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Abstract. Cell-volume changes induced by terbutaline (abutaline induced benzamil-sensitive cell swelling in
specificB,-agonist) were studied morphometrically in rat FDLE cells, which was cAMP- and G&dependent;
fetal distal lung epithelium (FDLE) cells. Cell-volume high concentrations=10°) induced quinine-sensitive
changes qualitatively differed with the concentration ofrapid cell shrinkage, which was €adependent; high
terbutaline. Terbutaline of I8°-10® m induced tran-  concentrations ¥10°") induced slow cell shrinkage,
sient cell swelling. Terbutaline of I6m induced tran-  which was cAMP-dependent. These findings suggest
sient cell swelling followed by slow cell shrinkage. Ter- that terbutaline regulates cell volume in FDLE cells by
butaline of 10°-10"° m induced rapid cell shrinkage cytosolic cAMP and C& through activation of Naand
followed by slow cell shrinkage. Terbutaline of Tou K™ channels.
induced transient cell shrinkage; then cell volume oscil-
lated during stimulation. Benzamil of 1®m suppressed
the cell swelling induced by I86°-10°® m terbutaline
and quinine of 10° m inhibited the cell shrinkage in-
duced by 10°-10°° m terbutaline. These results suggest
that cell swelling would be induced by NaCl influx and
the cell shrinkage is by KCI efflux. Dibutyryl cyclic
AMP (DBCcAMP) also induced similar cell-volume
changes over a wide range of concentrations@00>  Fluid in the lumen of the fetal lung is absorbed imme-
M): a low concentration induced transient cell swelling; adiately after birth, and the luminal space becomes filled
high concentration, rapid and slow cell shrinkage. For-with air for gas exchange. Lung fluid absorption begins
skolin (10 m), like terbutaline (10° m), induced rapid  during labor and the effects of labor can be mimicked by
cell shrinkage followed by slow cell shrinkage, and this B-adrenergic stimulation (Enhorning et al., 1977; Olver,
decrease in the cell volume was enhanced by the presschneeberger & Walters, 1981; Brown et al., 1983; Wal-
ence of benzamil. On the other hand, cell shrinkage wagers, Ramsden & Olver, 1990; O’Brodovich, 1991),
induced by ionomycin (even low concentration; 3 x whose effect can be blocked by amiloride (Olver et al.,
107'°m ionomycin), and after that cell volume remained 1986). The effects of th@-agonists are mediated, at
at a plateau level. Removal of extracellular’Cabol-  leastin part, by CAMP (Barker et al., 1988; Wallters et al.,
ished the cell swelling caused by terbutaline of Yo 1990) through3,-adrenoreceptor stimulation. However,
108 m. With removal of extracellular G4, the initial,  terbutaline has also been reported to increase the cyto
rapid cell shrinkage induced by 10m terbutaline be- solic C&* concentration ([C&].) (Tohda et al., 1994).
came transient, but we still detected slow cell shrinkagd-etal distal lung epithelium (FDLE) cells grown in pri-
similar to that in the presence of extracellular mary culture have been prepared from rat (Post, Torday
Ca&*. Overall, at low concentrations (1¥-1028m), ter- & Smith, 1984; Post & Smith, 1988) and used for Ussing
chamber and patch clamp experiments to study lung ep-
ithelial Na" transport (O’Brodovich, Rafii & Post, 1990;
- Orser et al., 1991; Marunaka et al., 1992; Tohda et al.,
Correspondence toY. Marunaka 1994; Marunaka & Tohda, 1995; Nakahari & Marunaka,
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199%; Marunaka 1996). Studies of short-circuit current tized with inhalational ether, and the fetuses were removed from the
(O’Brodovich et al., 1990; Marunaka, Nakahari & uterus. Their lungs were removed immediately, washed in cold Hanks’
Tohda, 1994) have demonstrated that the amilorigesolution (Mg*- and C&*-free) to remove erythrocytes, and minced
block i)l i ithelial ¢ . d by terb with scissors. The lung pieces were digested with trypsin (0.125%) and
O,C ab'e ransepithelia _curren S aré mcrease_ y ter LbNase (0.002%) for 20 min at 37°C. A cell suspension was filtered
taline. Patch clamp studies (Orser etal., 1991, Marunakﬁﬂrough a Nitex 100 filter. The cells were then incubated with colla-
et al., 1992; Tohda et al., 1994; Marunaka & Tohda,genase (0.1%) and purified by a differential adhesion technique (Bat-
1995; Nakahari & Marunaka, 19B5Marunaka, 1996) tenburg et al., 1988). The purity of FDLE cells as fetal alveolar type Il
using FDLE cells have revealed that amiloride-blockablecells has been previously established (Post, Torday & Smith, 1984;
Na“ permeant channels (nonselective cation and NaPost & Smith, 1988). The culture medium was MEM (GIBCO, Grand

