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Alveolar type II cells were isolated from adult rat lungs after tissue dissociation with elastase. The effect of 
known secretagogues on transmembrane potential was examined in freshly isolated cells (day 0 cells) and in 
cells after one day of primary culture (day 1 cells). Freshly isolated type II cells were incubated with 
3,3'-dipentyloxacarbocyanine (di-O-Cs(3)) or 3~3'-dipropylthiadicarbocyanine (di-S-C3(5)) , dyes whose in- 
traceilular fluorescence intensity is a direct function of the cellular transmembrane potential. Fluorescence 
was continuously recorded by fluorescence spectrophotometry. Type II cells rapidly incorporated the dyes, 
and the addition of gramicidin (1 pg/ml) depolarized the cells as indicated by a change in fluorescence. 
Neither 12-O-tetradecanoylphorbol 13-acetate (TPA) nor terbutaline plus 3-isobutyl-l-methylxanthine 
(IBMX), which stimulate surfactant secretion from isolated alveolar type II cells, changed the transmem- 
brane potential. The lipophilic cation triphenylmethylphosphoniam (TPMP +) was used to quantitate the 
transmembrane potential of type II cells cultured for one day. Addition of TPA or terbutaline plus IBMX 
induced surfactant secretion but did not alter the transmembrane potential. To study further the relationship 
of secretion to the transmembrane potential, secretion was also determined in the presence of high 
extracellular potassium which depolarizes the cells and in the presence of choline in place of sodium. High 
potassium enhanced the basal secretion of phosphatidyicholine from 1.8% to 3.4% (P<0 .01 ,  n ffi 7). 
Substitution of sodium chloride by choline chloride had no effect on basal secretion but enhanced 
TPA-induced secretion (P<0.01) .  We conclude that high extracellular potassium induces membrane 
depolarization and stimulates sudactant secretion, but TPA or terbutaline plus IBMX stimulates secretion 
without detectable membrane depolarization and stimulation of secretion by TPA does not require 
extracellular sodium. 

Introduction 

* Present address Department of Pechatncs, Kobe Umverslty 
School of Methcme, Kobe, 650, Japan 

Abbrevaabons TPA, 12-O-tetradecanoylphorbol 13-acetate, 
dl-S-C3(5), 3,3'-dlpropylthtadlcarbocyamne, d1-O-C5(3), 3,3'- 
d~pentyloxacarbocyamne, TPMP +, tnphenylrnethylphos- 
phomum 1on, TPB-, tetraphenylboron, CCCP, carbonyl 
cyamde m-chlorophenylhydrazone, IBMX, 3-1sobutyl-l-meth- 
ylxantlune 

Alveolar type II cells synthesize and secrete 
pulmonary surface actwe material Surface actwe 
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material decreases the work of breattung and pro- 
vldes for alveolar stabdlty 12-O-Tetradecanoyl- 
phorbol 13-acetate (TPA) [1], beta-adrenerglc 
agomsts, agents which elevate mtracellular levels 
of cychc AMP [2-4], and the calcmm mnophore 
A23187 [5] all stimulate surfactant secretion by 
type II cells in vatro These agomsts are thought to 
revolve a separate series of secondary mtracellular 
chemical messengers, but ~t ~s possible that they 
all revolve a common series of events such as 
protein phosphorylatmn or changes In the trans- 
membrane potential In many cells changes m the 
transmembrane potentml occur after pharmaco- 
logic stimulation, and membrane depolarization is 
thought to be related to a vanety of cellular func- 
tmns including exocytosis (for a review, see Ref 
6) In lung shces hagh potassmm has been reported 
to sumulate surfactant secretion and this effect ~s 
suggested to be caused by membrane depolanza- 
tmn [7] The resting membrane potential of iso- 
lated alveolar type II cells has been measured [8,9] 
but the relatmnsbap of changes m the transmem- 
brane potentml to surfactant secretion is not 
known In thts report we measured both changes 
m membrane potentml and surfactant secretion m 
~solated alveolar type II cells to clarify the rela- 
tlonstup of these two events In addmon, we mea- 
sured basal and stimulated secretion m the pres- 
ence of potassium chloride whach depolanzes the 
cells and in the presence of chohne chlonde m 
place of sodmm chloride to ehnunate entrance of 
extracellular sodium upon stimulation of secre- 
tmn 

Experimental Procedures 

Ammals and matertals Pathogen-free Sprague- 
Dawley rats (weighing 200-250 g) were obtained 
from Bantam-Kmgman, Inc (Freemont, CA) The 
sources of matenals used m this work were as 
follows [3H]tnphenylmethylphosphonIum ion 
(TPMP +) (40 CI/mmol), [Me- aH]chohne chlo- 
nde (80 C1/mmol), 3H20 (100 mCl/g), and 
[14C]sucrose (671 mC1/mmol) from New England 
Nuclear (Boston, MA), elastase (porcine pancreas) 
from Cooper Biomedical (Malvern, PA), 12-O-te- 
tradecanoylphorbol 13-acetate (TPA) from Con- 
sohdated M~dland Corporation (Brewster, NY), 
terbutahne sulfate from Merrell Dow Pharmaceu- 

