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Abstract. Lung lamellar bodies maintain an acidic inte- Key words: pH gradient — C&'/H*-exchange — C4-
rior by an energy-dependent process. The acidic pH magctivated K channels — ATP-dependent €aiptake —
affect the packaging of surfactant phospholipids, pro-Vacuolar type H-ATPase
cessing of surfactant proteins, or surfactant protein A-
dependent lipid aggregation. The electron-probe microThe lung epithelial type 1l cells contain lamellar bodies,
analysis of lamellar body elemental composition has prewhich are specialized acidic organelles that release their
viously suggested that lamellar bodies contain highcontents during secretion of lung surfactant [8, 31]. We
levels of calcium some of which may be in ionic form. have previously shown that a vacuolar type ATPase (V-
In this study, we investigated the €auptake character- ATPase), which is present in the lamellar body mem-
istics in isolated lung lamellar bodies. The uptake ofbrane, is responsible for generating and maintaining the
Cca* was measured by monitoring changes in the fluo-proton electrochemical gradient [7, 12, 41]. In addition,
rescence of Fluo-3, a €aindicator dye. The uptake of we have also identified the presence of "N ex-
Ca&" in lamellar bodies was ATP-dependent and in-change(r) activity by functional analysis and that of Na
creased with increasing concentrations of CaAt 100  K*/CI™ cotransporter by both functional and immuno-
nv Ca*, the uptake was almost completely inhibited by chemical analyses [41]. These two transporters appear to
bafilomycin Al, a selective inhibitor of vacuolar type modify the proton chemical (pH) as well as the electrical
H*-ATPase, or by NECI, which raises the lamellar body gradients across the lamellar body membrane. The
pH, suggesting that the pH gradient regulates the uptakephysiological role of the proton electrochemical gradient
The uptake of C# increased as the €aconcentration  of lamellar bodies is not clear, but various investigators
was increased, but the relative contribution of bafilomy-have suggested that the acidic pH may be important for
cin Al-sensitive uptake decreased. At 70, it com-  packaging of phosphatidylcholine [13] and phosphatidyl-
prised only 20% of the total uptake. These results sugglycerol [9], processing of surfactant proteins B [40] and
gest the presence of additional mechanism(s) for uptak€ [3], and surfactant protein A-dependent aggregation
at higher C&" concentrations. At 700w Ca’*, the rate  and organization of lipids in the lamellar bodies [32].
and extent of uptake were lower in the absence 6f K Electron-probe microanalysis of elemental composi-
than in the presence of 'K The inhibitors of C&"-  tion has indicated that lamellar bodies contain high levels
activated K-channels, tetraethylammonium, Penitremof calcium, some of which may be in ionic form [21].
A, and 4-aminopyridine, also inhibited thelependent  Although these investigators did not measure thé*Ca
C&" uptake at 700m C&*. Thus the uptake of Gain uptake by lamellar bodies, their findings suggested that
isolated lung lamellar bodies appears to be regulated byhe lamellar bodies may take up calcium in either ionic or
two mechanisms, (i) the Hgradient and (ii) the K in protein conjugate form. The simultaneous analysis of
transport across the lamellar body membrane. Wenther elements (Na, K, and Cl) led these investigators to
speculate that lamellar bodies accumulaté'Gad con-  further suggest a relationship between calcium and other
tribute to regulation of cytosolic C&in type Il cells electrolytes in lung lamellar bodies. Recently, the study
under resting and stimulated conditions. of organelle uptake of C4 has received increasing at-
tention because of its possible role in the regulation of
cytosolic C&". In a variety of cell types, the stimulation
- of cells with several agents rapidly increases the levels of
Correspondence toA. Chander cytosolic C&* from approximately 100m to as high as



42 S.J. Wadsworth and A. Chander: Calcium Uptake in Lung Lamellar Bodies

1 wm or higher [reviewed in 26]. This is followed by a fluorescence and the maximum decrease in the fluores-

decline in the level of cytosolic Gaprobably because of cence as representing the initial rate ofCaptake and

C&* uptake by certain intracellular organelles. Severatthe maximum uptake of Gain lung lamellar bodies.

distinct processes appear to regulate th&'Catake by  Our studies suggest that two separate mechanisms con-

these organelles. The mitochondria appear to regulatiibute to the regulation of C4 uptake in lamellar bod-

Ca* uptake by C&-ATPases, CH/H" exchange(r)s, ies, one involving C&/H* exchange and the other in-

and C&* uniporter(s), which are present in the mitochon-volving C&*/K* exchange. The latter has not been de-

drial membrane [4, 20, 28]. The uptake of®Cappears Scribed in other organelles and thus is a novel finding of

to be of physiologic significance since it is coupled to this study.

increased ATP synthesis in the mitochondria [20]. A

Ca*-ATPase activity is also found in the membranes of .

