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Abstract. An amiloride-sensitive, Cd-activated nonse- Key words: Single channel current — Nonselective cat-
lective cation (NSC) channel in the apical membrane ofion channel —3 adrenergic agonist — Terbutaline —
fetal rat alveolar epithelium plays an important role in Amiloride — Alveolar type Il cells
stimulation of N& transport by a beta adrenergic agonist
(beta agonist). We studied whether’Chas an essential
role in the stimulation of the NSC channel by beta ago-Introduction
nists. In cell-attached patches formed on the epithelium,
terbutaline, a beta agonist, increased the open probabilityhe fetal lung epithelium is well recognized to secrete
(P,) of the NSC channel to 0.62 + 0.07 from 0.03 + 0.01 fluid into the lung’s lumen throughout gestation [9], and
(mean £sg n = 8) 30 min after application of terbuta- the fetal lung fluid essentially plays an important role in
line in a solution containing 1 m C&*. The P, of the  development, differentiation and growth of the fetal
terbutaline-stimulated NSC channel was diminished inlung. However, this fluid must be cleared from alveolar
the absence of extracellular €40 0.26 + 0.05 = 8).  air spaces immediately after birth to allow normal gas
The cytosolic C&" concentration ([C&].) in the pres- exchange. Beta-adrenergic stimulation of the alveolar
ence and absence of extracellulafOaas, respectively, epithelium enhances fluid clearance at birth [1] by acti-
100+ 6 and 20 = 2m (n = 7) 30 min after application vating amiloride-sensitive Naabsorption [31-33] through
of terbutaline. The cytosolic Ctoncentration ([CT]) in  amiloride-sensitive Napermeable nonselective cation
the presence and absence of extracellulsr @as, re- (NSC) channels [9, 14, 25, 37] which might be a member
spectively, ® + 1 and 40 £ 2 mu (n = 7) 30 min after  of the epithelial Na channel (ENaC) family that has first
application of terbutaline. The diminution of [€3,  been cloned from rat colon [2, 3, 6].
from 100 to 20 m itself had no significant effects on the Fetal rat alveolar epithelium has two types ofGa
P, if the [CI"], was reduced to 20 m the P, was 0.58  activated, amiloride-blockable Ngermeable channels;
+0.10 at 100 m [C&?*].and 0.55 + 0.09 at 20m[Ca®*],  one is an NSC channel with a single channel conduc-
(n = 8) with 20 mm [CI7],. in inside-out patches. On the tance of 28 pS, and the other is a*Nehannel with a
other hand, th@, (0.28 + 0.10) at 20m [Ca**].with 40  single channel conductance of 12 pS [10]. However,
mm [CI7],; was significantly lower than that (0.58 + 0.10; beta-adrenergic agonists stimulate only the NSC channel
P <0.01;n = 8) at 100 m [C&®*]. with 20 mm [CI7],,  implying that the amiloride-sensitive Nabsorption oc-
suggesting that reduction of [} is an important factor curs through activation of the NSC channel [11, 13, 23]
stimulating the NSC channel. These observations indiwhich plays an essential role in cellular regulation (e.g.,
cate that the extracellular €aplays an important role in  [8, 17, 19]). Our previous studies [20, 29, 37] indicate
the stimulatory action of beta agonist on the NSC chanthat: (i) cytosolic C&" and a beta-adrenergic agonist
nel via reduction of [Cl]... (beta agonist) increase the open probabilRy) (of the
NSC channel, and (ii) a beta agonist biphasically elevates
the cytosolic C&" concentration ([C&].); i.e., a tran-
- sient followed by a sustained increase. However, the re-
Correspondence toY. Marunaka lationship between the stimulation of the NSC channel
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by beta agonists and €ais still unknown. The C& lial cells (1 x 16 cells/cn?) onto translucent porous Nunc filter inserts
plays an important role in ion transport in fetal rat al- (Nunc Tissue Culture Inserts, Nunc, Roskilde, Denmark). All cells
veolar epithelium [14, 15] similar to other tissues (e.g were grown in MEM with 10% fetal bovine serum (Gibco, Grand