. . . land, NY) to which 10% fetal bovine serum (GIBCO) was added.
channels) which are present in the apical membrane aIJléor the cell-volume measurement, the cells were cultured at 37°C in a

aCt_Iva'Fed by cytosoll_c Cd. These flndllngs suggest that 95% air/5% CQ humidified incubator for 24—48 hr on a coverslip.
arise in [C&"], may Increase Naentry into FDLE cells The solution used as control contained (imyn140 NaCl, 5 KCI,
and thereby cause d@ncreasein cell volume. However, 1 MgCl, 1 CaCl, 5 glucose, and 10 HEPES, and had a pH 7.4. No
other data suggest that agents which activaté plr-  CaCl, was added to the solution for Eafree experiments. DBCAMP
meant channels in FDLE cells may causdexreasdan and forskolin were purchased from Sigma Chemical (St. Louis, MO),
cell volume. Terbutaline, which activates Neermeant  cSebai P8, SEROEIEE U 20 00 C0 e sulfate was
nonselective Catlon, channels (Marunaka et al., 1994a gift from Astra Pharma (Canada), and benzamil from Merck Sharp &
Tohda et a!" 1994), 'nduce_s cell shrinkage and decreas%%me Research laboratory (West point, PA). Benzamil, ionomycin,
the cytosolic CT concentration ([C]].) (Maru_naka etal., _ thapsigargin and forskolin were dissolved with dimethyl-sulfoxide
1994; Tohda et al., 1994; Marunaka, Doi & Nakahari, (DMSO). The final concentration of DMSO in the medium never ex-
1995). Indeed, the cell shrinkage induced by terbutalineeeded 0.1%. DMSG= 0.1% had no effect on cell volume.

has been proposed as a mechanism for the decrease in The coverslip was mounted on a_thermal stgge (37°C), whlch was
[Cl_]c (Marunaka et al., 1994: Tohda et al., 1994)_ A set on the mechanical stage of an inverted microscope (Zeiss, Ger-

many) connected to the video-imaging system. The perfusate was
recent study (MacLeod et al., 1994) has also demon: Y) ging sy P

bubbled with 100% @ the perfusion rate was about 0.5 ml/min. The
strated that 8-Br-cAMP and A23187 can decrease FDLEqyity of perfusion chamber was 0.5 ml. The cells were perfused with
cell size. Cell shrinkage in secretory epithelia such asontrol solution for 10 min before the experiments. The images of the
salivary gland and eccrine-secretory coil cells (Nauntofteoptical microscope were recorded continuously with a video-imaging
& Poulsen, 1986; He et al., 1989; Foskett & Melvin, system and a video-recorder. The images taken at every 10 or 20 sec
1989: Nakahari, Murakami & Kataoka, 1989: Foskett, vere shown for volume measurements. During experiments we ad-
1990 Nakahari et al.. 1990: Nakahari et al.. 1991 Stewjusted the focus frequently to obtain the maximal diameter of the cells.
’ ) o) . " ’ To estimate the cell volume, the area of FDLE cells in the video
ard et al., 1990; Suzuki et al., 1991; Takemura et aI"image was measured. The averaged value of areas measured in the fir:
1991; Larcombe-McDouall, Seo & Steward, 1994) hasy min was used as the contrély). The relative cell volumey/Vy =
already been reported to be evoked by the cholinergic oga/a,)™® was estimated, wher¥ is the volume A is the area, and
adrenergic stimulation and to be closely related tosubscriptO is the value of the control. Cell-volume estimation was
[CaZ*]C or cytosolic CAMP concentration ([CAMB] (He based on the assumption that cell-volume changes the same amount il

et al.. 1989: Foskett & Melvin. 1989 Nakahari et al.. &l three dimensions. The method of cell-volume estimation and its
1991'_’ Suzul,<i et al., 1991) ' ' " reliability have been described in detail previously (Foskett & Melvin,