tlcals Inc (Cincinnati, OH), carbonyl cyanide m- 
chlorophenylhydrazone (CCCP), grarmcldln, 3- 
lsobutyl-l-methylxanthme (IBMX), qmn2, qum2- 
acetoxymethyl ester (quln2/AM), tnphenylmeth- 
ylphosphomum bromide (TPMP÷), tetraphenyl- 
boron (TPB-), and vahnomycm from Sigma (St 
Lores, MO), and 3,3'-dlpropyltluadlcarbocyanme 
iodide (d1-S-C3(5)) from Molecular Probes, Inc 
(Junction City, OR) The fluorescent probe, 3,3'- 
dlpentyloxacarbocyamne (dl-O-Cs(3)), was pro- 
vided by Dr Sexlcba Katagawa (Department of 
Pediatrics, National Jewish Center for Immunol- 
ogy and Respiratory Medicine) 

Isolatton of alveolar type H cells Alveolar type 
II cells were isolated from adult male Sprague- 
Dawley rats by tissue dissociation with elastase 
and partially punfied on metnzamlde density 
gradients [5] The cells were further purified by 
centrifugal elutnation as descnbed prevmusly [10] 
for experiments using freshly isolated cells (day 0 
cells) or by adherence in pnmary culture for 22 h 
(day 1 cells) After elutrlatlon the cell purity de- 
termined by modified Papamcolaou stain [11] was 
91 + 1% and the cell vlablhty deterrmned by 
Trypan blue exclusion was 95 + 3% (n = 9) The 
cell purity after 22 h in culture was 96 + 2% and 
vlablhty was 99 + 1% (n = 10) 

Changes tn transmembrane potenttal In freshly 
tsolated alveolar type H cells The changes In trans- 
membrane potential of freshly isolated cells was 
measured by using the fluorescent carbocyanlne 
dyes, 3,3'-chpentyloxacarbocyamne (dx-O-C 5 (3)) or 
3,3'-dlpropylthiadicarbocyanine (dl-S-C3(5)) 
These dyes were chosen because with depolariza- 
tion the fluorescence of dl-S-C3(5 ) Is increased 
whereas the fluorescence of dl-O-C5(3 ) is de- 
creased D1-S-C3(5 ) has been used to measure 
resting membrane potential of freshly isolated rat 
alveolar type II cells by Castranova et al [8] The 
fluorescence was measured with a Perkln-Elmer 
model MPF66 fluorescence spectrophotometer 
equipped with thermostatted cuvette holder 
(37 ° C) and stirrer The excitation and ermssmn 
wavelengths were set at 622 nm (5 nm sht) and 
665 nm (5 nm sht) for dl-S-C3(5 ) and 460 nm (4 
nm sht) and 510 nm (5 nm sht) for dl-O-C5(3) 
Freshly isolated and elutnated cells were sus- 
pended m Hepes-buffered saline (145 mM NaCI, 5 
mM KC1, 10 mM Hepes-K, 0 5 mM CaC12, 0 4 
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mM MgCI 2, and 5 5 mM glucose (pH 7 4) NaC1- 
Hepes buffer) For cahbratton of the dyes the 
potassmm concentration of tins buffer was 
changed by the equimolar substitution of KCI for 
NaC1 The cells were added to a 3-ml cuvette 
contatmng 1 57/~M di-S-C3(5 ) or 0 25 /~M di-O- 
C5(3 ) to obtain a final volume of 3 rnl The final 
cell concentration was 1 106 cells/ml The dyes 
were dissolved m ethanol to form stock solutions 
of 1 88 mM dl-S-C3(5) and 0 3 mM dl-O-C5(3) 
The final concentration of ethanol m the cuvette 
was 0 08% The cells were allowed to equilibrate 
until the fluorescence level was steady (usually 10 
nun), and then various agents were added and the 
change in fluorescence was measured The cell 
viabihty did not change during the incubation 
with the dyes, and greater than 90% of the cells 
excluded Trypan blue after the measurements 

Secretion of phosphattdylcholme The cells re- 
covered from metrlzanude density gradient were 
suspended in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine 
serum, 2 mM glutanune, 10 #g /ml  gentalmcln, 
100 U / m l  pemcilhn, 50 # g / m l  streptomycin, and 
1 #C1/ml [Me-3H]chohne chloride at a con- 
centratlon of 1 106 cells/ml The cells were 
routinely plated at 2 106 cells/35 mm dish After 
incubation m an atmosphere of 10% CO2/90% air 
for 22 h at 37 o C, the dishes were washed with 10 
ml of DMEM contatmng 1 mg/ml  bovine serum 
albumin to remove non-adherent cells and radio- 
active materials Each dish was held at tilted posi- 
tion and was washed by flooding the top of the 
dish with 10 ml of the wash solution from a 
synnge and simultaneously aspirating from the 
bottom of the dish The monolayers were further 
washed with 10 rnl of NaC1-Hepes buffer (con- 
tents, see above), choline chlonde-Hepes buffer 
(contalmng 145 mM chohne chloride instead of 
NaC1), or KCI-Hepes buffer (containing 150 mM 
KCI and no NaC1) in the same manner After 
wasinng 3 ml of the designated solution was left in 
the dishes The final wash buffer was then re- 
placed with 1 6 ml of the fresh buffer as indicated 
After equilibration for 10 mln the cells were in- 
cubated with various agents for 1 h at 37 o C in the 
air atmosphere The medium was removed, 
centrifuged at 1000 rpm (260 × gm~x) for 10 nun 
to remove any detached cells, and the hplds were 