. : Materials and Methods

intracellular organelles such as the endoplasmic and sar-

coplasmic reticulum [29, 33, 37, 44], secretory granulesrjyo-3 ammonium salt (membrane impermeant), bafilomycin A1, car-

[15, 27] and renal tubular endosomes [39]. At least twobonyl cyanide m-chlorophenyl hydrazone (CCCP), 4-aminopyridine

mechanisms for the éatransport appear to function in (4-AP), tetraethylammonium (TEA), vanadate-free ATP, vanadate and

these organelles. A vanadate-sensitive electrogeniﬁ” ‘?th‘?vrlg)”ePCh‘?tmica'As Wedre ngrc_*:jase‘j from Sri]gmad?emga"w(slt-
+ . : . ouls, . Penitrem an urige were purchased 1rom bloivVio

ce -ATPase, which is present in the endo- and Sarco o i Mesting, PA). gy P

plasmic reticulum in most cell types [18, 33, 37, 39],

pumps C4&" into the organelle and appears to require H

efflux as a counter-ion in order to maintain electroneutralBUFFER COMPOSITION AND INHIBITORS

transport [37]. A second mechanism involves’Tid™-

exchange(r), which is independent of the?CATPase The uptake_ buffers were prepareq as described in a previous study [41].

but is secondary to active transport driven by the organ-S tock solutions of 500 m Na-isethionate and 100wrHCI and 60

Tris, pH 7.0 were appropriately diluted to provide indicated concen-

elle V-ATPase [39]. The role of Catransport and sub-  iations of N4, or CI". We maintained the calculated osmolarity of the

sequent storage by organelles is not clear but may be taptake buffers between 300 and 340 mosM. For preparation bfdda

regulate the levels of cytosolic €3 which is an impor-  K*-free uptake buffers, we added appropriate amounts of @.28-

tant intracellular signal for several physiologic processes¢rose 1o maintain the calculated osmolarity in the specified range.

In pancreatic zymogen granules, an increase in vesicl he C&" uptake was routinely measured in 1&rhlepes-Tris buffer

R . > . pH, 7.0) containing 130 m K-gluconate, 20 ma Na-isethionate, 10
pH inhibits the secretagogue-induced“Capikes sug- mwm CI~, 10 nm ATP, 10 mu MgSO, and indicated concentrations of

gesting a role for organelle +dependent C4 transport Ca*, which were buffered with 1 m EGTA. A 2 mm stock solution
in the regulation of cytosolic G4 [38]. of Ca&*-gluconate was appropriately diluted to provide 100-760 n

The C&" uptake characteristics and the mechanismgree C&" [23] in which C&"-chelation by 10 m ATP, 1 m1 EGTA,
that regulate such uptake in lung lamellar bodies aréd 10 m MgSO, were taken into account.

. Inhibitors used in this study include bafilomycin A1, a V-ATPase
unknown. A knowledge of these mechanisms VVomdi hibitor [5], NH,CI, an agent that dissipates the proton gradient and

help underSt.and the _Storage and SeCfetOfY funCt'enS Qhises lamellar body pH [41], CCCP, a protonophore, vanadate, an
lamellar bodies. In this study, we characterized thé"Ca innibitor of phosphorylating (P)-type ATPases [19], glyburide, an in-
uptake and its regulation in isolated lamellar bodies. Wehibitor of K,y channel [22], as well as Penitrem A, 4-aminopyridine
postulated that the acidic pH of lung lamellar bodiesand tetraethylammonium, all inhibitors of the Canctivated K chan-
regulates the C& uptake in a manner similar to that seen nels [2, 17, 24, 42, 43, 45]. Lamellar bodies were preincubated for 5
in other oraanelles. We also investigated the influenc min at 37°C with these inhibitors, before measuring thé*Grptake.

. 9 Cch . g . qn experiments evaluating the effects of CCCP, this protonophore was
of other ions on uptake since several ions regulate aqded after the maximum decrease in the fluorescence (representing the
the acidic pH and the membrane potential in severamaximum uptake of &) had been obtained. The stock solutions for
organelle including lamellar bodies [4, 16, 41]. The up- bafilomycin A1 and glyburide were prepared in DMSO and added to
take of C&* was followed by measuring changes in the the buffer at a 1,000-fold (:jllutlon so that the _DMSO concen_tratlon in
fluorescence of a C?é—binding dye, Fluo-3. This dye the assay buffer_was 0.1%. The _sto_ck solution for CCCP in ethanol

hows minimal fluorescence in the absence #'Cahe was also added in a 1,000-fold dilution so that the assay buffer con-
S_ . " . . tained 0.1% ethanol.
binding of C&* enhances its fluorescence severalfold in
direct proportion to C& concentration in the supm to
low pum range. Removal of G4 from the solution, e.g., |SOLATION OF LAMELLAR BODIES
by sequestration into an impermeable compartment or _ _ _ _
chelation with EGTA, results in a decrease in the fluc- 7 el bodes were solied o desrbod povaly (11, 411
rescencg. Thus, in our assay SySte:m’ a de_crgase (or Iﬁ_EPES-Tris buffer, pH 7.0, and were either used immediately or stored
Crease) in Fluo-3 fluorescence prowdes an indirect ME83, ice. The lamellar bodies remained stable on ice for up to 3 hr as