. . 1989; Nakahari, Murakami & Kataoka, 1989; Nakahari et al., 1990;
The recent development of video optics such as HNakahari et al., 1991; Suzuki et al., 1991; Takemura et al., 1991).

video-enhanced optical microscopy and a laser confocabniy spherical FDLE cells were selected for the volume measurements.
scanning microscopy has enabled us to directly visualizevhen agonists altered cellular shape (for example causing budding,
the changes in a |iving cell. In this report, video-en- burst or intracellular bleb formations), these cells were discarded. We
hanced Optlcal mlcroscopy was used to measure Ce” Vopsed Only those cells that kept their spherical Shape during the experi-
ume. FDLE cells changed in their volume with the MeMs for the volume measurements. = .

. . . . The values oW/V, from 3-5 cells in 2-5 individual experiments
stlmulatlon of terbutaline over a 'Wlde range of concen- . expressed as meanse
trations, however, the qualitative aspect of volume
changes were different for low and high concentrations
of terbutaline. The present study evaluated these terburesults
taline-induced cell-volume changes and regulation by
[C&?"]. and [CAMPL.

CELL-vOLUME CHANGES INDUCED BY TERBUTALINE

Materials and Methods Figure 1 shows the cell-volume changes induced by ter-
. . 0 . .

FDLE cells were isolated from the fetuses of pregnant Wistar ratstta“.ne' Terbutaline of T0°m induced transient Ee”

whose gestational ages were 20 days (term, 22 days). FDLE ceII§We”mg' Cell YOIume reached a peak Valud\(o -

were prepared according to the methods described in elsewherd.2) about 2 min and then recovered to the control level

(O'Brodovich, Hannam & Rafii, 1991). Briefly, the rats were anesthe- at 4 min after infusion of terbutaline. After this transient
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Fig. 1. Cell-volume changes induced kB-agonist (terbutaline) of log [Terbutaline (M)]

various concentrations. The concentrations of terbutaline used for

stimulation wereA, 10*°m; B, 107" m; C,10°m; D, 10°m. Errorbars  Fig. 2. Dose-response curve of cell-volume changes induced by ter-
showsewm. If error bars are not shown, the valuesseiv are smaller  pytaline. @) Peak values of initial cell swelling at T8#-10"7 and 103

than the symbols. M terbutaline, and plateau values of initial shrinkage within 3 min from
start of stimulation at 1® m and 10° m were plotted. Low concen-

. . trations of terbutaline induced cell swelling; high concentrations in-
cell Swe”mg’ the FDLE cells Sllghtly shrank and reaoheclduced cell shrinkageBj The final value at 16 min from the start of

a pla_teau Ievel\(NO =095 a_t 16 min; F'.g' A). Ter- stimulation was plotted. The slow cell shrinkage was induced by high

butaline of 107 m induced rapid cell swelling (the peak concentrations of terbutaline=L0™" m).

value VIV, = 1.2 at 30 sec) followed by rapiV{Vy =

0.9 at 2 min) and slow cell shrinkag¥/{/, = 0.8 at 16

min; Fig. 1B). Thus, the initial cell-volume change was quinine (K" channel blocker) (Fig. 8 and B, respec-

biphasic during 10 m terbutaline stimulation. Terbuta- tively). The cell swelling caused by terbutaline of 19

line of 10°°m induced rapid cell shrinkag&(V, = 0.85 M was not observed in the presence of benzamil{if)

at 30 sec). The cell volume stayed at this decreased levéFig. 3A) but was still observed in the presence of1Q

for 2-3 min, then began to decrease slowly agaitvg  quinine @ata not showp On the other hand, I8 m

= 0.7 at 16 min; Fig. €). Terbutaline of 10° m in-  quinine blocked the cell shrinkage caused by ™10

duced transient cell shrinkage (peak vaMB/, = 0.85  terbutaline (Fig. 8), but 10° m benzamil could not

at 20 sec), then cell volume oscillated (Fid)1 block the cell shrinkage caused by %Qv terbutaline
When the values of the initial peak and final cell (data not showh

volume were plotted against the terbutaline concentra-

tion (Fig. 2), the initial cell-volume change had two com- cat

ponents: cell swelling induced by the low concentration

of terbutaline €10’ m), and cell shrinkage induced by

the high concentration of terbutalings{® m), as shown

in Figure 2A. High concentrations of terbutalines(0™*

EFFecTs ONCELL-VOLUME CHANGES
(107*° M TERBUTALINE)