extracted by the method of Bhgh and Dyer [12] 
Routinely, the radioactivity in the total hpld frac- 
tion was deterlmned [13] As deterrmned previ- 
ously, 98 4% of the radioactivity in the total hpld 
fraction under these conditions is phosphatl- 
dylchohne [13] The cells were harvested from 
dishes with a rubber pohceman and treated in the 
same manner as the media The percentage release 
of phosphatldylchohne is calculated as follows % 
secretion = (total lipid cpm in medium/total hpid 
cpm in cells + total hpld cpm in medium)× 100 
A portion of media was assayed for lactate dehy- 
drogenase, a cytoplasmic enzyme, to quantxtate 
cytotoxmcity [14] The release of lactate dehydro- 
genase did not exceed 3% of total cellular activity 
through all the experiments in tins study 

Changes m transmembrane potential m day 1 
cells Although the fluorescent dyes have an ad- 
vantage in that a contmuous measurement of the 
membrane potential is possible, with cells on 
covershps we were not able to get stable tracings 
and reproduoble changes with agents which de- 
polarized the cells, e g high potassium and 
valmomycm Therefore, we used hpopinhc cation 
TPMP + for adherent cells winch were also used in 
parallel for studies of secretion Tins compound 
has been used to measure resting membrane 
potential of freshly isolated rabbit alveolar type II 
cells [9] The cells recovered from the metrlzarmde 
density gradient were suspended in DMEM supp- 
lemented with 10% fetal bovine serum, 2 mM 
glutarmne, 10 p g / m l  gentarmcm, 100 U / m l  
pemolhn, and 50 pg /ml  streptomycin at the con- 
centratlon of 5 105 cells/ml The cells were plated 
at 5 105 cells/well in 24-well culture dishes After 
incubation for 22 h, the monolayers were washed 
sequentially with DMEM and with NaC1-Hepes 
buffer Then 0 5 ml of NaC1-Hepes buffer or 
KC1-Hepes buffer contaamng various concentra- 
tions of [3H]TPMP+ and TPB- was added and 
cells were equihbrated at 37°C for a various 
periods of tmie as indicated The agents or solu- 
tions to be tested were added to the dish and 
incubation was continued At designated times the 
buffer was aspirated and monolayers were rapidly 
washed twice with 0 5 ml of the buffer wluch was 
the same as used in previous incubation except 
non-radioactwe TPMP + was added instead of 
[3H]TPMP + Finally the cell-associated radioac- 



320 

twlty was released into 0 5 ml of 1% Triton X-100 
and counted The portion of radloactwlty winch 
was not assocmted w~th the ceils was determined 
by adding [14C]sucrose to the medxum Approxt- 
mately 0 1% of total radmactlvlty of the added 
[14C]sucrose remained after wasinng and tins value 
was used to correct the [3H]TPMP+ values Typ- 
clally 4% of radmacuvlty of the added [3H]TPMP + 
was assocmted with the cells after equdlbratlon 

lntracellular water volume of alveolar type 11 
cells In order to calculate the lntracellular oc- 
ncentratlons of TPMP ÷ and qum2, we needed to 
measure the mtracellular volume The lntracellular 
water volume of alveolar type II cells cultured for 
one day was determined essentmlly as descnbed 
by Gallo et al [9] by using 3H20 and [laC]sucrose 
Type II cells cultured for one day m 100 mm 
dishes (1 106 cells/ml, 16 ml per dish) were 
released with trypsin, centrifuged, and suspended 
m NaC1-Hepes buffer at 10 106 cells/ml The 
number of cells recovered was (8 3 + 0 8) 106 
cells/dish, and the vlainhty was 96 __+ 3% (n = 4) 
The cells were incubated with 3H20 or [14C]- 
sucrose m NaCI-Hepes buffer for 15 nun or 3 nun, 
respectwely The final cell concentration was 2 
106 cells/ml A 0 5-ml ahquot of the cell suspen- 
sion was layered upon 0 3 ml of an oll cusinon (6 
parts dlbutylphthalate to 1 part nuneral od, v/v) 
m a 1 5 ml nucrocentnfuge tube The tubes were 
spun for 90 s in a Fisher 235B nucrocentnfuge An 
ahquot of the supernatant was saved to deternune 
radloactwlty The bottom of the tube conta~mng 
cell pellet was cut off with a razor blade and 
added to 0 5 ml of 0 1 M NaOH After incubation 
overmght the radloactlwty was deternuned The 
total volume of the pellet was determined from the 
3H20 content and the extracellular space from the 
[14C]sucrose content The mtracellular water space 
was taken as the difference between total and 
extracellular volumes and the value was 0 37 + 0 04 
/~1/106 cells (n = 4, independent cell preparauons) 
Tins value was used to calculate mtracellular con- 
centrauon of TPMP ÷ and qum2, and we assumed 
that the mtracellular water space of the ceils at- 
tached to the d~shes ~s equal to that of trypslmzed 
cells 