. . Island, NY) and penicillin-streptomycin at 37°C in a humidified 95%
[7' 21, 36])' Therefore, the elevation of [e'h? IS con- air/5% CQ, environment. We subsequently used these epithelia 2 or 3

sidered to be essentially important for the beta-agonisfays after seeding under confluent conditions for experiments.
stimulation of the NSC channel that is activated by cy-
tosolic C&*. However, we have no direct evidence that

the beta-agonist-induced sustained elevation of{[cés ~ APPLICATION OF TERBUTALINE

essemla”y reqUIred for the StImUIatory action on theWe applied 1Qum terbutaline from the basolateral side. In experiments
NSC Channel'_ In_the present S_tUdy' we d_emonStrate th%tsing the cell-attached configuration, we recorded channel activity (the
the beta agonist-induced sustained elevation of lcés open probability) from the same patch before and 30 min after appli-
required for induction of a decrease in the cytosolic Cl cation of terbutaline while maintaining the patch. In the excised inside-
concentration ([Cl],) and the stimulatory action of beta out patch configuration for single channel current recording from the
agonists on the NSC channel is mediated through thigerbutaline-stimulated cell, we applied the following protocol; (i) first
decrease in [C] ) we made cell-attached patches, (ii) we then appliegutCterbutaline

¢ to cells while keeping cell-attached patches, and (iii) 30 min after
application of terbutaline, we made inside-out patches.

Materials and Methods

SINGLE CHANNEL RECORDINGS AND DATA ANALYSIS
SOLUTIONS AND CHEMICALS We performed single channel recordings and data analysis using the

. . . . . ame methods as we have previously reported [16, 25, 27, 37]. We
In the cell-attached configuration the bathing and pipette solutions usegl,

S
. . . easured single channel currents at 28-30°C from cell-attached or
in the present study contained ('"_"'m 14_0 NaCl, 5KCI, 1 Ca}(.‘zl 1_ inside-out patches, digitized current signals at a sampling rate of 5,000
MgCl, and 10 N-2-hydroxy-ethylpiperazine-2-ethanesulfonic acid

. e . - . Hz, and analyzed the data with a 2,000-Hz low-pass Gaussian filter. To
(HEPES) (pH 7.4). In the excised inside-out configuration the pipette

] . ; present the actual traces, we used a 500-Hz low-pass filter with a
solutlo_n contained (|_n _m): 145 _NaCI, 1 ng and 10 HEPES (pH software Gaussian filter.
7.4) with (C&*-containing solution) or without (Ca-free solution) 1
CacCl,, and the bathing solution contained (invin 145 K", 1 MgCl,
and 10 HEPES with various €aand CI' concentrations (pH 7.4). To OPEN PROBABILITY (po) OF A SINGLE CHANNEL
change the Clconcentration ([Cl].), CI” was replaced with gluconate.
The C&" (free calcium) concentration was adjusted using known gacCl Channel activity is expressed as open probabily) (@s previously
and EGTA (10 nw as pure EGTA) concentrations, calculated using reported [10, 12].
pKq values of 10.86 for EGTA and 5.25 for HEGTA", and we
finally determined the free calcium concentration in the solution using N
the C&*-sensitive fluorescent dye, fura 2 (Empix Imaging Incorpora- E (i-T)
tion, Mississauga, Ontario, Canada) with a computer program, Image—]D :E @
(Universal Imaging, West Chester, PA) [4]. All chemicals were pur- ° N T
chased from Sigma (St. Louis, MO) unless otherwise indicated.
whereN is the maximum number of the channels being simultaneously
open observed in a patchis the number of the channels being simul-
CeLL CULTURE taneously openT, is the time of just channels being simultaneously
open andT, is the total recording time. Also, as previously reported
We isolated fetal rat type Il pneumocytes from the fetuses of pregnanf10], the channels studied in the present report were activated by cy-
Wistar rats whose gestational ages were 20 days (term, 22 days) [249solic C&*. Even if theP, of an unstimulated patch was small, we
25]. We completely anesthetized the rat with inhalational ether (over-could estimate the number of the channels per patch by making an
dose) for 15 min. Then we determined that there was no response tmside-out patch with the cytosolic surface of the channel exposed to a
tactile stimulus, that respiration had ceased, and that there was nbigh C&" concentration (10 m) leading to highP,; and then either a
heartbeat. After confirming by these criteria that the rat had been suclow C&* concentration (1m) or a high CI' concentration (140 m) to
cessfully euthanized, we removed the fetuses from the uterus. Undgproduce a very lowP,. Such treatments allowed us to observe both
these conditions, the fetuses were also euthanized; namely, no respongeents with all channels open and all channels closed, so we could
to stimuli, no breathing, and no heartbeat were observed. We harvesteatcurately determine the actual number of channels in a patch. Further,
distal lung epithelial cells from the fetuses, which were grown in pri- our estimate of the number of channels per patch membrane could be
mary culture according to the methods previously described [10, 15]. Irstatistically substantiated at the 95% confidence level using methods
brief, we minced fetal rat excised lungs into 1 rhpieces, incubated we have previously described [12, 18].
the lung fragments at 37°C with 0.125% trypsin and 0.002% DNase.
Dissociated cells were then passed through a Nitex 100 mesh filter (B.
and S.H. Thompson, Scarborough, Ontario, Canada). We then incul HE RELATIONSHIP BETWEEN THE OPEN PROBABILITY
bated the cells with 0.1% collagenase and purified the cells usingAND CyTosoLic C&€" CONCENTRATION ([Ca®],)
differential adhesion techniques. The majority of these cells are known
to have morphologic and biochemical characteristics of type Il alveolarAs we previously reported, the NSC channel has or&-BGimding site
epithelial cells [34, 35]. We immediately seeded the harvested epithef14].
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P activated the NSC channel, irrespective of the presence
Po= Kica, , @ of extracellular C&" (seeFigs. 1A, Band 2). Unlike the
1+[Ca2+] channel activity under the basal condition, thgof the