Removal of extracellular G4, which itself caused cell
v) induced slow cell shrinkage (FigB2 however, ter- shrinkage (Fig. A), abolished the cell swelling evoked

10 H H

butaline of 10° m induced cell-volume oscillation. by 107" m terbutaline (Fig. 8).
Thus, cell-volume changes were dependent on the terbu-
taline concentrations. Terbutaline-induced cell-volumeC&* EFFECTS ONCELL-VOLUME CHANGES
changes in FDLE consisted of three components: (i) cel(10™> m Terbutaline)
swelling in the initial volume change, (ii) rapid cell
shrinkage in the initial volume change, and (iii) slow cell When the FDLE cells were stimulated by 20 terbu-
shrinkage following to the rapid cell shrinkage. taline with C&*-free perfusate, cell volume rapidly de-

To examine the ion conductive pathways respon-creased, but recovered to the control level during stimu-
sible for cell volume changes, FDLE cells were treatedlation; then cell volume slowly decreased (Fié\)5 The
with 10°® M benzamil (N& channel blocker) and 18w final cell volume {//V5 at 16 min) was about 0.8. Thus,
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Fig. 3. The effects of benzamil (16 m) and quinine (10° M) on 404 terbutaline (10° m). (A) The FDLE cells were perfused with a
terbutaline evoked cell volume change#) (The FDLE cells were . o1 oojution (10° M C&*) and then C& was removed from the

) A . . _
treated with 10° m benzamil. The cells were stimulated by 10w perfusate. Cell shrinkage was induced by removal of extracellufd. Ca

terbutaline. The cell swelling was abolished by benzanB). The (@) The FDLE cells were perfused with Eafree solution. Cell swell-
FDLE cells were treated with quinine (1wv). The cell was stimulated ing induced by terbutaline (I8 m) was completely suppressed.
with 10°° m terbutaline. The cell shrinkage was abolished by quinine.

the initial cell shrinkage induced by terbutaline (@)  stimulation, but to a much smaller than that by the first.
was not sustained (i.e., transient) when®Cwas re-  After this smaller transient shrinkage, cell volume recov-
moved from the perfusate. When we added Ni@0™  ered to the control level during stimulation, and then the
M, a C&" channel blocker) into the perfusate, FDLE cells cell began shrinking slowly as before. FDLE cells were
shrank in their volume similar to removal of extracellular treated with thapsigargin (2 x 1®m, a specific inhibitor
Cé&™ (Figs. 4Aand B). In the presence of Ki, 10°M  of nonmitochondrial microsomal E&ATPase) in C&'*
terbutaline caused cell shrinkage (Figg)Similar to that  free perfusate (Fig.[). Thapsigargin itself evoked tran-
observed in the Cé-free solution (Fig. B). These ob- sient cell shrinkage, which might be caused by an in-
servations suggest that @wntry into the cell from ex- crease in [Cé"’]c due to the suppression of CaATPase.
tracellular space would contribute to maintain the basalrhese cells were stimulated with 2o terbutaline twice
cell volume and the sustained phase of°1@ terbuta-  over a short interval (1.5 min). The first stimulation,

line-induced rapid cell shrinkage. Even under extracelwhose period was 30 sec, evoked cell shrinkage; then
lular C&*-free conditions, however, 1B w terbutaline  cell volume recovered to the prestimulation level. The
still induced rapid cell shrinkage, though it was transient.second stimulation evoked only slow cell shrinkage
If Ca®* is also supplied from the endogenous store, thayithout rapid cell shrinkage (Fig.B. These observa-
depletion or decrease of the endogenous‘Cstore  tions suggest that the terbutaline-induced rapid cell
should inhibit or decrease initial shrinkage. Therefore,shrinkage would be triggered by elevation of fQJa
FDLE cells were stimulated twice in a short interval supplied from endogenous stores and maintained By Ca
without extracellular C& (Fig. 6). First the FDLE cells supplied from extracellular fluid.

were stimulated with terbutaline (10 m) for 30 sec.

