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Abstract. The uptake ofH-labeled choline by a suspen- uptake kinetics — Alveolar epithelium — Inhibition of
sion of isolated type Il epithelial cells from rat lung has choline transport — Alveolar type Il cells
been studied in a Ringer medium. Uptake was linear for
4 min at both 0.1um and 5.0pm medium choline; at 5
uM, only 10% of the label was recovered in a lipid frac- Introduction
tion. Further experiments were conducted at the low
concentration (0.1um), permitting characterization of Lung surfactant is a complex material, elaborated and
the properties of high-affinity systems. Three fractionssecreted by type Il cells of the alveolar epithelium, which
of choline uptake were detected: (i) a sodium-dependentontains phosphatidylcholines among its characteristic
system that was totally inhibited by hemicholinium-3 components. These phospholipids are synthesized in the
(HC-3); (ii) a sodium-independent uptake, wherfMas  type Il cells, using choline from the blood as substrate
replaced by LI, K* or Mg®*, inhibited by HC-3; (ii) a  [16], but the mechanism(s) by which choline enters the
residual portion persisting in the absence of'Nmd  cells are incompletely understood.
unaffected by HC-3. Choline uptake was sigmoidally re- Three types of transport mechanism for choline have
lated to the medium Naconcentration. Kinetic proper- been recognized in vertebrate sel- a facilitated dif-
ties of the uptake of 0.um *H-choline in the presence fusion mechanism with apparent K0 um found in red
and absence of medium Nevere examined in two ways. cells [7] and two additional transport systems for which
(a) Inhibition by increasing concentrations of unlabeledthere is evidence of ion-coupling; these are distinguished
choline (0.5-10QuMm) was consistent with the presence by their affinity for choline and the inhibitor, hemicho-
of two Michaelis-Menten-type systems in the presence ofinium-3 (HC-3). The high affinity system, K0.5-3um
Na"; a Na-dependent portion (a mean of 0.52 of the choline, has Kfor HC-3 in the range 1-3wm [24, 29],
total) had a K, for choline of 1.5um while K., in the  requires extracellular Naand has been studied mainly in
absence of Na(Li* substituting) was 18.@um. (b) In-  synaptosomes of cholinergic neurons and in the electric
hibition by HC-3 (0.3—-30Qwm) gave K values of 1.7um organ of certain eels [8, 23, 24, 27, 29]. The other type
and 5.0pum HC-3 for the Nd-dependent and -indepen- of mechanism has a lower affinity for choline, with re-
dent fractions. The apparent Kof the Na-dependent ported K, values in the range of 20-20@wm, is less
uptake is lower than that reported previously for lung-clearly dependent on Naand less effectively inhibited
derived cells and is in the range of the Kalues reported by HC-3, with K values in a similar range to the K9,
for high-affinity, Na-dependent choline uptake by neu- 12, 15, 21, 26, 28, 29]. This low-affinity system is more
ronal cells. widely distributed, having been detected not only in cells
which also contain the high affinity mechanism [e.g., 29]
but also in a variety of other tissues [2, 7, 12, 14, 17, 21,
26].

There have been rather few studies of choline trans-
N port by alveolar epithelium, yet indications that it can be
Correspondence td3.D.V. van Rossum rate-limiting for the synthesis of phosphatidylcholines
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[30] make it an important process to understand. A conihese cells in the suspension, estimated by fluorescence of phosphine
siderable concentration gradient of choline can be estat?3 [13], was 90.3 £ 0.8%. Contaminating cells were: macrophages 3.6
lished between cells and pel’fusate in perfused |UngS [9+_ 0.4, type | epithelial cells 2.4 + 0.4 and ciliated cells 6.5 + 0.5%.
11]. Early kinetic experiments of Fisher et al., [9], sug-

gested that rat alveolar type Il cells accumulated cholineCyoLiNe TRANSPORT

by a single, saturable mechanism with an appargndK

18 pm. It was inhibited 'partlally ('50 %) by HC-3 and bY Incubation Media

only 30-40% when mitochondrial ATP synthesis was

inhibited. Although omission of medium Nahad no  The control Ringer medium used for the experiments and for some
effect in these experiments with intact cells [9], further steps of the cell preparatiosge abovecontained (in mi): NaCl 136,
work using isolated vesicles of plasma membrane fron{<C! 5, CaCl 1.8, MgSQ 1.3, Tris. HCI 10, glucose 10 and 1% (w/v)
rat type Il cells showed an “overshoot” phenomenon for bovine serum albumin; the solution was at pH 7.4 and was gassed with