terbutaline-stimulated channel was diminished by ab-
where P7 is the maximal value of, and K., is the [C&"], sence of extra_cellular G4 (Figs. B an_d 2). The ampli-
required for a half ofP™ Therefore, we obtained the relationship tude of the single channel current in the presence of
between the open probabilit) and [C&]. by fitting the datato the  extracellular C&" (Caf* (+) in Fig. 1B) was smaller than
following equation using a nonlinear least squares fitting algorithm. that in the absence of extracelIularz(EQCa2+ (=) in Fig.
1B). The activity @,) of the NSC channel was higher in
the presence of extracellular €athan that in the ab-
sence of extracellular Ga(Fig. 2). This higher activity
of the channel would cause more depolarization of the
. : L
As previously described [37], the cytosolictand CI concentrations apical me_‘mbrane in the presence of extracellulafCa
were measured by a cell imaging system (Empix Imaging, Mississaugat,han that in the absence of extracellularCahe larger
Ontario, Canada) using the Casensitive dye, fura 2, and the €l depolarization of the apical membrane would induce a
sensitive dye, 6-methoxy-(3-sulfopropyl)quinolium (SPQ), respec- smaller driving force for the inward current through the
tively. NSC channel in the presence of extracellulaf'Chan
that in the absence of extracellular aThe smaller
driving force would be a reason why the amplitude of the
inward current through the NSC channel was smaller in
The present study complied with the principles and guidelines of thethe presence of extracellular Cathan that_ in the ab-
Canadian Council on Animal Care and it had institutional ethical ap-S€Nce of extracellular Ca These observations suggest
proval (Hospital for Sick Children Research Institute). that; (i) extracellular C& has no effects on th, of the
unstimulated NSC channel, and (ii) absence of extracel-
lular C&* diminished the stimulatory action of terbuta-
STATISTICAL ANALYSES line on the NSC channel.