The cell volume rapidly decreased and then recovered to

the control level when terbutaline was removed from theEFFECTS OFIONOMYCIN

perfusate. The cells were then stimulated again with

107> m terbutaline over a short interval (1.5 min). Rapid, We used ionomycin to elevate [€%.. lonomycin (107
transient cell shrinkage was induced again by the secongl) induced rapid cell shrinkage, but slower cell shrink-
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on cell volume changes induced by terbutaline of®1Q. (A) The Time (min)
FDLE cells were stimulated by I®wm terbutaline with C&*-free per-
fusate. Terbutaline of I8 m evoked transient cell shrinkage followed
by slow shrinkage®) Addition of Ni** caused cell shrinkage similar to
that caused by removal of extracellular®aTerbutaline of 10° m
evoked transient followed by slow cell shrinkage similar to that in

C&*-free solution.

Fig. 6. The FDLE cells were stimulated twice with terbutaline 11Q)

over a short interval in Ca-free perfusate. The period of the first
stimulation was 30 sec. After a short interval (1.5 min) the cells were
stimulated again.A) The first stimulation induced a rapid decrease in
cell volume, which recovered to the control level after removal of
terbutaline. The second stimulation also induced transient cell shrink-
age, which was smaller than that by the first stimulation. Cell volume

age did not occur: cell volume reached a plateau IeVe?radually decreased after the transient cell shrinkdg)eT lapsigargin
I~ . o : 2 x 10°° m; a nonmitochondrial Cd-ATPase inhibitor) was added
W!thlp 2 min _(Flg. A). FDLE Ce"S. lost their volume ini the C*-free perfusate. Thapsigargin itself induced transient cell
with ionomycin treatment over a wide range of concen-shrinkage. The first stimulation induced rapid shrinkage and the cell
trations (3 x 10'° - 3 x 10° m), as shown in Fig. B.  volume recovered to the control level after removal of terbutaline. The
lonomycin d 3 x 10 1%\ induced a small amount of cell second stimulation only induced slow cell shrinkage without the tran-
shrinkage Y/Vo = 0.9) as shown in Fig. B. On the  sient cell shrinkage.

other hand, ionomycinf® x 107> m induced cell swell-

ing after rapid transient shrinkage (Fid3)7 These find-
ings suggest that an excessive increase iR lcanduces

The cell volume change induced by forskolin of 1@
was similar to that induced by terbutaline of “fQu.

cell swelling. The dose-response curve of ionomycin isThe effects of forskolin were also examined in benzamil-

summarized in Fig. 8, in which the/V5 at 2 min after

treated FDLE cells. Benzamil (18 w) itself induced

addition of ionomycin is plotted. These findings suggestcell shrinkage. Forskolin (I8 m) also evoked rapid fol-

that the elevation of [Cd]. induces cell shrinkage. On

lowed by slow cell shrinkage in benzamil-treated FDLE

the other hand, the terbutaline-induced slow shrinkagecells (Fig. B); the final cell volume Y/Vg) was about

which occurred even without extracellularand with
Ni%*, is unlikely to be regulated by changes in fCa.

EFFECTS OFFORSKOLIN

Forskolin (10 m), which is known to increase [cAMP]

0.5 The decreasing rate of cell volume at the phase of
the slow cell shrinkage in the presence of benzamil (Fig.
9B) was larger than that in the absence of benzamil (Fig.
9A).

ErFFecTs oFDIBUTYRYL CAMP

by activating the adenylate cyclase, induced rapid celPBCAMP, a membrane-permeable analogue of cAMP,

shrinkage followed by slow cell shrinkage (FigA)9

induced cell-volume changes (Fig. 10). Cells were tran-
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induced by ionomycin (10 m). Rapid cell shrinkage occurred, but the i”dU_CEd by forskolin (10‘4 m). This cell-volume change was simila_r to
slow decrease in cell volume did not. Cell volume stayed at a plateadhat induced by terbutaline (10m). (B) FDLE cells were treated with

level. B) Cell-volume changes induceg/ 3 x 10°and 3 x 10°m

benzamil (10° m). Benzamil induced the cell shrinkage. Further addi-

ionomycin. lonomycin 63 x 1072° v induced cell shrinkage. lonomy-  tion of forskolin (10 m) induced the rapid followed by slow cell

cin of 3 x 10° m induced cell swelling after rapid shrinkage.
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shrinkage.

these results: the initial volume change at 20 sec and the
final cell volume at 16 min.