. e . O,. Work with Na'-free media tested five ways of replacing Na
choline transport upon addition of N@lO]. Work with this control medium: NaCl was totally replaced by the chlorides tf K

the A549 cell line, originating from human lung epithe- |+ or N-methylo-glucamine (NMDG); using M@*, the usual NaCl
lium, indicated an apparentfor choline of 10uM with and MgSQ were replaced by 100 mMgCl, plus 36 mv MgSQ; or
intact cells. Plasma membrane vesicles isolated fronthe NaCl was replaced by 250mmsucrose. To obtain intermediate
Ab549 cells showed an electrogenic, Niaduced over- concentrations of Naat constant ionic strength, a suspension of cells

shoot while a N&independent portion was sensitive to fakenupin CO_”:"‘" (Iil-e-' 1k36m N_a?g‘_gerwair’]“ix?g in ?pprong"f’“e
both electrical and proton gradients across the vesiculz;}[\ﬁroﬂoomonS with cells taken up in LiRinger. The albumin used for
a'-free media was previously dialyzed against the medium because of

membrane [10]; later studies with these membran%he presence of Nain the purchased albumin. In some experiments,

Veﬁides determined %Values of 4 and 4Qum for the. the suspension medium also contained a marker for intracellular water,
Na’-dependent and -independent transport respectivelyither [(CHa] 3-O-methyl glucose or'fCH,]-antipyrine.
when external choline was atjiv [15].

In the work described below, using a suspension ofincupation Procedures
cells freshly isolated from rat lungs, we have confirmed
the presence of parallel pathways for choline transport byseneral. The final pellets of the washed cells were taken up in a total
type Il cells and characterize the kinetics and HC-3-of 2-4 ml of medium and transferred to plastic Erlenmeyer flasks (25
sensitivity of N&-dependent and -independent portions™ Vo"émi? ]?assed_"‘_’”h 9f"fr fge'”_C“bS“OT‘ at 3:% in a _Sha'gng ]
of choline uptake. By using a very low external choline Vat" bath for a minimum of 1> min. Portions of the preincubate

. suspensions were taken at intervals for the experimental incubation, all
concentration (O'LM)’ we have found that the transport cells being used within 45 min of the start of preincubation. In most

characteristics of the Nedependent mechanism of intact experiments, uptake of choline was initiated by transferring aliquots
lung cells are similar to those reported for high-affinity (0.2 ml) of the cell suspension to microcentrifuge tubes containing
choline uptake by cholinergic neurons. A preliminary labeled choline in the quantity needed to give the final concentration
account of some of this work has been presented [25]_required by the experiment (0.1-1(@ at constant total radioactivity).
However, in experiments with HC-3, cells were further preincubated
for 1 min in the microcentrifuge tubes in the presence of inhibitor, prior
to initiation of choline uptake by the addition of labeled choline. Up-
take was stopped at times indicated in Results by the addition of ice-
cold stopping solution and immediate centrifugation in a microcentri-
fuge. The stopping solution consisted of the Ringer solution in which
the cells had been incubated, with the addition of R@0HC-3 and 100

M nonradioactive choline (the last was omitted when choline was
assayed by HPLC). When 3-O-methylglucose was used as water
marker, the stopping solution also contained phloreting@®. In each
experiment, ‘zero-time’ uptake was determined by adding 0.2-ml cell
suspension to microcentrifuge tubes in ice, already containing stopping

Materials and Methods

CELL ISOLATION

Male albino rats (150-300 g) were anesthetized with pentobarbital (3
mg/kg i.p.). The isolation procedure followed that reported previously
[3] with respect to lung lavage with €& and M¢*-free medium,

incubation with porcine elastase (type I, Sigma Chemical, St. Louis,
MO) and filtration of the separated cells. At this point, the method Wassolution plus labeled choline. After centrifugation, a sample of the

modified by separating thg cells_, by centrlfugatlon (7’30 min at 30 x supernatant medium was taken for determination of the specific activity
room temperature) on a discontinuous density gradient of Percoll in the

Ringer mediumgee belowat d. 1.047 and 1.075. The type Il epithe- of mgdlum choline (found FO be 40-640° dpm/pmol "? different
. experiments) and the remainder was removed by suction. The pellet
lial cells were recovered from a band near the top of the Percoll d.