MEASUREMENT OF CYTosoLic C&*+ AND
Cl™ CONCENTRATIONS

ETtHicaL APPROVAL OF ANIMAL CARE

Results are presented as meagetStatistical significance was tested
with Student's-test or ANOVA as appropriate. Rvalue of <0.05was  ROLES OF EXTRACELLULAR C&" IN REGULATION OF THE
considered significant. CyTosoLic Ca* CONCENTRATION ([Ca?"],)

The NSC channel is activated by cytosolic?C#14].
Therefore, we studied roles of extracellularCa regu-
lation of the [C&"].. to investigate whether diminution of
terbutaline action by absence of extracellulaf Qs me-
diated through a decrease in fCh. First, we studied the
effect of absence of extracellular €aon the [C&"]... In
the presence of extracellular €aterbutaline elevated a
transient increase in [¢§.. followed by a sustained one

The apical membrane of fetal rat alveolar pneumocyteéCaz (+) in Fig. 3A). In a C&"-free solution, terbutaline

has an NSC channel with a single channel Conductancgnly elicited a transient increase in [} without a

of 28 pS [14]. Figure 1 shows traces of single channeISUStalned one (C&(-) in Fig. 34). Figure B shows the

currents through the NSC channel obtained from ceII—StatIStlcaI value of [C&]. before (Base) and 30 min

. . Terbutaline) after application of terbutaline in the pres-
attached patches at no applied potential before (FAg. 1 ( LT . )
120 sec-tfaces in A-a b a?npd 4 sgc-traces inf Ao E’:md ence (open bars in Fig.B3 and absence (filled bars in

30 min after (Fig. B: 120 sec-traces in B-a, b and 4 Fig. 3B) of extracellular C&". Absence of extracellular

- , i
sec-traces in B-‘ab’) application of 10um terbutaline Ca" lowered the sustained level of [C}; in terbuta-

while the patch was maintained in the presence and a jine-stimulated cellsR < 0.001;seeopen and filled bars

sence of 1 m extracellular C&". Under the basal con- Terbutaline in Fig. B).

dition, the open probabilityR,) of the NSC channel was

very low (Figs. A and 2). In a C&'-free solution, thé®,  ROLES OF EXTRACELLULAR C&" IN REGULATION OF THE

of the NSC channel under the basal condition was smalCytosoLic CI~ ConceNTRATION ([Cl7],)

and identical to that in a G&containing solution (C&

(+)/(-) in Fig. 1A). This means that extracellular €a As reported in our previous studies [14, 37], terbutaline
has no significant effects on the, of the NSC channel decreases [C]., and this reduction in [C]. is one of the
under the basal condition. Terbutaline, a beta agonistfactors activating the NSC channel. Therefore, we stud-

Results

SINGLE CHANNEL CURRENTS OFNONSELECTIVE CATION
(NSC) GHANNEL BEFORE AND AFTER APPLICATION OF
TERBUTALINE IN THE PRESENCE ANDABSENCE OF
EXTRACELLULAR C&™*
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Fig. 1. Actual traces of single channel currents obtained from cell-attached patches formed on the apical membrane of fetal rat lung alveol
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epithelium cultured on a permeable support befgkeRase) and 30 min afteiB( Terbutaline) basolateral application of 101 terbutaline, a
beta-adrenergic agonist, at no applied potential inM @&*-containing [C&" (+)] and C&*-free [C&" (-)] solutions. The current level with no

channels open in a patch is marked with a horizontal dash and “C” next to each trace. Downward deflections are inward currents across the pe
membrane (current from pipette to cell). The time scale bar indicates 30 sec in the traces of single channel currents in A-a, A-b, B-a and B-b, &
a part of each trace marked with a horizontal bar under each trace (A-a, A-b, B-a and B-b) is expanded in time with the time scale bar of 1 sec

A-a’, A-b’, B-a and B-b.

ied roles of extracellular G4 in regulation of [CT]..

above (Fig. 4), extracellular G4 affected the [C&].