Discussion

FDLE cells in primary culture have been demonstrated to
have intracellular filaments, and lectin binding charac-
teristics of alveolar type Il epithelial cells (Post, Torday
& Smith, 1984; Post & Smith, 1988; O’'Brodovich et al.,
1990). Since FDLE monolayer in primary culture forms
tight junction and shows terbutaline-stimulated amilo-

Fig. 8. Dose-response curve of cell-volume change induced by ionotide-sensitive short-circuit currents (O'Brodovich et al.,
mycin. Cell shrinkage depends on ionomycin concentration. The pla-lggo)' these cells have been widely used for the studies o

teau levels induced over a wide range of concentrations of ionomyci
(10°8-3 x 10°® m) was identical {/V, = 0.8). The values at 2 min
from the start of stimulation were plotted.

"Short circuit currents (O’Brodovich et al., 1990; Hagi-
wara et al., 1992) and patch clamp (Orser et al., 1991;
Marunaka et al., 1992; Tohda et al., 1994; Marunaka &
Tohda, 1995; Nakahari & Marunaka, 1993arunaka,

siently swelled by 17° or 10 v DBCAMP and stayed 1996) as a model of the fetal type Il cell.

at a plateau leveM/V5 = 1.0; Fig. 1 andB). DBCAMP

In the present study, cell volume was measured by a

of 10 m decreased the cell volume, which reached amorphometric method whose reliability has been de-
plateau level (about 0.88) about 2—3 min after stimula-scribed in detail previously (Foskett & Melvin, 1989;

tion (Fig. 10C). DBCAMP of 102 m induced rapid cell

Foskett, 1990; Nakahari et al., 1991; Suzuki et al., 1991).

shrinkage within 30 sec followed by a gradual decreaseThe values of cell volume changes in salivary gland de-

cell volume reached a plateau levelY, = 0.8) about 4

tected at single cell and whole gland levels by the mor-

min after stimulation (Fig. 1D). Figure 11 summarizes phometric (Foskett & Melvin, 1989; Nakahari, Mu-
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Fig. 10. Cell-volume changes induced by various concentrations of DBCAMP. The concentrations of DBCAMP used for stimulatiohs were
10°wm; B,108m; C,10°m; D, 103 m.

mycin in the present study. These reports support the
usefulness and reliability of the morphometric method
used in this report.

Our preliminary observations indicate that removal
of extracellular C&" or application of quinine (1T m)
and benzamil (10 m) abolished the effectsf@ x 1071°
M ionomycin on cell volume. On the other hand, using
Fura-2 (Tohda et al., 1994) we preliminarily observed
that 3 x 10%° m ionomycin increased [C4]. to 50 nv
from the basal level of 20-30vn Taken together, these
observations suggest that the actidr8o< 10 1°m iono-
mycin on cell volume would occur by activating ion

log [DBCAMP (M)] channels through an increase in f0ga, but would not be
) ) a nonspecific effect.

Fig. 11. The dose-response curve of cell-volume changes induced by We previously reported that in FDLE cell 10Mm

DBcAMP. Open circles show the value at 20 sec after DBCAMP s'[imu-terb taline induced an increase in FC]% (Tohda et al
lation. The low concentrations of DBCAMP (10and 108 m) induced utalin€ inau ! : %

cell swelling; DBCAMP of 107-10" m induced cell shrinkagev{V,, 1994), which activated Kcurrents (Nakahari & Ma-

= 0.9-0.85). Closed circles show the final values at 16 min from starttunaka, 1996), and that a decrease in [l was caused

of stimulation. The slow cell shrinkage also depended on DBcAMP by 107> M terbutaline (Tohda et al., 1994). In the present

concentration. study, we show the terbutaline-induced rapid cell shrink-
age was blocked by quinine (1), a blocker of C&'-
activated K channel (the rapid cell shrinkage in Fig.

rakami & Kataoka, 1989; Nakahari et al., 1990; Nakahari3B). These findings suggest that the cell shrinkage in

et al., 1991), impedance (Nakahari et al., 1990) and=DLE cells is due to KCI loss from cell.

