an agonist, evoking a transient stim-
ulation of short circuit current followed by a long term depres-
sion of the amiloride-sensitive Na™ absorption (Fig. 2C).

Sendai Virus Acts by Triggering ATP Release—We next in-
vestigated whether the Sendai virus acted by triggering the
release of ATP, as has been reported following the exposure of
human respiratory cells to Pseudomonas aeruginosa (28). We
found that enzymatic destruction of ATP secreted from the
epithelium by the inclusion in the apical solution of hexokinase
plus glucose (30) completely inhibited the effects of the Sendai
virus (Fig. 3, A-C). Furthermore, the effects of the virus were
inhibited by the purinergic receptor antagonists, suramin, and
PPADS (Fig. 3, C-E).

Given that binding of asialoGM1 had been reported to in-
crease intracellular Ca%" (28, 29), we investigated whether the
actions of the Sendai virus are mediated by changes in intra-
cellular Ca®*. We did this by incubating the epithelium in a low
CaZ* (1 um) solution buffered with 1 mm EGTA (Fig. 4, A and B)
or by pre-incubating the epithelium with the membrane-per-
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Fic. 2. Investigation of the membrane target for the Sendai
virus. A, original recording of the transepithelial voltages (V,.,) in
mouse trachea and effects of amiloride (Amil; 10 uM) prior to and
following a 1-h incubation with the Sendai virus (10° pfu/ml) in the
absence or presence of an ASGM1 antibody (Anti-ASGM1; 1:100 dilu-
tion). B, effects on the amiloride-sensitive short circuit current (Z  ..;1)
of a 1-h incubation in Sendai virus (10° pfu/ml) in the absence or
presence of anti-ASGM1 antibody (1:100). C, effect of 1:100 and 1:20
dilutions of anti-ASGM1 antibody on I 4,,; measured 10—15 min after
adding the antibody. D, impact on the initial transient increase in short
circuit current (Initial Al,,) produced by the Sendai virus (108 pfu/ml) of
exposure to a 1:100 dilution of Anti-ASGM1 antibody. Panel E. The
impact of a 24-h incubation of M1 cells with PPMP (20 um) or with
control solution on the effect on I 4, of a 1-h exposure to Sendai virus
(106 pfu/ml). F, the impact of a 24-h incubation of M1 cells with PPMP
(20 uM) or with control solution on initial AI_, produced by Sendai virus
(10° pfu/ml). Initial AI,, was measured as the difference between the
peak I, observed following the addition of Sendai and the I, observed
immediately prior to its addition. Statistically significant effects are
marked with an asterisk.

meant Ca2?" chelator BAPTA-AM (10 um) for 30 min (Fig. 4, C
and D). We found that both treatments inhibited the initial
transient stimulation of short circuit current produced by the
Sendai virus (Fig. 4, B and D) but did not affect the longer
term inhibition of amiloride-sensitive Na™ absorption (Fig. 4, A
and O).

The findings that the effects of the Sendai virus are mediated
by ATP acting on purinergic receptors and that they are medi-
ated in part by increasing intracellular Ca?" suggested roles
also for phospholipase CB and protein kinase C. Consistent
with this we found that U-73122 (10 uMm; Fig. 5, D and F) and
edelfosine (10 um; data not shown), which are blockers of phos-
pholipase C, inhibited the effects of the virus, whereas the
inactive isomer of U-73122, U-73343 (20 um), was without
effect (data not shown). We also found that an inhibitor of
protein kinase C, BIM I (100 nm), partially inhibited the tran-
sient response to the Sendai virus (Fig. 5F), although it did not
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Fic. 3. The actions of the Sendai virus are mediated by release
of ATP. A, original recording of the transepithelial voltage (V,.) in
mouse trachea and of the effects of amiloride (Am; 10 um) prior to and
following incubation for 1 h with Sendai virus (10° pfu/ml) in the
presence of hexokinase (5 units/ml) plus glucose (15 mm). B-E, effect on
the initial transient stimulation of short circuit current (Initial Al )
and on the inhibition of the amiloride-sensitive short circuit current
(Z4e.Ami) Produced by the Sendai virus under control conditions or in the
presence of hexokinase plus glucose (B and C), suramin (B and D, 100
uM) and PPADS (B and E, 100 uM), respectively. I 4., was measured
1 h after the addition of Sendai virus (10° pfu/ml). Initial A, was
measured as the difference between the peak I . observed following the
addition of Sendai and the I, observed immediately prior to its
addition.

prevent the inhibition of amiloride-sensitive Na™ absorption
(Fig. 5E).