sure of C&" uptake in (Or'r_el'ease from) the |§-me||ar determined by comparing the rate and extent of uptake under similar
bodies. We have used the initial rate of decline in Fluo-3conditions at the beginning and end of the 3 hr period.
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FLUO-3 STuDIES preparation employed in this study [7, 10-12, 34, 41].
The C&* uptake by lamellar bodies was studied at 37°C by monitoring At the ultrastructural level, the _'SO,Ia,ted lamellar bOdIQS
fluorescence of a G4 indicator, Fluo-3 (excitation= 490 nm, emis-  appear homogeneous and the individual lamellar bodies
sion = 530 nm). The fluorescence was followed in a fluorescence@ppear to be enclosed in an intact limiting membrane [7,
spectrometer (Aminco Bowman Spectrometer, series 2, Milton Roy,11, 12]. This preparation also shows lack of Golgi stacks
Rochester, NY). In all experiments, the instrument settings (slit width,gnd mitochondria. The biochemical characterization
band pass, anq \(oltage) were maintained cpnstant to m‘inimize intershowed that this preparation contained no detectable ac-
experiment variations in Fluo-3 flgorescence |ntenS|ty_. A fixed volume tivities of the marker enzymes for the Golgi and plasma
(15 pl) of lamellar body suspension (3.75-13.0 protein) was added . . .
to 0.5 ml of buffer (without or with ATP and/or without or with ') m_embrane’ while those for the microsomes, m_ltOChon'
containing 100 to 700m C&* buffered with 1 nm EGTA, and 1um dria, and the lysosomes were decreased approximately 7-
Fluo-3 (ammonium salt). The membrane impermeant form of Fluo-3to0 20-fold when compared with the lung homogenate [7,
remains outside the lamellar body so that a decrease in its fluorescenck2, 41, this study]. Thus our lamellar body preparation

reflects C&" removal by lamellar bodies and provides an indirect mea- appears nominally free of contamination with these sub-
surement of C& uptake. The fluorescence data were acquired at 0.1Ce”u|ar compartments.

sec intervals. All fluorescence data were corrected for dilution (3%)
caused by the addition of lamellar body suspension. THé GQatake
was recorded as arbitrary fluorescence units (F.U.). TH& Gptake
rate (as F.U./sec) was calculated from the initial linear part of the
fluorescence trace. The maximum uptake (as F.U.) was calculated .

from maximum change in fluorescence intensity. All fluorescence data O @ll uptake studies reported here, we used four con-

were later transformed into pmoles Cdased on the slope of Fluo-3  centrations of C& (100, 300, 500, and 700w), which

CONCENTRATION-DEPENDENCE OFC&* UPTAKE

fluorescence calibration curve as a function of Ceoncentration. are within the range of intracellular €4devels in resting
and in agonist-stimulated type Il cells [30, 35], to which
ANALYTICAL the lamellar bodies may be exposedsitu. In initial

Lung homogenates and lamellar body preparations were assayed f&tudies, we measured the uptake at 100Q% ™, which
marker enzymes for other subcellular compartments. Cytochrome-ds the approximate cytosolic €ain a resting type Il cell
oxidase, NADPH-cytochrome c reductase, and/K&-ATPase were  [35] and is similar to that reported for other cells. The
assayed as desc_ribed previously [41]. Compared to Iung_h_omogenat@ffect of lamellar body protein concentration on?ta
thg Iamellar bodies showed more than 20-fold Iqwer activity for the uptake was evaluated at the lowest (100 and at the
mitochondrial marker enzyme, cytochrome ¢ oxidase (lung homog—h. hest (700 C#* trati | d in thi
enate; 52 + 15, lamellar bodies, 2.4 + 1.5 nmole ferrocytochrome ¢ ighest ( M) Con(_:en ration employe > m_ IS
oxidized/min/mg protein, mean e n = 3), and almost 7-fold lower ~ Study. At both concentrations, the uptake of Can-
activity of the microsomal marker enzyme, NADPH cytochrome ¢ creased with increasing amounts of lamellar body protein
reductase (lung homogenate, 19.2 + 1.7; lamellar bodies, 2.8 + 1.§Fig. 1A andB). Because of the rapid rate of uptake, the
nmole cytochrome c reduced/min/mg protein= 3). For all studies  gbscissa was expanded to determine the linear part of
descrlbe_d in this report) represents the number of lamellar body decline in the fluorescence intensity (Fig:)l The rate
preparations. We also analyzed o preparations of lung lamellar bodg¢ | o e was then calculated as fluorescence change per
ies for the N&/K*-ATPase activity. We could not detect any strophan- L .

thidin-sensitive N&K*-ATPase activity (a marker for plasma mem- unit t!me' The rate of uptake and the maxmum uptake
brane) in the lamellar bodies. The activityriole NADH oxidized/ ~ @lSO increased as the Caconcentration was increased
min/mg protein) was 0.19 + 0.01 in the absence and 0.23 + 0.03 in thdrom 100 to 700 m C&* at a constant protein concen-
presence of 0.5 m strophanthidin (mean + range,= 2). Thus, the  tration (Fig. A andB).