NMR (Steward et al., 1990; Larcombe-McDouall, Seo & The observations shown in the present study sugges

Steward, 1994) methods, are identical. A study using dhat the slow cell shrinkage induced by 2 terbuta-

coulter counter (MacLeod et al., 1994) has indicated thatine would be dependent on cAMP but not on“CaThe

8-Br-cAMP and A23187 induce cell shrinkage in FDLE cell shrinkage have already been demonstrated by cAMP

cells. This cell shrinkage induced by 8-Br-cAMP or in a rat salivary cell line (RSMT-A5) (He et al., 1989)

A23187 is similar to that induced by DBCcAMP or iono- and FDLE cells (MacLeod et al., 1994) through activa-

Relative cell volume (V/Vo)
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Fig. 12. The possible mechanism of cell volume changes induced by terbutankligh concentration of terbutalineB) Low concentration of
terbutaline.

tion of CI” channels. This is supported by our prelimi- insensitive K channels. To clarify this point further
nary observation that NPPB (5-Nitro-2-(3-phenyl- studies will be required. Based on the observations
propylamino)-benzoic acjd x 10° m, a generous gift shown in the present study, we propose a possible mode
from Prof. R. Greger) treatment also abolished the celbf cell volume regulation by terbutaline of high concen-
volume changes induced by terbutaline, but did not affectration such as I8 m (Fig. 12A).

the cell volume under the unstimulated condition. Thus,  The transient cell swelling induced by terbutaline of
the elevation of cAMP might induce the slow cell shrink- 1072°m was suppressed by removal of extracellulaf‘Ca
age by activating Clchannels resulting in an increase in or by benzamil. Our preliminary observations suggest
KCl efflux. However, it was still unclear whether terbu- that terbutaline of 10:° m does not significantly increase
taline of high concentrations also activates*Nentry  [C&®"].. (the basal [C&]. = 20-30 m) and that removal
pathway. Forskolin (18 m) induced huge shrinkage of of extracellular C&" reduced [C&"].to <1 nv. The tran-
benzamil-treated FDLE cells compared with benzamil-sient cell swelling was also induced by low concentration
untreated cells. This observation suggests thdtéMary  of DBCAMP (<108 m) but not induced by ionomycin
pathways are also activated by forskolin of 4. Fur-  alone even with a wide range of concentrations (3 x
thermore, the studies of short circuit currents have dem107'%-3 x 10° m). Amiloride-blockable, C&-activated
onstrated that terbutaline (TOm) increases amiloride- Na'-conductive channels (nonselective cation channel
sensitive currents (O’Brodovich et al., 1990), and theand N& channel) have already been reported to exist in
patch clamp studies have also demonstrated activation dhe apical membrane of FDLE cells (Orser et al., 1991;
amiloride-blockable N&permeant nonselective cation Marunaka et al., 1992; Tohda et al., 1994; Marunaka,
channels by 18 m terbutaline (Tohda et al., 1994; Na- 1996). These findings suggest that the cell swelling is
kahari & Marunaka, 199%. If 107> m terbutaline acti- due to the cAMP-induced activation of Nantry which
vates Na channels, 1Dwm terbutaline is expected to in- requires the basal level of [€., however only an in-
crease the cell volume in the presence of quinine whictcrease in [C&] . without any elevation of [CAMP]is not
blocks K’ loss. Our observation shown in FigB 3ndi- sufficient to induce the cell swelling. Based on the ob-
cates that 10 m terbutaline could not increase cell vol- servations shown in the present study, we propose a pos
ume in the presence of quinine (Fv). This phenom-  sible model of cell volume regulation by terbutaline of
enon can be explained by either of the following specudow concentration such as ¥ m. Unlike high concen-
lations: i.e., (i) quinine of 10° m could not completely trations of terbutaline, low concentrations of terbutaline
block terbutaline-activated Kchannels, or (ii) terbuta- could not activate K channels (Fig. 1B).