1.045; they were washed twice with, and finally taken up in, the Rlngerwas washed Mlcg with the stopping solution. The effective re".“’."a' of
: ) : . ) extracellular medium by the two washes was tested by determining the
medium. For experiments with modified Naoncentrationssge be- . . .
. Y . residual markers of intracellular water after a series of washes; both
low), cells collected from the Percoll gradient were divided into

batches, each of which was washed with one of the substituted Ringevlyater markers reached a similar, constant level after 2 and 3 washes.

solutions three times before being taken up in the same medium for
preincubation. Kinetic Studies of NaDependence
The mean viability of the type Il cells in 105 preparations, as
determined by trypan blue exclusion, was 94.3 + 0.9%, the yield ofA cell preparation from a single rat was used for each individual ex-
viable type Il cells being (29 * 1:)10° cells per rat. The proportion of  periment, providing material for 22 incubation samples. The cells from
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the gradient centrifugation were divided into two portions taken up other cell parameters during experimental periods of
respectively in the Namedium or LI medium éee abovg then 0.5—6 min (Table 1)_ Viability of the cells was deter-
washed 3 times and preincubated for 15 min at 37°C in the same mEdi%ined immediately after completion of the cell prepara-

Two ‘zero time’ analysessge abovewere performed, one with pre- . . . . . .
incubated cells from Namedium and one from Limedium (experi- tion (i.e., before starting the premCUbatlon)’ and again

ments of Fig. 4) or Li medium plus HC-3 (30Q; Fig. 5); there was ~ @PProximately 60 min later, after experimental incuba-
no significant difference in the zero-time choline uptake of these twotion of all samples. There was no significant change of
samples. Four cell samples provided duplicate control analyses'in Naviability. The contents of K and intracellular water

or Li* medium without added test agent, i.e., unlabeled choline (Fig. 4\yere determined in each of the cell pellets from which
or HC-3 (Fig. 5). The remaining 12 samples gave duplicate compari-chgline was extracted and showed no significant change
sons of 3 concentrations of test agent in"aLi* medium which were during the course of incubation.

varied for each experiment. Thirty three preparations of cells were . . .
used for the data of Fig. 4, and 13 for Fig. 5. The mean values of all The amount of labeled choline retained in the zero-

experiments in each series were used for the kinetic analyses: therefofdMe pellet after washing was substantial, giving an ap-
the interanimal variation inevitably limits the precision of the data and parent concentration in the cell water of ¢f (Table 1).
the quantitative conclusions drawn from them. However, since this was accumulated in less than 10 sec
at 1°C in the presence of the stopping solution, it was
presumably the result of binding to the cell exterior. Net
Labeled choline, water markers and Were extracted from the washed uptake of choline, expressed per unit cell protein, was
pellets with 0.1 N HNQ at room temperature overnight. Radioactivity |inear over the first 2 min (R 0.992) and continued during
was determined bg-emission liquid scintillation spectrometry and K the entire 6-min period, finally attaining a content five
by emission flame photometry. In some cases, the cell pellets werg; oo that of the zero-time samples. The apparent con-
extracted to separate agueous and lipid-soluble derivatives [4]; incor- . . . .
poration of*H-choline into lipids was determined by counting radio- centration of freegH,'ChO“n_e.m the cell vv_ater.mcrease(.:l
activity while the levels of choline and its conversion products in the throughout the 6 min, attaining a level thirty times that in
aqueous phase were measured by HPLC [1]. The protein content dhe medium (Table 1). Comparisons atum choline
each tube was assayed by the Lowry method [18]. The final cholineshowed no difference between uptake3b|f- and *“C-
content of cell samples was calculated from tHecontent of the cells  |gbeled choline rfot showi.
and the spegific activity of thg medium choling. Net uptake of choline Figure 1 shows the time course of choline uptake at
¥vas determlngd by subtraction of the zero-time contesee @bove both 0.1 and 5wm medium choline, the latter with vary-
rom the total in each sample. . .

ing concentrations of the HC-3. Except at 200 HC-3,
Kinetic Characterization of Pathways for the uptake over 4 min did not deviate significantly from
Choline Influx a straight line; this period was therefore adopted as the
(;tandard incubation time for subsequent experiments.