isolated lamellar bodies showed minimal to no contamination with the

mitochondria, microsomes, or the plasma membrane. The lung ho-

mogenate and lamellar body samples were analyzed for protein conte&TP-DEPENDENT Ca8™ UPTAKE

using protein-binding dye reagent (Bio-Rad Laboratories, Richmond,

VA) and boviney-globulin as the standard [6]. The above experiments were conducted in buffer con-
taining 10 mn ATP. Removal of ATP showed that the
uptake of CA" was ATP-dependent (Table 1). At 700
Results were analyzed by Studentt'test for experiments unpaired or ny C&* also, the rate and extent of uptake were lower in

paired with respect to lamellar body preparations as indicated. Forthe absence of ATP than in the presence of ATP
experiments with multiple groups, results were compared by one way '

analysis of variance (ANOVA) followed by Tukey’post hoctest.
Differences were considered significantRak 0.05. COUPLING OF pH GRADIENT TO C2* UPTAKE

STATISTICAL ANALYSES

Results To understand the role of lamellar body pH, we investi-

gated the effects of bafilomycin Al, a selective inhibitor
of the V-ATPase [5], on Cd uptake. We have previ-
We have previously carried out extensive ultrastructurabusly shown that V-ATPase is the proton ‘pump’ in lamel-
and biochemical characterization of our lamellar bodylar bodies [41]. At 100 m C&*, bafilomycin A1 (10 m)

THE LAMELLAR BODY PREPARATION
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Fig. 1. Fluo-3 fluorescence reflecting the uptake ofCim lung lamellar bodies. The fluorescence (exc490 nm; em.= 530 nm) of 1um Fluo-3

in assay buffer (0.5 ml) was monitored at 37°C before and after addition (down arrow) of a fixed volumé @Samellar body suspension
containing indicated amounts of proteid) 3.75ug; (B) 5.0 ug; (C) 10 ug; and P) 15 pg protein. &) Uptake at 100 m C&*. (b) Uptake at 700

nm C&2*. Note that the two panels are drawn to different scales of fluorescendiustration of rapid rate of Ci uptake in lamellar bodies. The
uptake was measured at 70@ €a* using 10ug protein. The data (arbitrary fluorescence units, F.U.) were recorded at 0.1 sec intervals. The
abscissa was then expanded to determine the initial linear part of the decline for the calculation of uptake rate. The down arrow indicates the tir
of lamellar bodies addition; the fluorescence change because of dilution is indicated by the horizontal arrow; the fluorescence change between
horizontal arrow and the arrowhead represents the decline in fluorescence during the initial linear raté wft@le. Results are from one
representative experiment.
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Fig. 2. Ca&*-dependence of G4 uptake in lamellar bodies. The uptake of*Cavas measured by following changes in Fluo-3 fluorescence as
described in Fig. 1. The initial rate of uptake was calculated from the initial rate of decline in Fluo-3 fluorescence and the maximum uptake wa
calculated from the steady-state decrease in the fluorescence. The results are mean + SE of experiments in 7 preparations of lamellar bodies.
initial rate of uptake &) and the maximum uptake) are plotted against Eaconcentrations in the uptake buffer. Lines were drawn after linear
regression analysisAfy = 7.344T° x + 8.1293% r = 0.95; B) y = 3.5099° x + 2.664%, r = 0.97).

inhibited the rate of uptake (FigA3 and the maximum uptake were only about 20% of the total uptake (Fig. 3
uptake (Fig. B8) of Ca* in lamellar bodies. Asthe & andB). These results suggest that most of the uptake at
concentration was increased to 700, rthe total uptake 100 rv C&* is dependent on the pH gradient driven by
increased but the relative contribution of bafilomycin the V-ATPase. As the G4 concentration increases, the
Al-inhibitable uptake decreased steadily. At 700 n uptake appears to be regulated by a second transport
Ca*, the rate and extent of bafilomycin Al-sensitive process in conjunction with the V-ATPase. In another
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Table 1. ATP-dependence of Gauptake in lung lamellar bodies

Maximum C&* uptake
(nmole/mg protein)

Initial rate of C&* uptake
(nmole/sec/mg protein)

10 mv ATP 0 mv ATP 10 mm ATP 0 mv ATP
C&* in uptake buffer
100 nv (10) 1.57 +0.46 0.18+0.13* 0.92 +0.27 0.16 £+ 0.13*
300 nv (7) 1.97£0.45 0.97 £0.65 1.33+£0.58 0.81+0.69
500 v (7) 294 +0.51 1.66 + 0.57 1.76 £ 0.40 1.06 £ 0.55
700 nv (8) 4.46 £ 0.65 2.30 £ 0.35* 2.04 £0.47 1.05+0.17*

Results are mean <£ of experiments in lamellar body preparations indicated in parentheBes.0*05 when
compared with that in the presence of 1 mATP by Student'st test paired with respect to lamellar body

preparation.
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Fig. 3. Bafilomycin Al inhibition of C&* uptake in lamellar bodies. Bafilomycin A1 inhibition of the initial rate of’Captake [eft pane) and

the maximum uptake of G4 (right pane). Lamellar bodies (5-1Q.g protein) were preincubated for 5 min at 37°C with 1 lsafilomycin Al

before addition to the uptake buffer containing Fluo-3 and indicated concentrationgofTBa results are expressed as the inhibition of each
parameter when compared with uptake in the absence of bafilomycin Al. The results are mean * range of experiments in two preparations
lamellar bodies.