Qum2 loadmg and measurement of [Ca2÷], 
Qum2 loading and deterrmnatmn of [Ca2+], was 
performed as described by Moolenaar et al [15] 

with the following modlficauons [16]. The isolated 
alveolar type II cells were plated m 35-mm culture 
dishes containing three 13-mm diameter glass cover 
shps. After 22 h, non-adherent cells were washed 
away and the alveolar type II cell monolayers 
were loaded with qum2 by incubating them m 
DMEM contmmng 50 #M quln2/AM at 37°C 
Stock solution of quln2/AM was made m dlmeth- 
ylsulfoxtde at the concentrauon of 50 mM 
Quln2/AM was directly added to medmm from 
the stock solution, and the qum2/AM containing 
medmm was briefly somcated before addltmn 
After 30 nun for loading the cells with qum2/AM, 
the medium was changed to DMEM without qum2 
and lncubatmn was continued for addmonal 30 
nun. Hydrolysis of the qmn2/AM was de- 
termined to be wrtually complete at tins tune 
since the en~ssmn spectrum slufted from that of 
quln2/AM winch has a peak at 430 nm to that of 
the free acid winch has a peak at 490 nm [17] 
After wasinng, the qum2 loaded monolayer was 
inserted into a thermostatted cuvette m a 
Perlon-Elmer model MPF-66 fluorescence spec- 
trophotometer Cells were incubated m 3 0 ml of 
NaC1-Hepes buffer Fluorescence was continu- 
ously recorded at an excitation wavelength of 339 
nm (5 nm sht) and an enusslon wavelength of 490 
nm (20 nm sht) Values of [Ca2+], (m nM) were 
calculated from the observed fluorescence inten- 
sity (F)  of mtracellular qum2 and the intensity of 
Ca2+-saturated dye (Fro.x) according to the fol- 
lowing equatmn [15] 

[ C a 2 "  l, = l 1 5 ( ( F - 0  1 6 F m a x ) / ( F m a  x - F ) )  

where 115 nM is the apparent K d for Ca2+-qum2 
at cytoplasnuc xomc conditions [17], and 0 16 Fma x 
is the fluorescence intensity of the Ca2+-free qum2 
anion [18] Fm~ , was determined by rapidly 
saturating mtracellular qmn2 with Ca 2÷ by per- 
meablhzmg the ceils with 20 /xM dlgltomn The 
autofluorescence of type II cell monolayers was 
determined and subtracted from F and Fm~ x m 
the calculation In general, the fluorescence for 
qum2 loaded monolayers was 4-5 tunes the auto- 
fluorescence of type II cells on a covershp A slow 
spontaneous decrease m fluorescent ermsslon of 
qum2 loaded cells was observed (12 + 4% (n = 7) 
of total Ca 2÷ dependent fluorescence emasslon 



after 5 rain) due to photobleacinng of the probe, 
and the fluorescence tracing was corrected accord- 
mgly for the esttrnatlon of [Ca2+], The cellular 
qum2 concentration was estimated w~th a qum2- 
free acid standard and was 1 1 + 0 4 mM (n = 3) 

Other Ra&oactivity was measured by Beckman 
liquid scintillation counter model LS 1801 Statis- 
tical analysis was performed with analysis of van- 
ance and Tukey's test for multiple comparisons 
w~th the SAS statistical program 

R e s u l t s  

The change m transmembrane potential of 
freshly isolated alveolar type II cells was measured 
by using the catlomc fluorescent dyes, &-S-C3(5) 
or dl-O-Cs(3 ) When the cells were incubated wtth 
these compounds, they rapidly incorporated the 
dyes and reached a steady state level w~tinn 10 
mm An increase m fluorescence of dl-S-C3(5) 
reflects an apparent depolarization and a decrease 
m fluorescence an apparent hyperpolanzatlon, 
whereas an increase m fluorescence of dl-O-C5 (3) 
reflects an apparent hyperpolanzat~on and a de- 
crease m fluorescence a depolarization In order to 
verify that fluorescence of both dyes was a vahd 
indication of changes m transmembrane potential 
m alveolar type II cells, we determined the apph- 
cab~hty of the Goldman equation to tins system, 
as shown for erythrocytes by Smas et al [19] 
Alveolar type II cells were equthbrated m Hepes- 
buffered salt solutions of ~dent~cal concentrations 
of all components except Na ÷ and K -~ winch were 
varied so that the sum of their concentrations 
remained constant Then the change m fluores- 
cence was measured when vahnomycm (1 #M) 
was added to suspension m order to increase the 
membrane permeablhty to K ÷ and to ehminate 
the K ÷ gradient across the membrane The result- 
mg change m the membrane potential was a func- 
tion of the K ÷ gradient before vahnomycm was 
added and therefore of the external K ÷ concentra- 
tlon As shown m Fig 1, except at very Ingh 
concentrations (150 mM), the observed values fol- 
low the expected linear dependence of transmem- 
brahe potential on log[K+]out Therefore, the fluo- 
rescence changes observed for d1-S-C3(5 ) or dl-O- 
C5(3) can measure a change in transmembrane 
potentml m alveolar type II cells 
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F~g 1 Effect of external potassium concentration on the 
relattve change of the dye fluorescence upon addmon of 
vahnomycm Freshly isolated type II cells were incubated voth 
1 57 #M dl-S-Ca(5 ) or 0 25/~M &-O-Cs(3) for 10 nun at 37 o C 
m different concentrattons of external potassmm, then 
valmomycm (1 laM) was added, and the change of fluorescence 
was recorded Each point represents the mean + S E from three 
different experiments The symbols are • for &-S-C3(5) and • 