line could activate quinine-insensitive ihannels. Our We observed the extreme decrease in cell volume
preliminary observation indicated that terbutaline of®l0 induced by the combination action of forskolin and
M could not increase the cell volume even in the presenceenzamil (Fig. 8). Many cells have a nonosmotic vol-
of quinine of higher concentration sucB & x 10° M,  ume of about 34% (Drewnowska & Baumgarten, 1991)
suggesting that terbutaline might also activate quinine-due to insoluble cell proteins. Our previous report (Toh-
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da et al., 1994) indicates that [l of FDLE cells is reabsorption induced by adrenaline or cyclic AMR. Physiol.
about 50 nv. The total salts of the control solution used _ 407:373-383
in the present study was approximately 150 .mvhich Battenburg, J.J., Otto-Verberne, C.J.M., Ten Haye-Opbrock, A.A.W.,
d b ivalent to that in th fi ’ f th Ktazinga, W. 1988. Isolation of alveolar type Il cells from fetal rat
\é\glu Thgsiq;g/:netnhatothea dézre:sg??gell?vsoﬁﬁﬁ]ee%ue (tao lung by differential adherence in monolayer cultuBgchim. Bio-
: ; phys. Acta960:441-453
loss of KCI should be less than one-third (50/150) of thesrown, M.J., Olver, R.A., Ramsden, C.A., Strang, L.B., Walters, D.V.
osmotic volume (66%); i.e., 22%. This suggests that the 1983. Effects of adrenaline and of spontaneous labour on the se-
cell volume after KClI loss caused by benzamil and for- cretion and absorption of lung liquid in the fetal lanib.Physiol.
skolin could be as large as 78%. The observation of the 344137-152 _
extreme decrease in cell volume (50%) by benzamil a_I,](Jj)rewnowska, K., Baumgarten, C.M. 1991. Regulation of cellular vol-
forskolin could be due to exit of cellular osmolyte such ume in rabbit ventricular myocytes: bumetanide, chlorothiazide,
. N and ouabainAm. J. Physiol260:C122-C131
as §UrfaCtant In addltlor! to KCI loss (Post, Torday & gnhorning, G., Chamberlain, D., Contreras, C., Burgoyne, R., Robert-
Smith, 1984; Post & Smith, 1988). son, B. 1977. Isoxsuprine-induced release of pulmonary surfactant
Recently, [CT]. has been reported to regulate cell in the rabbit fetusAm. J. Obstet. Gynecal29:197-202
functions, including the Kchannel in cardiac atrial cells Foskett, J.K. 1990. [C8]; modulation of CI content controls cell
(Nakajima Sugimoto & Kurachi 1992) respiratory volume in single salivary acinar cells during fluid secretiém. J.
. ' . . . ' ' Physiol.259:C998-1004
burstin neutrophﬂs (Grlnsteln, Furuya & Downey, 1992) Foskett, J.K., Melvin, J.E. 1989. Activation of salivary secretion: cou-
and cation conductance in _A6 cells (Nakahari & Ma- pling of cell volume and [C#]; in single cells Science244:1582—
runaka, 1995). A decrease in [C!lc ha_s also been re- 1585
ported to activate a nonselective cation channel in thesrinstein, S., Furuya, W., Downey, G.P. 1992. Activation of perme-
apical membrane of FDLE cells (Tohda et al., 1994). abilized neutrophils: role of anioném. J. Physiol263.C78-C85
Cell shrinkage is a cellular mechanism that decreasedagiwara, N., Tohda, H., Doi, Y., O'Brodovich, H., Marunaka, Y.
[CI7]. and maintains it at a lowered level (Foskett, 1990) 1992. Effects of insulin and tyrosine kinase inhibitor on ion trans-
WhiC?l plays a physiologically important role in ,activa-, port in the alveolar cell of the fetal lunggiochem. Biophys. Res.

. rd . Commun.187:802—-808
tion of Na" absorption that causes water clearance from, x ; 'ship, 3., Wu, X.Z., Brown, A.M., Wellner, R.B. 1989. Beta-

lung air space. Therefore, cell .shrinkage is |ik(_9|y to be adrenergic control of cell volume and chloride transport in an es-
related to some cellular functions. The physiological tablished rat submandibular cell ling.Cell. Physiol138:527-535
meanings of the stimulatory action of terbutaline of high Larcombe-McDouall, J.B., Seo, Y., Steward, M.C. 1994. Continuous
concentration on K channels would be acceleration of measurement of cell volume changes in perfused rat salivary glands
the N& channel’s activation, which induces water clear- Py proton NMR.Magnet. Reson. Med1131-138

. P MacLeod, R.J., Hamilton, J.R., Kopelman, H., Sweezey, N.B. 1994.
ance from lung air space, by decreasing IQI Developmental differences of cystic fibrosis transmembrane con-

ductance regulator functional expression in isolated rat fetal distal
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