approach, we used a weak base, J8H to dissipate the both concentrations of 4 vanadate did not affect ei-
pH gradient across the lamellar body membrane. Weakher the rate or the maximum uptake offCénot showi.
bases are accumulated in acidic organelles where they
become protonated and increase the organelle pH. At
100 nv C&*, the rate and extent of Gauptake were EFFECTS OFNa" AND K™ on C&" UPTAKE
lower in lamellar bodies that were preincubated for 5 min
with 10 mv NH,CI (Table 2), suggesting that most of the To evaluate the effects of Nathe C&" uptake in N&-
Ca* uptake at this concentration was dependent on theontaining or Na-free buffer was compared. The rate
pH gradient. At 700 m C&*, NH,Cl had no significant and the extent of G4 uptake were similar in the absence
effect on C&* uptake. These results support the conclu-or presence of Naat 100 or 700 m C&" (data not
sion that the uptake of G&is almost entirely pH gradi- showr. Similarly, the effect of K was first evaluated at
ent-dependent at low Gaconcentration. At high con- 100 and 700 m C&* by comparing the C4 uptake in
centrations of C&, an additional mechanism appears to K*-free and K-containing buffers. Compared to the up-
be active in C&" uptake in lung lamellar bodies. take in K'-containing buffer, the rate and the maximum
We also evaluated the effects of vanadate (10 uptake in K-free buffer were not different at 100vn
on C&" uptake at 100 and 700vnC&*. Vanadate is a C&* (Table 3). At 700 m, however, the rate and
nonspecific inhibitor of P-type ATPases including™a maximum uptake were decreased in the absence of K
K*-ATPase, H/K*-ATPase, and the G&ATPases. At Subsequent studies showed that the presence @lid6
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Table 2. Effects of NH,Cl on C&* uptake in lung lamellar bodies

Initial rate of C&* uptake Maximum C&"* uptake
(nmole/sec/mg protein) (nmole/mg protein)
- NH,CI + NH,CI - NH,CI +NH,CI
C&* in uptake buffer
100 v 1.40 £ 0.40 0.07 £ 0.05* 0.98 £ 0.50 0.20 £ 0.05*
700 v 5.20+1.92 3.64+1.55 2.46 £ 0.96 1.82+0.78

The uptake of C& was measured at 100 and 70@ €&* and in the absence or presence of 1@ MH,CI.
Lamellar bodies were preincubated for 5 min at 37°C with,RHoefore addition to the uptake buffer containing
Fluo-3 and indicated concentrations offC.aResults are mean s of experiments in 4 preparations of lamellar
bodies. P < 0.05 by Student’s test (paired with respect to lamellar body preparation) when compared with
uptake in the absence of NAI.

Table 3. K* dependence of G&uptake in lung lamellar bodies

Initial rate of C&" uptake Maximum C&" uptake
(nmole/sec/mg protein) (nmole/mg protein)
+K* -K* +K* -K*
Ca&" in uptake buffer
100 v 1.63+£0.66 0.74 £0.37 1.04 £ 0.46 0.41+0.28
300 v 2.15+0.59 0.48 £ 0.32* 1.54+£0.79 0.48 +0.32*
500 nv 2.85+0.76 0.53+0.27* 2.09+0.33 0.53+0.27*
700 v 550+1.71 1.12 £ 0.95* 2.32+0.85 0.81 +0.46*

The C&* uptake was measured in buffer containing indicated concentrations?6fl0axm ATP, and in the
absence or presence of 13Mr*. Results are mean <£ of experiments in 5 separate preparations of lamellar
bodies. P < 0.05 by Student'stest (paired with respect to lamellar body preparation) when compared to uptake
in K* containing buffer.

facilitated the uptake of G4 at 300 and 500m C&*.  which occurs by C&-activated K channels. This up-
These results suggest that a-#ependent transport pro- take appears to respond to pH changes bitridnsport
cess, in conjunction with Hdependent Cd uptake, since CCCP, an uncoupler of oxidative phosphorylation
regulates C& uptake at 300 m or higher C&" concen-  in mitochondria and a protonophore, decreased the up-
trations. take of C&" in K*-containing buffer but not in the K

free buffer (Fig. 5). At 700 m C&* and in the presence

of K, the uptake of C& was 1.17 + 0.23 and 0.58 +
0.11 nmole/mg proteinn( = 4, P < 0.05), before and
after the addition of 1Qum CCCP, respectively. In the

Next, we testelg several inhikét%ors of KKhannels to de-  jhsence of K. the corresponding uptake was 0.69 + 0.28
termine if the K-dependent uptake was linked to 514081 + 0.31 nmole/mg protein & 3; P > 0.05).