for &-O-C 5 (3) 

In the next set of expenments, the effect of 
stimulants of pulmonary surfactant secretion on 
the fluorescence of dI-S-C3(5 ) or di-O-Cs(3 ) was 
examined A concentration of TPA (50 ng/ml) ,  
winch causes a marked secretory response, did not 
change the transmembrane potential whereas 
gramicldm (1 # g / m l )  depolarized alveolar type II 
cells (Fig 2) In addition, terbutahne (100 /zM) 
plus IBMX (50 #m) winch also stimulates secre- 
tion had no effect on the fluorescence (data not 
shown) Castranova et al [8] reported that 10 
# g / r n l  of TPA depolarized freshly isolated rat 
alveolar type II cells Tins concentration is ex- 
tremely Ingh for biologic effects in type II cells or 
m other mammahan cells In our laboratory, near 
maximal stimulation of surfactant secretion by 
TPA is observed at the concentration of 25 n g / m l  
Moreover, even when we added 10 # g / m l  of TPA 
to freshly isolated type II cells loaded with d1-S- 
C3(5 ), we could not find any change of fluo- 
rescence 

We have used cells after one day in culture to 
study secretion [2-4,13] Therefore, we analyzed 
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Fig 2 Transmembrane potential changes m freshly isolated 
alveolar type II cells Transmembrane potential changes were 
measured by the fluorescence changes of ch-O-C5(3 ) (A) or 
d1-S-C3(5 ) (B) as described under Expenmental Procedures 
Granucldm (1 /zg/ml) or TPA (50 ng/ml) was added at the 
time indicated by the arrow The cellular fluorescence of 
dl-O-Cs(3 ) was also measured m the presence of tugh potas- 
smm (150 mM) (A) The data represent three different experi- 
ments with smular fin&rigs The fluorescence of control cells 

remains stable at least 30 nun after equthbratmn 

the changes in transmembrane potential with day 
1 cells m order to compare to the secretory re- 
sponse directly Neither we nor others have re- 
ported the secretory response of freshly isolated 
alveolar type II cells, because the cells are routinely 
incubated with a radioactive lipid precursor to 
radlolabel phosphatldylchohne We used the cat- 
lomc hpophthc probe, TPMP ÷, to measure trans- 
membrane potenUal m day 1 cells TPMP ÷ has 
been shown to be a permanent cation across cell 
membranes [19], and its equthbnum distnbuuon 
has been demonstrated to be dependent on the 
transmembrane potential in a variety of systems 
including alveolar type II cells [9] Therefore, by 
estimating the transmembrane concentratmn 
gradient of TPMP +, the changes in transmem- 

brane potential can be calculated simply from the 
Nernst equatmn as described by Cheng et al 
without direct measurement of lntracellular 
volume 

E m = 58 Iog[TPMP + ]expenmentaJ/[TPMP + ]control 

where [TPMP + ]exp~m~t~a and [TPMP + ]controt are 
the cell-associated amount of the hydrophobic cat- 
ion m the experimental or resting condition, re- 
specuvely The rate of uptake of [3H]TPMP + by 
alveolar type II cells cultured for one day was 
deternuned When type II cells attached to the 
dish were incubated with 50 nM [3H]TPMP ÷, the 
cells gradually incorporated the probe, but eqm- 
hbnum was not reached even after 5 h of incuba- 
tion (Fig 3) AddiUon of TPB- accelerated the 
uptake of TPMP + by type II cells (Fig 3) as 
reported in other systems including type II cells 
[9,21,22]. Upon addiuon of 2 /~M of TPB- the 
maxamum accumulataon of TPMP ÷ was observed 
at 2 h and remained constant for at least addlUon 
3 h (Fig 3) The distribution ratio of TPMP +, 
[TPMP + ]out/[TPMP +]c.n a~c,at~d did not vary 
from the concentration of 10 nM to 400 nM of 
TPMP ÷ m the presence of 2/~M TPB- Therefore, 
the subsequent studies were performed with prem- 
cubatlon time of 2 h with 50 nM [3H]TPMP + (2 
/zC1/ml) and 2 t~M TPB- Tins procedure did not 
affect basal secretion or secreUon stimulated by 
TPA or terbutahne plus IBMX In addition, 
TPMP ÷ and TPB- did not cause cell damage, as 
assessed by trypan blue exclusion and lactate de- 
hydrogenase release To deternune the changes m 
transmembrane potential by using [3H]TPMP ÷ 
one must also measure the potential-independent 
uptake of this probe by type II cells To obtain 
tins value we measured uptake m the presence of 
150 mM KC1 and 1/tM valmomycm, which should 
cause complete depolarization After equlhbratlon 
with 50 nM [3H]TPMP+ and 2 #M TPB- for 2 h, 
cells incorporated 2 46 + 0 24 pmol/10 6 cells of 
[3H]TPMP ÷, and cells incubated with 150 mM 
KC1 plus 1 /xM valmomycm incorporated 0 75 + 
0 07 pmol/106 cells m 10 nun at 37°C (mean + 
S E,  n = 9 different experiments), which indicates 
some potential-independent accumulation of the 
probe The value of cell associated .TPMP ÷ de- 
scribed below has been corrected for tins poten- 
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Fig 3 Uptake of TPMP + by alveolar type II cells m primary 
culture Alveolar type II cells cultured for 1 day were in- 
cubated voth 50 nM TPMP + (2 / i O / m l )  in the absence or 
presence of T P B -  at 37 * C Ceil-assocmted TPMP + accumula- 
uon  was determined as descnbed under  Expenmenta l  Proce- 
dures Each point  represents the mean  + S E from four differ- 
ent  expelrments conducted m each duphcate  The symbols are 
@ for TPMP + alone, • with 2 # M  T P B -  plus TPMP +, and • 