The increased intracellular Ca®* concentration that accom-
panies binding of asialoGM1 has been reported to activate p38
and p42/44 MAP kinases (29, 31). We found, however, that
neither inhibition of p38 MAP kinase with 25 um SB-203580
nor inhibition of p42/44 MAP kinase with 25 um U-0126 inter-
fered with the actions of Sendai virus on ion transport (Fig. 5,
A, B, and F).

Finally, we examined whether a pertussis toxin-sensitive G
protein mediates the effects of the Sendai virus. We performed
these studies in the presence of BIM I, an inhibitor of protein
kinase C, because we have previously found that the B-oli-
gomer of the toxin, which is enzymatically inactive, acts as a
hemagglutinin and inhibits amiloride-sensitive Na™ absorp-
tion in mouse tracheal epithelium as a result of activating
protein kinase C (32). When we added Sendai virus to the
tracheal epithelium that had been pre-treated with pertussis
toxin in the presence of BIM I (100 nm), we found that the
magnitude of the transient stimulation of short circuit current
was not different from that observed in the presence of BIM I
alone (Fig. 5F). This treatment, however, abolished completely
the effects of the Sendai virus on the amiloride-sensitive Na™
absorption (Fig. 5C). Exposure of the epithelium to the isolated
B-oligomer of the toxin in the presence of BIM I was without
effect (data not shown). Thus the action of Sendai virus on the
amiloride-sensitive Na™ absorption would appear to be medi-
ated by a pertussis toxin-sensitive G protein.

The Actions of UTP on the Tracheal Epithelium Have a
Similar Pharmacology to Those of Sendai Virus—As reported
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Fic. 4. Role of Ca®?* in mediating the effects of the Sendai virus
(10° pfu/ml). A and B show the effects of incubation in low (1 uM)
extracellular Ca®" solution on the initial transient increase in short
circuit current (Initial Al ) seen following the addition of the Sendai
virus and on the amiloride-sensitive short circuit current (I ;) meas-
ured 1 h after the addition of Sendai virus. C and D show the effects of
treatment with BAPTA-AM on initial A/, following the addition of
Sendai virus and on the amiloride-sensitive short circuit current
(I ami) measured 1 h after the addition of Sendai virus. Initial Al was
measured as the difference between the peak I observed following the
addition of Sendai and the I, observed immediately prior to its addi-
tion. Statistically significant effects are marked with an asterisk.

above, the effects of Sendai virus on epithelial ion transport are
mediated by the autocrine action of ATP on apical P2Y recep-
tors. Direct activation of these receptors by exogenous nucleo-
tides should therefore reproduce the effects of the virus. We
have previously shown that apical UTP (100 uM) causes a rapid
stimulation of Ca®*-activated Cl~ secretion followed by inhibi-
tion of amiloride-sensitive Na* absorption (32) (Fig. 6, compare
A with B) in the tracheal epithelium. Furthermore, the P2Y
antagonist, suramin, inhibits both the activation of C1~ secre-
tion (data not shown) and the inhibition of the amiloride-
sensitive Na™ absorption (Fig. 6B) produced by UTP. Both
actions of UTP were also blocked by the inhibitor of phospho-
lipase C, U-73122 (32) (Fig. 6B). Finally, UTP shows a similar
divergence in the mechanisms by which it controls C1™ secre-
tion and Na* absorption to what we had observed with Sendai
virus; treatment of the epithelium with the protein kinase C
inhibitor BIM I inhibits the effect of UTP on Cl~ secretion but
leaves the inhibitory effect of UTP on the amiloride-sensitive
Na™ absorption unchanged (32) (Fig. 6B).

DISCUSSION

We have found that the mouse parainfluenza virus I (Sendai
virus) produces rapid changes in ion transport across mouse
tracheal epithelium. We observed these effects at concentra-
tions comparable with those observed in the nasal mucosa and
lungs of animals during experimentally induced infections,
which reach 7 X 10° pfu/g of wet weight of lung tissue and
higher within 3 days of inoculation with the virus (21, 23, 33).
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Fic. 5. Second messengers that mediate the actions of the
Sendai virus. Effects of incubation in Sendai virus (10 pfu/ml) for 1 h
on the amiloride-sensitive short circuit current (I, ,,,;;) in the absence
or presence of U-0126 (A, 25 um), SB-203580 (B, 25 um), PTX (250
ng/ml) together with BIM 1 (C, 0.1 um), U-73122 (D, 10 um) and BIM (E,
0.1 pM). F, summarizes the effects of these agents on the initial tran-
sient increase in short circuit current (Initial Al,,) observed following
the addition of Sendai virus (10° pfu/ml). Initial AI,. was measured
as the difference between the peak I observed following the addition of
the Sendai and the I, observed immediately prior to its addition.
Statistically significant effects are marked with an asterisk.