Figure 4A shows a typical time course of terbutaline and [CI], in terbutaline-stimulated cells: (i) the [E3.
action on [CT]. in the presence and absence of extracelwas 100 and 20m in the presence and absence of ex-
lular C&*. In a C&*-containing solution, terbutaline de- tracellular C&", respectively §eeFig. 3B); (ii) the [CI7],

creased the [C]. (open circles in Fig. A). On the other

was 20 and 40 m in the presence and absence of ex-

hand, in a C&'-free solution, terbutaline elicited a bi- tracellular C&*, respectively §eeFig. 4B). Namely, ab-
phasic decrease in [Q|; i.e., a transient decrease fol- sence of extracellular G4 caused the low [Cd]. and

lowed by a sustained one in [Q} (closed squares in Fig.

high [CIT]. in terbutaline-stimulated cells. Both low

4A). Although terbutaline induced a sustained decreasgCa®"]. and high [CT]. have the possibility to diminish

in [CI7]. 30 min after its application in G&-containing

and -free solutions, the sustained level in a*Ga
containing solution was lower than that in a“Géree

solution (Fig. 4). The statistical results of the [Q], are

shown in Fig. 8. The basal [Cl]. was not significantly
affected by the absence of extracellular’Gavhile in

terbutaline-stimulated cells the [Q) was kept at a
higher level in the absence of extracellulaPC&rerbu-

taline in Fig. 8B).

WHICH CHANGE IN [C&?"], OR [Cl7]. DIMINISHES THE
TERBUTALINE ACTION ON P,?

Absence of extracellular Gadiminished the stimulatory

the P, of the terbutaline-stimulated NSC channel [14,
37]. Therefore, it was still unclear which change in
[C&a?"].. or [CIT]. diminishes the terbutaline action &.

To clarify this point, we measured th®, of the channel

in inside-out patches in the bathing (cytosolic) solutions
containing various concentrations of Cand CI. The

P, of the terbutaline-stimulated channel in inside-out
patches with 20 or 40 m[Cl ], is plotted against [CA] .
(Fig. BA). TheP, in 20 mm [CI7], was larger than that in
40 mm [CI7].. at all tested [C&], (Fig. 54). This means
that the channel is more sensitive to cytosoli¢Ua its
activity at a lower [CI].. To study which change in
[Ca®*]. or [CI]. essentially diminishes the action of ter-
butaline orP,, we compared th, at 20 m [Ca?"], with

action of terbutaline on the NSC channel. As shownthat at 100 m [C&®*]. when the [CT], was kept 20 m.
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Fig. 2. The open probability B,) of the basal and terbutaline-
stimulated NSC channels in 1MnC&*-containing [C&" (+)] and

Ca*-free [C&* (-)] solutions. Under the basal condition, absence of

extracellular C&" had no significant effects on the,. Terbutaline
increased th@, of the NSC channel that was measured 30 min after T€rbutaline induced a biphasic increase in the’[Ta
basolateral application of 10m terbutaline. Thé>, of the terbutaline-
stimulated channel was diminished by absence of extracellufir Ga

= 8.

Namely, this condition means a case that the absence
extracellular C&" caused just a decrease in fCa with-
out any effects on the decrease in Tl Lowering
[Ca?"], from 100 to 20 m had no significant effects on
the P, when the [CT]. was kept at 20 m (seethe open
bars at 100 and 20mM[C&?"],. in Fig. 5B). On the other
hand, even if the [CH], was kept high (100m), the P,
was diminished as the [l was kept high (i.e., 40 mm;
seethe open and filled bars at 100Ca?*] in Fig. 5B).

In intact cells, this high level of [C]. was observed
when the extracellular Gawas absentsgeFig. 4). Fur-
ther, the diminution oP, caused by keeping [C], high
was more obviously observed at 20 fCa?"].. (seethe
open and closed bars at 2@ fiCa”*].. in Fig. 5B). These
observations suggest that the absence of extracelluldates a K efflux by activating a quinine-sensitive 'K
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Cé&* diminishes the NSC channel activity by keeping the
[CI7]. at a higher level, but not directly by decreasing the
[C&a®"].. in the terbutaline-stimulated cell.

Discussion

In the present study, we report that the role of extracel-
lular C&™ in the beta agonist-stimulated NSC channel in
fetal rat alveolar cells is to decrease the|Clvhich has
inhibitory action on the NSC channel.