voth 5/~M T P B -  plus T P M P  ÷ 
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tlal-mdependent component which was de- 
ternuned in each expenment PotenUal-dependent 
accumulation of TPMP ÷ reflects both the plasma 
and matochondnal membrane potentmls When 
type II cells were treated voth the nutochondnal 
uncoupler CCCP (5 #M) for 10 nun at 37°C 
following the steady-state accumulation of 
TPMP ÷, the corrected cell associated TPMP ÷ ac- 
cumulation decreased from 1 64 ± 0 15 pmol/106 
cells of control value to 0 50 ± 0 05 pmol/106 
cells (mean ± S E, n = 8 &fferent experiments) 

After the method was vahdated, the effect of 
depolarizing agents and the secretagogues, TPA or 
terbutahne plus IBMX, on the amount of cell-as- 
sociated TPMP ÷ was deterrmned High potassmm 
or gramacldm decreased the amount of cell-assoc~- 
ated TPMP ÷ (apparent depolarization, Table I) 
but TPA or terbutahne plus IBMX &d not affect 
the value slgraficantly after 1 mm, 10 nun, and 60 
man incubation (Table I) or 30 man (not shown) 
The effects of these agents on the phosphau- 
dylchohne secretion can be observed within 30 
man [1,2,13] These results indicate that alveolar 
type II cells do not undergo membrane depolan- 
zauon or hyperpolanzatlon dunng the course of 
surfactant secretion induced by these agents 

High potassium, winch causes depolanzatlon m 
a variety of cells, has been reported to cause 
phosphatldylchohne secretion in lung shces [7] 
Therefore, we examined the phosphatldylchohne 
secretion m medm m winch sodmm chloride was 

TABLE I 

E F F E C T  OF H I G H  POTASSIUM, G R A M I C I D I N ,  TPA, A N D  T E R B U T A L I N E  PLUS IBMX ON THE A C C U M U L A T I O N  OF 
T P M P  ÷ 

Alveolar type II cells cultured for 22 h were incubated with 50 nM [3H]TPMP+ (2 # C l / m l )  and 2 # M  T P B -  for 2 h, and then the 
test solution or compound was added The amount  of cell-associated TPMP + was deterrmned at various times as indicated The 
values have been corrected for potenual-mdependent  accumulauon of the probe The data are expressed as mean + S E from the 
number  of experiments m&cated  Potassmm chloride and grarmc~dm s~gmficantly decreased accumulation of TPMP ÷ ( P  < 001)  

Trea tment  Accumulat ion (pmol T P M P ÷ / 1 0  6 cells) 

Time 1 man 10 nun 60 man 
(n = 5) (n = 9) (n = 5) 

Control 1 6 5 + 0  23 1 7 3 + 0  16 1 6 6 + 0  24 
150 m M  KCI 0 7 2 + 0  23 
1 p M  grarmcldln 1 2 4 + 0  12 
50 n M  TPA 1 7 0 + 0  17 1 71 + 0  16 1 7 0 + 0  19 
100 # M terbutalme plus 50/,tM IBMX 1 66 + 0 20 1 70 + 0 17 1 65 + 0 20 
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totally subsututed by eqmmolar concentraUon of 
potassmm chlonde or chohne chloride As shown 
m Table II tugh potassmm sxgmhcantly increased 
basal secretmn over control (P < 001) whereas 
substltutmn by choline did not significantly affect 
basal secretmn Chohne substitution potentmted 
TPA-mduced secretion The data of Table I and II 
indicate that although transmembrane potentml of 
alveolar type II cells does not change upon the 
addmon of known secretagogues, lugh potassmm 
can stimulate phosphaUdylchohne secretion prob- 
ably through membrane depolarization 