K™ transport. These inhibitors, TEA, 4-AP, and Peni-

trem A, have been shown to inhibit €aactivated K

channels in a variety of cell types [2, 17, 24, 42, 43, 45].Discussion

The C&" uptake (the rate and maximum uptake) at 700

nm Caf* was inhibited by TEA in a dose-dependent man-In previous studies, we have demonstrated that lamellar
ner (Fig. 4). The other two inhibitors, 4-AP (10v) and  bodies maintain an acidic pH by a bafilomycin Al-
Penitrem A (10 m), also blocked K-dependent uptake sensitive V-ATPase, which is electrogenic in nature [12,
of Caf* (the rate and maximum uptake) at 70@bbut not ~ 41]. Furthermore, different ions regulate the electrical
at 100 m Ca* (Tables 4 and 5). By contrast, glyburide and chemical gradients by affecting the ‘Wé" ex-

(50 nv to 5 M), an inhibitor of Kyt channels [22] did change and N#@K™/Cl™-cotransport processes that are
not affect the K-dependent Cd uptake ot show. present in the lamellar body membrane [41]. Electron-
These results suggest that thé-#ependent uptake of probe microanalysis of elemental composition suggests
Ca* in lamellar bodies is regulated by*Kiransport, that lamellar bodies contain high calcium and that some

ErFecTs oFK™ CHANNEL BLOCKERS oNCa&* UPTAKE
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Fig. 4. Concentration-dependence of tetraethylammonium (TEA) inhibition bH&pendent Cd uptake in lamellar bodies. The uptake was
measured at 700 Ca*. Lamellar bodies (5—-1Q.g protein) were preincubated for 5 min at 37°C with indicated concentration of TEA before
addition to the Fluo-3 solution in uptake buffer. The results are expressed as percentage inhibition of the uptkiepate)( and maximum
uptake (ight pane) when compared with those in the absence of TEA and are meaofrexperiments in three preparations of lamellar bodies.

Table 4. Effects of 4-aminopyridine on G4 uptake in lung lamellar bodies

Initial rate of C&* uptake Maximum C&" uptake
(nmole/sec/mg protein) (nmole C&*/mg protein)
- 4-AP +4-AP - 4-AP +4-AP
Ca" in uptake buffer
100 v (4) 1.70+£0.28 2.08 £0.40 1.24£0.32 1.00£0.22
700 v (3) 5.32+£0.57 0.54 £ 0.45* 2.10+0.49 0.19£0.13*

Lamellar bodies were incubated for 5 min at 37°C without or with 2@ 4-aminopyridine (4-AP) before
measuring C& uptake in buffer containing indicated concentrations of CResults are mean st of experi-
ments in lamellar body preparations indicated in parentheBes (%05 by paired Studentttest when compared
with uptake in the absence of 4-AP.

Table 5. Effects of Penitrem A on G4 uptake in lung lamellar bodies

Initial rate of C&* uptake Maximum C&* uptake
(nmole/sec/mg protein) (nmole/mg protein)
- Penitrem A + Penitrem A - Penitrem A + Penitrem A
Ca&" in uptake buffer
100 v (3) 1.14+0.55 0.94+0.73 1.14+0.55 1.00 £0.69
700 v (4) 5.06 £ 0.56 1.25 +0.65* 3.07+£0.28 1.25+0.61*

Lamellar bodies were incubated for 5 min at 37°C without or with ¥ORenitrem A before measuring €a
uptake in buffer containing 10mATP, 130 nm K*, and indicated concentrations of €aResults are mean +
st of experiments in lamellar body preparations indicated in parentheBes.0:05 by paired Studentistest
when compared with uptake in the absence of Penitrem A.

of this calcium may be in ionic form [21]. However, the protein (Table 1). We have previously shown that the
uptake of C&" and the mechanisms that regulate suchwater space of lamellar bodies is approximatelylng
uptake in lamellar bodies have not been investigatedprotein [12]. Thus, the calculated lamellar body?Ca
This is the first study to demonstrate that lamellar bodiesvould be approximately 0.3 m At 700 v C&™, the
take up C4&" at a rapid rate and that the presence of ATPC&* uptake in lamellar bodies was approximately 2
increases such uptake. At10Q €&, the intralamellar nmole/mg protein, which translates into approximately
body C&* levels were approximately 0.9 nmole®ang 0.7 mm C&*. Thus, the lamellar bodies appear to take up



48 S.J. Wadsworth and A. Chander: Calcium Uptake in Lung Lamellar Bodies

quirement for activation of these channels is in the physi-
ologic range.
In other organelles, the EaATPase and the G&

H* exchange appear to regulate the’Qaptake [20, 26,

33, 37, 39]. The CH-ATPase is a P-type ATPase,

which is sensitive to vanadate. Since the uptake in la-

mellar bodies was insensitive to vanadate, we suggest

that a C&*-ATPase does not facilitate the uptake ofCa

in lamellar bodies. Bafilomycin A1, a selective inhibitor

of V-ATPase, however, inhibited the uptake suggesting

that the pH gradient across the lamellar body membrane

is required for C&" uptake. Since the relative contribu-

tion of bafilomycin Al-sensitive uptake towards total

uptake declined as the external®a@oncentration was

increased, we suggest that a second mechanism may

regulate the uptake at high €aconcentrations. In

b - o - i agreement with this concept, a weak base,8lHwhich
dissipates the pH gradient across the lamellar body mem-