MECHANISMS OF ELEVATION OF [Ca?*], BY TERBUTALINE
AND THE ROLE OF EXTRACELLULAR C&* IN ELEVATION
oF [Ca®*].

i.e., atransient increase followed by a sustained one (Fig.
3). The sustained one was abolished by the absence of
extracellular [C&"].. As we previously reported [29], the
sustained one is due to a €anflux from the extracel-
Il#Iar space in a cAMP-dependent pathway. On the other
%and, the transient one is due to a release &f @am
cytosolic store sites in a cAMP-independent pathway
[29]. Detail mechanisms of the cAMP-independent path-
way are still unknown.

MECHANISMS OF CHANGES IN [CI7]. BY TERBUTALINE
AND THE ROLE OF EXTRACELLULAR C&* IN THE CHANGE
ofF [CI7].

Terbutaline induced a decrease in the J[C(Fig. 4). This
decrease is due to the terbutaline-induced cell shrinkage
as we previously reported [13, 22, 23]; i.e., (i) terbutaline
increases the [C4]; (i) the elevation of [C&"]. stimu-

Fig. 3. Effects of terbutaline on [(4], and the

role of extracellular C& in the action of

terbutaline. A) Typical time courses of changes in

[Ca®"]. caused by terbutaline in the presence and
!_I_ absence of extracellular €a Terbutaline induced
a biphasic increase in [€§,; a transient followed
by a sustained increase in the presence ofML m
extracellular C&" [Ca®* (+)]. On the other hand,
terbutaline only induced a transient increase in
[Ca?*]. without a sustained one in the absence of
extracellular C&" [Ca®* (-)]. (B) Statistical results
of the [C&"]. under the basal and
terbutaline-stimulated conditions in the presence
and absence of 1 mextracellular C&". The

120 4 Oca® )
. Ca® (-)
100 -
80
60
40 -
20 -
(]
Base

[Ca®*].. under the terbutaline-stimulated condition
Terbutaline was measured at 30 min after basolateral
application of 10um terbutaline. Under the basal

condition, absence of extracellular ¥ alecreased the [, (seethe open and filled bars in Bask;< 0.005;n = 7). Terbutaline increased
the [C&"], in the presence of extracellular €aseethe open bars in Base and Terbutalifes 0.001;n = 7), while in the absence of
extracellular C&" terbutaline did not affect the [€4, (seethe filled bars in Base and Terbutaline; not significamt= 7).
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A B O3 ca (+) Fig. 4. Effects of terbutaline on [C]. and the role
W Ca” (-) of extracellular C&" in the action of terbutaline.
p<0.0001 P <0.0001 (A) Typical time courses of changes in [l
caused by terbutaline in the presence (open circles)
50 ~ 50 - and absence (closed squares) of extracelluld’.Ca
ca® (-) Terbutaline decreased the [§lin the presence of
40 4 1 mm extracellular C&" [Ca®* (+)]. On the other
hand, terbutaline induced a transient decrease in
30 - [CI7]. with a sustained but smaller one in the
absence of extracellular €a[Ca?* (-)] than that
in the presence of 1 mextracellular C&" [Ca®*
(+)]. (B) Statistical results of the [C]. under the
basal and terbutaline-stimulated conditions in the
10 1 presence and absence of Mraxtracellular C&'".
The [CI]; under the terbutaline-stimulated
0 condition was measured at 30 min after basolateral
Time (min) Base Terbutaline application of 10um terbutaline. Extracellular
Ca&" had no significant effects on the [Q] under the basal conditiorsgethe open and filled bars in Base; not significamt= 7).
Terbutaline decreased the [§lin the presence of extracellular €gseethe open bars in Base and Terbutalifes 0.0001;n = 7).
However, the magnitude of the terbutaline-induced decrease i, [@hs significantly diminished by the absence of extracellula* Cseethe
open and filled bars in Terbutalin® < 0.0001;n = 7).