In addition, the nature of the changes in ion transport ob-
served, viz. an increase in Cl~ secretion together with an inhi-
bition of Na™ absorption, suggests that they may play a signif-
icant role in the fluid accumulation in the respiratory tract that
accompanies parainfluenza infections (9, 23). Because these
effects of Sendai virus were also observed in the M1 collecting
duct cell line, it would seem that they are not mediated by
immune cells in the tracheal mucosa.

The mechanism by which Sendai produces its effects is sum-
marized in Fig. 7. It first binds to a glycolipid, which may be
asialoGM1, although our findings with the anti-sialoGM1 an-
tibody are also consistent with the weak agonist activity of this
antibody having desensitized the glycolipid target for Sendai
virus. The binding of the virus then triggers an ATP release
leading to the autocrine activation of apical P2Y receptors and
activation of phospholipase CB. The pathways that activate C1~
secretion inhibit amiloride-sensitive Na™ absorption then di-
verge. The activation of Cl~ secretion is dependent on an in-
crease in intracellular Ca2" as well as on the activation of
protein kinase C, whereas the inhibition of the amiloride-sen-
sitive Na™ absorption is independent of increases in intracel-
lular Ca2?" and the activity of protein kinase C. It is noteworthy
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Fic. 6. Effects of UTP (100 uM) on ion transport in mouse
trachea. A, original recording of V|, and the effects of amiloride (A, 10
uM) before and after UTP. B, the effects of UTP on the amiloride-
sensitive short circuit current (1, ,,,;;) under control conditions or in the
presence of suramin (100 pm), U-73122 (10 um), and PTX (250 ng/ml)
plus BIM (0.1 uM), respectively. Statistically significant differences
from the control are marked with an asterisk. Statistically significant
differences from UTP are marked with a #.
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Fic. 7. Cell model for the mechanisms by which the Sendai
virus rapidly regulates ion transport in mouse tracheal
epithelium.

that this divergence in the regulation of these two ion transport
processes is also observed when apical P2Y receptors are di-
rectly stimulated by UTP or ATP (this work and Refs. 32
and 34).

The effects of the Sendai virus on epithelial ion transport
differ markedly from those of influenza viruses (i) Sendai virus
acts via a neuraminidase-insensitive glycolipid, whereas the
influenza receptor is neuraminidase-sensitive (16); (i) Sendai
virus produces an initial transient stimulation of C1™ secretion,
whereas influenza does not (16); and (iii) although both viruses
inhibit the amiloride-sensitive Na™ absorption, Sendai virus
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does so via a pertussis toxin-sensitive G protein, whereas in-
fluenza does so via a pertussis toxin-insensitive G protein and
protein kinase C (16). The ability of the Sendai virus to evoke
Cl™ secretion is reminiscent, however, of the ability of rotavi-
ruses to trigger Cl~ secretion by the intestinal epithelium. This
action of rotaviruses is apparently because of a viral non-
structural protein, NSP4, activating phospholipase CB, which
then increases intracellular Ca?" and triggers C1~ secretion by
intestinal villus cells (35-37). It is not known whether ATP
release mediates these actions of NSP4, although the present
findings suggest that this possibility should be considered.

The present findings also need to be considered in the light of
the recent report that respiratory syncytial virus infections
inhibit the rate of fluid clearance from the airways (38). In their
studies, Davis and colleagues (38) showed that 3 days after the
infection of mice with respiratory syncytial virus there was a
marked inhibition in the rate of clearance of a standardized
volume of fluid instilled into the lungs through the trachea.
This inhibition was accompanied by a decline in the amiloride-
sensitive component of the fluid clearance and was apparently
mediated by the secretion of UTP from the respiratory mucosa.
From these studies, it was not possible to determine whether
these effects were the direct result of the contact of the virus
with the epithelium or the consequence of an immune response
to the infection. The findings in the present study, however,
suggest that they are likely to be because of a direct interaction
between the viral particles and the epithelium.