Using the fluorescent calcmm indicator, qmn2, 
investigators have shown that tugh extracellular 
potassmm elevates [Ca 2÷ ]1 through voltage-depen- 
dent calcmm channels m an msuhnoma cell hne 
[23], bra.m synaptosomes [24], PC 12 cells [24], and 
the pltmtary GH cell hne [25] In general, eleva- 
tion of [Ca2÷]1 is thought to play a central role in 
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Fig 4 Effect of lugh potassmm and lonornycm on [Ca 2+ ] t m  
alveolar type II cells m pnmary culture Alveolar type II cells 
whtch were cltured for one day on glass covershps were loaded 
with qum2 (50 ~M) and subjected to measurement of [Ca 2+ ]~ 
as desertbed under Expertmental Procedures Monolayer was 
inserted into a cuvette containing NaC1-Hepes buffer and at 
the ttme mcheated by an arrow lonomycm (0 4/~M) was added 

or the solutaon was totally replaced by KC1-Hepes buffer 

TABLE II 

SUBSTITUTION OF SODIUM CHLORIDE BY POTAS- 
SIUM CHLORIDE OR CHOLINE CHLORIDE ON PHOS- 
PHATIDYLCHOLINE SECRETION 

Freshly isolated alveolar type II cells were suspended m 
Dulbecco's moddled Eagle's medtum containing 10% fetal 
bovine serum and 1 #C1/rnl of [MeJH]chohne 2 ml of the 
suspension (1 106 cells/ml) were plated m 35 mm plasttc 
dishes and incubated for 22 h m 10% CO2/90% atr atmo- 
sphere After washing the monolayers with DMEM and bovine 
serum albumin (1 mg/ml), the monolayers were washed agaan 
voth 10 ml of NaCI-Hepes, KC1-Hepes, or chohne C1-Hepes 
buffer as mchcated Incubauon was continued for 1 h after 
addition of each agent at 37 o C m air as the gas phase and % 
secretion was deterrmned as described under expenmental 
procedures The data are expressed as mean + S E from seven 
different experiments each conducted in duphcate By analysis 
of variance with Tukey's test for multiple comparisons (P < 
0 01), there was a stgraficant effect of the dominant salt m the 
medm on control (basal) secretton and on secretion stmaulated 
by TPA but not on secreUon sttmulated by terbutahne plus 
IBMX Basal secretion is greater m KCI than m NaC1 or 
choline chloride (P < 0 01), and TPA stimulated secretion is 
greater m chohne chloride than m NaC1 or KC1 ( P < 0 01) 

Treatment % Secretion, donunant salt m media 

NaCI KC1 Cholme-Cl 

Control 18-t-0 2 3 4 + 0 4  2 0 + 0 2  
50 ng/ml TPA 130+17  110+16  162+21  
100 #M terbutalme 

plus 50/~M IBMX 5 9 + 0 5  5 6 + 0 8  6 5 + 0 6  

cellular functaon such as secretion We have shown 
prexaously that an increase m [Ca2÷], stunulates 
phosphatidylcholme secretaon m type II cells [16] 
Therefore we examined the effect of lugh potas- 
smm on [Ca2+]1 in alveolar type II cell cultured 
on glass covershps The resting level of [Ca2+]1 m 
alveolar type II cells was 143 + 10 nM (mean + 
S E., 12 monolayers m four different experiments) 
High potassmm did not affect [Ca2+], m 
qum2-1oaded alveolar type II cells m pnmary cul- 
ture whereas the calcmm lonophore, lonomycm, 
elevated [Ca2+]1 as shown m Fig 4 Therefore, 
high potassmm-mduced membrane depolanzatmn 
does not apparently open voltage-dependent 
calcmm channels m type II cells sufficient to 
change [Ca2+], The actual blochenucal mecha- 
msm for stunulauon by lugh extracellular potas- 
sium remains to be deternuned 

D i s c u s s i o n  

Although various hormones and biologically 
acttve substances have been reported to change 
the transmemhrane potential of their target Ussues 
[6], our present results demonstrate that alveolar 
type II cells do not undergo membrane depolan- 
zauon or hyperpolanzatmn upon stamulatlon by 
agents that reduce secretion of pulmonary surfac- 



tant In order to measure transmembrane poten- 
tial of freshly isolated cells we used the fluorescent 
carbocyamne dyes, &-S-C3(5 ) and dl-O-C5(3) The 
advantage of using these dyes is that continuous 
recording is possible and relatively small change 
from the steady state level can be detected But m 
order to apply tins method to a system one has to 
venfy that fluorescence of the dye is a vahd re&- 
cation of changes in membrane potential m each 
system We confirmed the results of Castranova et 
al [8] that the fluorescence of d1-S-C3(5 ) and 
di-O-Cs(3 ) follows the Nernst equatmn as shown 
m Fig 1 and tins method can be apphed to 
measure changes m membrane potential m type II 
cells Although Castranova et al reported that 
TPA depolarized type II cells in our studies TPA 
or terbutahne plus IBMX, winch stimulate 
surfactant secretion from alveolar type II cells, 
does not change the membrane potential (Fig 2) 
The reason for tins discrepancy is not clear 