60 — Terbutaline 60 -
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A B Fig. 5. Ca&"-dependency of open probabilitP) at
O 2omm e, 20 and 40 mu [CI7]. in inside-out patches obtained
o 0.8 - yo T omM C). from cell-attached patches that had been maintained
0.6 4 20mM [CI"]e 07d = with application of 10um terbutaline for 30 min.4)
>~ 05 - p = 00001 The C&*-dependency oP, of the terbutaline-
= = 0.6 1 stimulated NSC channel in inside-out patches with
S 04 2 054 bathing solutions containing either 20vunfopen
‘g '§ 0.4 4 circles) and 40 m (closed squares) Cl The solid
o 03 40mM [Ci"]e a line is obtained by fitting the data to Eq. (2) using a
g:_ 0.2 g;_ 0.3 ~ nonlinear least squares fitting algorithm. The
o O 02 relationship between the, and [C&"], was shifted
0.1 4 toward left by lowering [CI]. to 20 from 40 nm. (B)
: 0.1 - . ; .
The P, of the terbutaline-stimulated NSC channel in
0.0 - p T T T 1 0.0 inside-out patches with bathing solutions containing
1 10 100 1000 10000 100 niM 20nM 100 and 20 m C&" with either 20 nm (open bars)
[Ca?*], (nM) [Ca®"], and 40 nm (closed bars) Cl When the [CI], was

reduced to 20 m, the reduction of [C&]. had no
significant effects on th®, (seethe open bars at 100 and 26 fiCa?*].). This observation suggests that the reduction of{ dtself does
not diminish the action of terbutaline on tig if the terbutaline-induced reduction of [l is large enough (i.e., [C]. = 20 mm). On the
other hand, when the [dL was kept higher (40 m), the higher [CI]. itself diminished the terbutaline action on tRg (compare the filled
bar with the open bar in each case of 100 or 20[6&%"],). In other words, if the terbutaline-induced reduction of [Cls not large enough
(i.e., [CI], = 40 mw), the higher level of [CI|, itself diminishes the terbutaline action on tRg irrespective of [C&"]. (100 or 20 m).
n=8.

channel; (iii) to keep the electroneutrality, cytosolic Cl ReLATIONSHIP BETWEEN AcTION oF CyTosoLic Ca*

is released following the Kefflux; (iv) the KCI efflux ~ anD CI” oN THE NSC GHANNEL ACTIVITY

produces an osmotic gradient followed by water loss; (v)

the water loss with KCI release (isosmotic movement)As shown in Fig. B\, the change in [C] . seems to affect
causes cell shrinkage; (vi) even though cell shrinkagehe sensitivity of the NSC channel to cytosolic®Calhe
occurs isosmotically, the [C]. decreases due to the sensitivity has been studied in detail in our previous re-
presence of fixed (membrane impermeable) anion in thg@ort [14]. Namely, cytosolic Cldoes not influence the
cytosolic spaceseea review [13]; Fig. 6). However, itis maximumP, of the NSC channel in stimulation by cy-
still unknown what kind of Cl channel contributes to tosolic C&*, which appears in [Cd]. exceeding the
terbutaline-induced Clrelease. We only know that the physiological concentration, but the affinity of the chan-
CI” release induced by terbutaline is blocked by 5-nitro-nel to the cytosolic C& within the range of the physi-
2-(3-phenylpropylamino)-benzoate (NPPB, a €han-  ological concentration is increased by lowering Tcl
nel blocker) [5, 26, 28, 30, 38], suggesting that an NPPB{14]. This observation suggests that the inhibitory action
sensitive CI channel would contribute to the terbutaline- of cytosolic CI is apparently competitive with the stimu-
induced CT release. latory action of cytosolic C& on the NSC channel.
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. Fig. 6. A scheme of the role of the extracellular
B agonist  cz+in the stimulatory action of terbutaline on the
NSC channel. AC indicates adenylate cyclase. (+)

B receptor means activation.
THE AcTION oF REDUCED [Cl7]. ON THE APICAL similar to that for the change in [@L. In other cases,
CI™ CHANNELS however, we observed slower activation of the NSC

channel by terbutaline than that for the change in[ClI
As shown in Fig. 4, terbutaline induced reduction of even in these cases we observed the full activation of the
[CIT],, which may affect Cl efflux through the apical NSC channel within 20 min after application of terbuta-
CI” channel. Namely, the reduction of [ decreases line. Therefore, although we could not conclude that the
the chemical potential for Clefflux (secretion) through time courses of the channel activation and the change in
the apical CT channel. Further, the depolarization of the [CI7]. are absolutely the same, we may suggest that they
apical membrane [14] due to the terbutaline-induced in-are similar within our experimental variation.
crease irP, of the NSC channel also decreases the elec-
trical potential for CI efflux (secretion) through the api-
cal CI channel. Therefore, the terbutaline-caused reducEFFECT OF DEPLETION OF CELL STORES OFC&’" ON
tion of [CI"]. and depolarization of the apical membrane | ERBUTALINE ACTION

would be one of the factors accelerating the clearance o
lung fluid g lf:'ven when C& store was depleted and extracellular