Time (seconds) brane, also decreased the uptake at lo*@ancentra-

tions. At high C&" concentrations, the uptake was not

Fig. 5. Effects of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) sensitive to treatment with N)€I. Thus, the pH gradi-

on K*-dependent uptake of €ain lamellar bodies. The uptake was ent-dependent uptake appears to be the primary mecha-

measured at 700MmCa*. The Fluo-3 fluorescence iniKcontaining nism of uptake at low C4 concentration. These results

(left) or K*-free buffer (right) was monitored after addition of lamellar also suggest that a secondary active transport driven by

bodies flown arrow. After achieving a steady-state maximum de- . .
crease in the fluorescence, CCCP (/@) was addedyp arrow). The the V-ATPase mediates @aentry in exchange for la-

decrease in fluorescence could be partially reversed*iedtitaining ~ Mellar body H. _One such transport_ is b_y a 4" o
but not in K*-free buffer. These results are from a representative ex-exchange(r), which has been described in other acidic

periment. organelles [27]. The relative contribution of this ex-
changer to calcium transport, however, decreases as the

C&* against the concentration gradient. Because thé:a2+, concentration increases from 100 to 700 sug-
C&* concentrations employed here are well within the9€Sting that a second transport process, thelépendent
physiologic range in resting and stimulated cells, it isC& uptake, becomes active.
likely that the lamellar bodies in situ may take up*Ca A new finding of this study is the kdependence of
by mechanisms discussed below. Ca* uptake in lamellar bodies. We have shown the K
Our results show that two mechanisms, on& H dependence of Cauptake by two separate approaches.
dependent and one*kdependent, appear to regulate the First, our studies showed that the Cauptake was
ca* uptake in lamellar bodies. The relative contribu- greater in the presence of'Khan in the absence of'K
tions of these mechanisms depend on thd*@ancen-  (Table 3) and, second, the higher uptake of Ta the
tration to which the lamellar bodies are exposed. Previpresence of K can be blocked with inhibitors of &
ous studies have described the voltage- antt H activated K channels (Fig. 4, Tables 4 and 5). These
dependence of C& uptake in cells and in several observations lead us to suggest that a novel mechanism,
organelles like microsomes and mitochondria [1, 4, 15which has not been described in any other system, may
20, 27, 28]. Our study presents new findings that thelink K* transport with C&" uptake in lamellar bodies.
C&" uptake in lung lamellar bodies may be dependent oriThe precise mechanisms for coupling of #ansport or
K*-transport. This finding of R-transport-dependent exchange with C&, however, are not known. A likely
C&" uptake may also have a bearing on other organelleqyossibility is that the efflux of K through the C&-
which are postulated to sequester cytosoli'Cahe  activated K-channels may promote €ainflux leading
ATP-dependence of Gauptake at all concentrations of to a K'/Ca&* exchange. The stoichiometry of this ex-
C&" agrees with the ATP-requiring characteristics of thechange cannot be determined from our studies. The
V-ATPase and the CGa-activated K-channels. While presence of Cl may also affect the kinetics of €a
ATP is hydrolyzed to ‘pump’ protons, the presence ofuptake. The V-ATPase, which is normally coupled to
ATP activates the Cé-activated K-channels. Recent CI~ transport in lamellar bodies, is functional at allCa
patch-clamp studies in adrenal chromaffin cells have inconcentrations (Fig. 3). The Tin the lamellar bodies
dicated that ATP (3Qum to 10 mm) increases the open can indirectly facilitate some of the €auptake by re-
probability of these channels [14]. Thus the ATP re-ducing the positive charge against which?Cenust en-

0.3 -

0.2 1

0.1 4

Arbitrary Fluorescence Units
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ter. A cotransport of Cl if any, can directly facilitate
Ca* uptake but would also affect the stoichiometry of
exchange process. In this model of/R&*-exchange,
the external (cytosolic) G4 appears to be a limiting
factor, since the K-dependent Cd-uptake increases
with increasing C&" concentrations.

A schematic of C& uptake and its relationships
with the H" and K" transport in lamellar bodies is shown
in Fig. 6. At low C&" concentration, the ATP-generated
pH gradient facilitates the uptake of €an exchange for
H* efflux. At higher C&" concentrations, the G&in
lamellar bodies activates the €aactivated K channels
prompting an efflux of K, which facilitates further up-
take of C&" either in exchange for Kor through another
transport process. An inhibition of *Kefflux with TEA,
4-AP, or Penitrem A prevents the Klependent uptake

of C&". These channels are sensitive to a pH change as

indicated by reversal of Gauptake by CCCP (Fig. 5).
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Bafilomycin A1

TEA
Penitrem A
4-AP

We have also considered alternate mechanisms for.