In order to examane the changes m the mem- 
brane potential of type II cells m pnmary culture, 
winch have been used to study phosphaudylcho- 
hne secretion, we ~mtlally attempted to use the 
carbocyamne dye ld-O-C 5 (3) When alveolar type 
II cells cultured on glass covershps were incubated 
with &-O-C5(3), the cells gradually incorporated 
the dye and reached steady state level at 2 h 
Although gramlcidin (1/~g/ml) or high potassium 
depolarized these cells, ad&tlon of vahnomycm 
always led to an increase m fluorescence (apparent 
hyperpolanzatmn) independent of the concentra- 
tmn of extracellular potassmm Tins phenomenon 
has been observed m granulocytes when the con- 
centratmn of either cells or dye is too low [26] 
Hence, the concentrations of cells and dye were 
probably too low to use tins dye to measure 
changes m the membrane potential in alveolar 
type II cells in pnmary culture Therefore, we used 
the radioactwe catlomc probe TPMP + winch was 
used m freshly isolated rabbit alveolar type II cells 
by Gallo et al [9] Alveolar type II cells in primary 
culture gradually incorporated TPMP ÷ and ad- 
dition of TPB- accelerates the mcorporatmn as 
shown m Fig 3 The time reqmred to reach at 
steady state level was 2 h m the presence of 2 #M 
TPB-, and tins is longer than that reported by 
Gallo et al for freshly isolated rabbit type II cells 
Tins may be because m pnmary culture only the 
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apical surface of the cells is exposed to the probe 
A considerable amount of the probe partitioned m 
rmtochondna m type II cells, because the absolute 
magnitude of rmtochondna transmembrane poten- 
ual is higher than plasma membrane potential [9] 
However, changes in the plasma membrane poten- 
ual caused by l~gh potassium or gram_tcldln were 
detectable as shown in Table I Therefore the 
TPMP ÷ method can be apphed to exarmne the 
effects of secretagogues on changes m the plasma 
membrane potential m type II cells in primary 
culture. Slrmlarly, cells loaded with TPMP ÷ and 
TPB- can respond to secretagogues normally and 
do not show s~gns of cytotoxlclty as determined by 
trypan blue exclusion or release of lactate dehy- 
drogenase. Our results indicate that TPA or 
terbutahne, at levels that induce phosphaUdylcho- 
line secretion, does not change membrane poten- 
ual (Table I) 

H~gh potassmm has been reported Io increase 
phosphatldylchohne secreuon in lung slices, and 
tins effect was not too&fled by atropine or pro- 
pranolol [7] Our results also show that lugh potas- 
smm increases phosphatldylchohne secreuon by 
isolated type II cells in vitro (Table II) Therefore, 
the effect of tugh potassium on lung shces could 
be a direct effect on type II cells Physiological 
me&ators or events such as stretching the plasma 
membrane during hyperventflatlon may cause 
membrane depolanzatmn in type II cells m vlvo 
and, hence, may control surfactant secretmn in the 
intact animal through this mechamsm Although 
high potassxum shghtly increased phosphatl- 
dylchollne secretmn, the depolarizing agent 
granucidm (1 ~tg/ml) did not sumulate secretion 
However, gramlcldln (1 ~tg/ml) inhibited TPA-m- 
duced secretmn by 60% (single experiment in 
duplicate) The release of lactate dehydrogenase 
from granucldln-treated cells did not exceed 3% 
Prolonged incubation with grarmcldm (1 h for a 
secretion study), however, may disturb the cellular 
structure reqmred for secretory response and mask 
the effect of membrane depolanzatmn on secre- 
tion The stunulatlon of secretmn by high potas- 
sium was not ad&twe to that found for terbuta- 
hne plus IBMX or TPA Tins result suggests that 
there may be some negatwe regulation occurring 
between the depolanzatmn pathway and the path- 
way stimulated by terbutahne or TPA In some 
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systems Ingh potassmm opens voltage-dependent 
calcium channels but m type II cells as shown m 
F~g 4, there was no change m mtraceUular calcmm 
The mechamsm of the sUmulatory effect of Ingh 
potassium on phosphaudylchohne secretion re- 
mares to be deternuned 

SubstltuUon of so&um by chohne shghtly en- 
hanced TPA-mduced phosphaUdylchohne secre- 
tion (Table II) The mechamsm of the modulation 
of the TPA-mduced response by chohne ~s un- 
known at present, but it Is clear that a physiologi- 
cal concentration of extraceUular sodmm ~s not 
reqmred for phosphaudylchohne secretion by iso- 
lated alveolar type II cells 

In summary, we could not detect membrane 
depolanzaUon due to secretagogues for type II 
cells in vitro Hence, our data do not support the 
hypothes~s that a umfymg event dunng stxmula- 
t~on of secretion is membrane depolanzauon We 
used both carbocyamne dyes winch should detect 
early depolarization and the TPMP + method winch 
should detect late or gradual depolarization We 
conclude that TPA, the class of single agomst 
winch produces the greatest sUmulatory effect on 
secretion m wtro, does not alter the membrane 
potentml of type II cells at concentrations winch 
stxmulate secretion 
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