Ca* was absent, the activation of NSC channels by ter-
butaline was observeduipublished databy Y. Ma-
NorMAL [CI7]. IN FETAL RAT PNEUMOCYTE runaka and N. Niisato). However, the time course and
stimulatory effect were, respectively, much slower and
The [CI'], was measured to be about 5@ir(Fig. 4). On  smaller than those under the normal condition. The ter-
the other hand, our previous report [14] and preliminarybutaline-induced reduction of [Ql. was also observed
observationsynpublished datdy Y. Marunaka and N. under the condition that ¢4 store was depleted and
Niisato) on apical Cl channels in fetal rat pneumocyte extracellular C&* was absent, but the time course and
indicate that the apical membrane potential is about —4Qnagnitude of the change were, respectively, much
mV and the reversal potential of the apical Channelis  slower and smaller than those under the normal condi-
more positive by 10 mV than the apical membrane potion. cAMP, an intracellular second messenger of terbu-
tential. These observations suggest that the equilibriungaline, would directly activate Clchannels npublished
potential for CI would be -30 mV. Based upon these databy T. Nakahari and Y. Marunaka), resulting in re-
data, the [CI]. is estimated to be 45 m which is very  duction of cell volume and [C]. [13].
closed to the value of [C]. measured by a Clsensitive

dye in the present study.
Conclusion

TiME COURSE OF TERBUTALINE-INDUCED ACTIVATION OF
THE NSC (HANNEL THE EXTRACELLULAR C&™* PLAYS AN IMPORTANT ROLE
IN THE STIMULATORY ACTION OF TERBUTALINE ON THE
The time course of activation of the NSC channel byNSC CHANNEL BY ReDUCING THE[CI ]
terbutaline was variable. In some cases the channel ac-
tivity reached to the maximum within 5-10 min after The present study showed absence of extracellul4f Ca
application of terbutaline, and this time course is verydiminished the stimulatory action of terbutaline on the
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NSC channel. The NSC channel in fetal rat alveolar epi- 5.
thelium is activated by the cytosolic €410], therefore
the absence of extracellular €avould be considered to
diminish the stimulatory action of terbutaline on the NSC
channel directly via a decrease in the f{Ja Terbutaline
biphasically elevated the [€].. in the presence of ex-
tracellular C&"; a transient followed by a sustained el-
evation of [C&"].. However, in the absence of extracel-
lular C&* a transient but not a sustained elevation of 8.
[Ca®"]. was observed at stimulation of terbutaline. As
described above, the elevation of f¢ja was required
for the terbutaline-caused reduction of [zl The reduc-
tion of [CI7]. was essentially important for terbutaline
action on the NSC channel. The present study shows that,
a decrease in the [€§. did not directly diminish the
stimulatory action of terbutaline on the NSC channel, but

it acted on the NSC channel by keeping the [Chigher  11.
compared with that in the presence of normal extracel-
lular C&*. As a conclusion, the present study indicates
that: (i) the extracellular C4 is required for the terbu-
taline-induced decrease in [(l via the sustained eleva-
tion in [C&*],; (ii) the terbutaline-induced transient 13
elevation in [C&"]. itself is insufficient for the terbuta-
line-induced decrease in [Q; (iii) the decrease in
[CI7]. caused by the terbutaline-induced sustained in-
crease in [C&], essentially plays in the activation of the
NSC channel; (iv) the role of the extracellularCan the
stimulatory action on the NSC channel is to decrease the
[CI7]. which has an inhibitory effect on the NSC channel

(Fig. 6).
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