The phenomenon that most closely resembles the action of
the Sendai virus on epithelial transport is the stimulation of
epithelial cytokine and mucus production by exposure to
P. aeruginosa and Staphylococcus aureus. These bacteria trig-
ger mucus and interleukin production by binding apical asia-
loglycolipids, leading to the release of ATP, autocrine activa-
tion of purinergic receptors, and increased intracellular Ca®*
(28, 29). Taking these reports together with our present finding
that the Sendai virus modulates epithelial ion transport we
propose that altered epithelial ion transport and the production
of mucus and cytokines are all part of a stereotypic response of
airway epithelia to contact with pathogens. In this response, an
increase in the volume of fluid bathing the surface of the
epithelium hydrates the increased amounts of mucus being
secreted and leads to an increase in the rate of mucus clearance
so as to facilitate transport of the pathogens out of the lung
(39). The possibility that the acute changes in electrolyte trans-
port we have observed form part of a stereotyped epithelial
response to pathogens is supported by reports that both
P. aeruginosa and Klebsiella pneumoniae inhibit Na™* transport
by the respiratory epithelium (40—43). A further implication of
our findings is that the release of ATP from epithelia, which
has been considered to be an epithelial response to mechanical
stimuli (44), may also play a critical role in coordinating epi-
thelial responses to pathogens.

REFERENCES

1. Tarran, R., Grubb, B. R., Parsons, D., Picher, M., Hirsh, A. J., Davis, C. W., and
Boucher, R. C. (2001) Mol. Cell 8, 149-158

2. Hummler, E., Barker, P., Gatzy, J., Beermann, F., Verdumo, C., Schmidt, A.,
Boucher, R., and Rossier, B. C. (1996) Nat. Genet. 12, 325-328

3. Kerem, E., Bistritzer, T., Hanukoglu, A., Hofmann, T., Zhou, Z., Bennett, W.,
MacLaughlin, E., Barker, P., Nash, M., Quittell, L., Boucher, R., and
Knowles, M. R. (1999) N. Engl. J. Med. 341, 156-162

4. Mall, M., Grubb, B. R., Harkema, J. R., O'Neill, W. K., and Boucher, R. C.
(2004) Nat. Med. 10, 487-493

5. Scherrer, U., Sartori, C., Lepori, M., Alleman, Y., Duplain, H., Trueb, L., and
Nicod, P. (1999) Adv. Exp. Med. Biol. 474, 93-107

6. Barker, P. M., Gowen, C. W., Lawson, E. E., and Knowles, M. R. (1997)
J. Pediatr. 130, 373-377

7. Azzam, Z. S., Saldias, F. J., Comellas, A., Ridge, K. M., Rutschman, D. H., and
Sznajder, J. 1. (2001) J. Appl. Physiol. 90, 1088-1094

8. Portier, F., van den Abbeele, T., Lecain, E., Sauvaget, E., Escoubet, B., Huy,
P. T., and Herman, P. (1999) Am. J. Physiol. 276, C312-C317

9. Chanock, R. M., Murphy, B. R., and Collins, P. L. (2001) in Fields Virology



48766

10.
11.
12.

13.

14.
15.
16.

17.
18.

19.
20.
21.
22.
23.
24.
25.

26.

(Knipe, D. M., and Howley, P. M., eds) Vol. 1, pp. 1341-1379, Lippincott-
Raven, Philadelphia

Marx, A., Torok, T. J., Hohman, R. C., Clarke, M. J., and Anderson, L. J. (1997)
J. Infect. Dis. 176, 1423-1427

Henrickson, K. J., Kuhn, S. M., and Savatski, L. L. (1994) Clin. Infect. Dis. 18,
770-779

Counihan, M. E., Shay, D. K., Holman, R. C., Lowther, S. A., and Anderson,
L. J. (2001) Pediatr. Infect. Dis. J. 20, 646—653

Marx, A., Gary, H. E., Marston, B. J., Erdman, D. D., Breiman, R. F., Torok,
T. J., Plouffe, J. F., File, T. M., and Anderson, L. J. (1999) Clin. Infect. Dis.
29, 134-140

Heikkinen, T., Thint, M., and Chonmaitree, T. (1999) N. Engl. J. Med. 340,
260-264

Hotez, P. J., Goldstein, B., Ziegler, J., Doveikis, S. A., and Pasterrnack, M. S.
(1990) Pediatr. Infect. Dis. J. 9, 750-752

Kunzelmann, K., Beesley, A. H., King, N. J., Karupiah, G., Young, J. A, and
Cook, D. I. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 10282-10287

Fazekas de St. Groth, S., and Webster, R. G. (1966) JJ. Exp. Med. 124, 347-361

Mall, M., Bleich, M., Greger, R., Schreiber, R., and Kunzelmann, K. (1998)
J. Clin. Investig. 102, 15-21