K*-dependent G4 uptake. In our previous study we
have demonstrated that Kapidly equilibrates across the

Fig. 6. A schematic of ion transports in the regulation oPCaptake
in lamellar bodies. At low C#, the lamellar bodies take up €aby a
pH-gradient-dependent mechanism in whicl?Gg is exchanged for

lamellar body membrane and is primarily responsible forH+, . This process is inhibited by bafilomycin A1 because of inhibition

determining the magnitude of the lamellar body mem-

brane potential. One mechanism of Kffect could be
that the lamellar body Kcan exchange with the external
H™ through an H/K*-exchange, which is followed by
ca*, /H",, exchange.
exchange is driven by HK*-ATPase [25], a P-type
ATPase. In the mitochondrial uptake of €aan H/K™-
exchange followed by subsequent efflux of With Ca?*

of V-ATPase. At high C#, the lamellar bodies take up €ain a
K*-dependent manner, which is inhibited by inhibitors of?Ga
activated K-channels. Our postulation is that the initialCanflux can
activate the K channels in the lamellar body membrane, which causes
efflux of K* and subsequent uptake of CaThese channels are sen-

In the plasma membrane, suchsve to a pH change as indicated by reversal of'Gatake by CCCP,

and can be activated by ATP. The mechanisms forikflux or ex-
change with C& are not known and are, therefore, indicated by ques-
tion marks.

has been invoked [4]. Two observations argue against

such mechanism(s) in the lamellar bodies. First, our pregyiernal pH decreases the open probability of th&"Ca
vious study showed that the proton ‘pump’ activity and gctivated K channel in fetal rat hippocampal neurons

the pH gradient in lamellar bodies were unaffected By K
[41], which would rule out the K, ,/H*,,-exchange and,
second, the K-dependent G4 uptake in lamellar bodies

[15, 18]. In the lamellar bodies, these channels may
show increased open probability in the acidic environ-
ment since the addition of CCCP increases the lamellar

was insensitive to vanadate, an inhibitor of P-typepody pH and decreases the'-Hependent C& uptake

ATPases. The uptake of €awould also be against the
electrical gradient since the presence éfwould render

(Fig. 5).
Given that the C& concentrations as well as the

the lamellar bodies more electropositive and would ex-ATP requirement for Cd uptake used in this study are

clude positively charged ions including €a
Our studies with inhibitors of Cé-activated K-

physiologic, it can be assumed that the lamellar boidies
situ would readily take up Cd as observed in vitro.

channels have provided pharmacologic evidence for thén other words, the pH gradient-dependent uptake would
presence of these channels in the lamellar bodies. Thes® the primary system for Gauptake in resting type Il

inhibitors have been previously used to inhibit fluxes
in several systems suggesting that they inhibittkans-

cells. A second system will become active in response to
an increase in cytosolic €4 Thus this second system

port irrespective of the membrane system to which theycan sequester Gaand contribute to the regulation of
are applied. Although not tested before in the lamellarcytosolic C&* in agonist-stimulated type Il cells. A

bodies, these inhibitors appear to inhibit iansport in

similar role in the regulation of cytosolic €ahas been

lamellar bodies because their effects were similar tosuggested previously for the mitochondria, the endoplas-

those observed with omitting K The C&*-activated

mic reticulum, or other subcellular compartments [20,

K*-channels in lamellar bodies, however, appear to b&@6]. While the C&" uptake in mitochondria is associated
somewhat different from those in the plasma membranewith increased synthesis of ATP and that in the ER is for
The Cé&*-activated K-channels in the plasma membrane refilling of these stores, the function of lamellar body
are sensitive to changes in external pH. A decrease i€&" is unknown. It is not known if the lamellar bodies
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maintain more than one pool of &a One of these could

be a steady-state pool that is maintained in resting cells,
while the other may be a transient pool that forms during ”-
cell stimulation. Although there is no evidence, one can
speculate that the Gafrom the latter may be released to g
facilitate cellular functions involving lamellar bodies.
Since lamellar bodies are secretory organelles that re-9.
lease their contents after membrane fusion during exo-
cytosis, a C&" requiring step, we speculate that the
stored C&" may be released at the site of exocytosis to
facilitate membrane fusion. Our previous studies have

suggested a role for Gain synexin-mediated fusion 11

between lamellar body and plasma membrane [10, 34],
which occurs prior to exocytosis and secretion of surfac-
tant into the alveolar space.
In summary, this study characterizes the uptake of
Cé&" in lung lamellar bodies. The uptake is rapid, ATP-
dependent, and is dependent on thé"@ancentrations.
Two distinct mechanisms appear to regulate thé*Ca
uptake in lamellar bodies. The first one is dependent on

the pH gradient across the lamellar body membrane anti.

the second is dependent on" Kransport through the
Ca*-activated K-channel, as evidenced by use of phar-
macologic agents. The latter is a novel finding for or-
ganelle uptake of C4. Since this study used €acon-
centrations, which are in the physiologic range for cyto-

solic C&* in the resting and agonist-stimulated type Il 16.

cells, we speculate that the lamellar bodies can sequester
Ca* and contribute to the regulation of cytosolicCin
alveolar type Il cells.
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