Boucher, R. C., and Gatzy, J. T. (1982) J. Appl. Physiol. 52, 893-901

Joris, L., and Quinton, P. M. (1991) Am. J. Physiol. 260, L510-L515

Ogasawara, T., Emoto, M., Kiyotani, K., Shimokata, K., Yoshida, T., Nagai, Y.,
and Yoshikai, Y. (1994) J. Virol. 68, 4022-4027

Pena-Cruz, V., Bronson, R. T., Reiss, C. S., and McIntosh, K. (1992) J. Infect.
Dis. 165, 846-851

Robinson, T. W. E., Cureton, R. J. R., and Heath, R. B. (1968) J. Med.
Microbiol. 1, 89-95

Suzuki, T., Portner, A., Scroggs, R. A., Uchikawa, M., Koyama, N., Matsuo, K.,
Suzuki, Y., and Takimoto, T. (2001) J. Virol. 75, 4604—4613

Barbour, S., Edidin, M., Felding-Habermann, B., Taylor-Norton, J., Radin,
N. S., and Fenderson, B. A. (1992) J. Cell. Physiol. 150, 610—619

Letz, B., Ackermann, A., Canessa, C. M., Rossier, B. C., and Korbmacher, C.
(1995) J. Membr. Biol. 148, 127-141

27.

28.

29.

30.

31

32.

33.
34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

Effects of Sendai Virus on Ion Transport

Cuffe, J. E., Bielfield-Ackermann, A., Thomas, J., Leipziger, J., and Korbma-
cher, C. (2000) <J. Physiol. (Lond.) 524, 77-90

McNamara, N., Khong, A., McKemy, D., Caterina, M., Boyer, J., Julius, D.,
and Basbaum, C. (2001) Proc. Natl. Acad. Sci. U. S. A. 98, 9086-9091

Ratner, A. J., Bryan, R., Weber, A, Nguyen, S., Barnes, D., Pitt, A., Gelber, S.,
Cheung, A., and Prince, A. (2001) J. Biol. Chem. 276, 19267-19275

Filippini, A., Taffs, R. E., and Sitkovsky, M. V. (1990) Proc. Natl. Acad. Sci.
U. S. A. 87, 8267-8271

Wang, B., Lim, D. J., Han, J., Kim, Y. S., Basbaum, C. B., and Li, J. D. (2001)
oJ. Biol. Chem. 277, 949-957

Kunzelmann, K., Schreiber, R., and Cook, D. 1. (2002) Pfluegers Arch. Eur. J.
Physiol. 444, 220-226

Prince, G. A., Ottolini, M. G., and Moscona, A. (2001) J. Virol. 75, 1244612451

Mall, M., Wissner, A., Kiihr, J., Gonska, T., Brandis, M., and Kumzelmann, K.
(2000) Am. oJ. Respir. Cell Mol. Biol. 23, 755-761

Ball, J. M., Tian, P., Zeng, C. Q., Morris, A. P., and Estes, M. K. (1996) Science
272, 101-104

Cook, D. I, and Young, J. A. (2002) Pfluegers Arch. Eur. J. Physiol. 443,
339-343

Morris, A. P., and Estes, M. K. (2001) Am. J. Physiol. 281, G303-G310

Davis, I. C., Sullender, W. M., Hickman-Davis, J. M., Lindsay, J. R., and
Matalon, S. (2004) Am. oJ. Physiol. 286, L112-1L120

Knowles, M. R., and Boucher, R. C. (2002) «J. Clin. Investig. 109, 571-577

Evans, D. J., Matsumoto, P. S., Widdicombe, J. H., Li-Yun, C., Maminishkis,
A. A., and Miller, S. S. (1998) Am. J. Physiol. 275, C1284-C1290

Stutts, M. J., Schwab, J. H., Chen, M. G., Knowles, M. R., and Boucher, R. C.
(1986) Am. Rev. Respir. Dis. 134, 17-21

Graham, A., Steel, D. M., Wilson, R., Cole, P. J., Alton, E. W., and Geddes,
D. M. (1993) Exp. Lung Res. 19, 77-89

Tamaoki, J., Sakai, N., Isono, K., Kanemura, T., Takeyama, K., and Takizawa,
T. (1991) Infect. Immun. 59, 716-717

Homolya, L., Steinberg, T. H., and Boucher, R. C. (2000) J. Cell Biol. 150,
1015-1017



	Acute Effects of Parainfluenza Virus on Epithelial Electrolyte Transport*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