Analytical Procedures

Using the equations described in Deves et al., [6] the data were fitte
to either one or two Michaelis-Menten systems by an iterative, least-

squares procedure. For analysis of the systems contributing to the irR/I E L o
flux of choline in sodium-containig media, the sodium-dependent con- ETABOLIC FATE OF LABELED LHOLINE

tribution was determined directly in each batch of celisgResults)

and this fraction was then used as a fixed ‘constant’ in the kineticThe nature of thelH-choline recovered from the cell
iyt for hat bt ofcelisgebeves et (). Smlr, o1 pellets after incubation af 37°C was investigated in two
containing n):edia, the fractional cor_ltribution of_ tKe spdium-dependen(t}lf.v;gss'sﬁgjvtédszp::ﬁgl??nl:r;?alslg()i;] ?‘Iggp?:ﬁcrolgzglclg?ﬁé
and -independent pathways was first determined (in the absence di : .
HC-3) for that batch of cells; then, using this value as a fixed ‘constantfir'st 30 sec, after which there was no further change (Fig.
of proportionality, the two inhibitory constants for HC-3 in the pres- 2). By contrast, water-soluble label increased through-
ence of N& were calculated. The value of lower affinity so computed out the 4-min period of incubation studied and finally
was then directly compared with the value of the inhibition constantgmounted to 90% of the total. Second, the aqueous cho-
determined in the sodium-free medium. line fraction extracted from cells after 15- and 75-sec
incubation with *H-choline was subjected to reversed
phase HPLC; choline derivatives were measured both by
The results in the text and tables are presented as meam éoumber  counting the radioactivity in eluted fractions and by the
of observations). Significance of difference between sets of data wagesponse of the choline oxidase-based detector. Two
deter_mined py ‘_S_tudent’$ test or by paired test. Differences are peaks of radioactivity were detected. An early peak ap-
considered significant whef < 0.05. peared after 2-min elution but produced no response in
the choline detector; it represented phosphorylcholine.
A second peak ofH occurred after 7 min elution and
coincided both with the peak given by the HPLC detector
and with the peak produced by a choline standard. The
Preliminary experiments using j5v choline [cf ref. 9]  distribution of *H-labeled material in these two peaks
studied the uptake of this solute and the constancy othanged during the course of incubation, with the phos-

ANALYSIS OF RESULTS

Results

TiME COURSE STUDIES
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Table 1. General characteristics and choline uptake of type Il €ells

Cells incubated witt?H-choline for (min):

0 0.5 1.0 2.0 6.0
Trypan blue exclusich 90.8+ 1.6 903+ 2.1
(% type Il cells) a7 a7)
K* content 403 +30 464 +64 458 +35 483 +38 500 *46
(nmol/g protein) (30) (33) (29) (28) (12)
Water content 3.3+ 03 3.0+ 0.3 28+ 0.2 29+ 03 33+ 0.2
(ml/g protein) (31) (33) (32) (28) (12)
3H-choline:
Content of*H-choling 118 +15 213 +30 254 +35 378 +56 591 +58
(nmol/g protein) (32) (34) (33) (30) (12)
Apparent concentration ¢H-choline’ [0] 43.0+ 9.6 69.0+200 102.4+29.4 153.6 + 20.8
(nmol/l cell water) (32) (31) (28) (12)

aThe cells were preincubated for 15 min at 37°C in the presenéésaintipyrene as marker for intracellular water. Aliquots were then added in
duplicate to®H-choline in microcentrifuge tubes to give a final concentration ofi8, and incubation continued for the periods indicated.
Experiments were done with 17 different preparations; incubation was continued for 6 min only in the last 6 preparations.

P For cell counts with trypan blue, 1 sample before and 1 sample after incubation was taken from each preparation.

¢Mean +sem (number of observations).

9The apparent concentration #f-choline in the intracellular water was calculated after subtraction ofitheholine in the zero time samples,
on the assumption that the latter was predominantly present in an extracellular (possibly bound) form.

¢ Each value on this line differs significantly from every other, by paired two-tdiledt, P = 0.013-0.0002.

f Significantly different from value at = 0.5 min,P < 0.05.

9 Significantly different from value at = 0.5 min,P < 0.001.

phorylcholine increasing at the expense of the cholineto be due to the development of a negative surface po-
The mean values showed an increase of phosphorylchdential in the presence of sucrose. Use of NMDgave
line from 23.1 + 4.5% of the total after 15 sec to 42.9 + variable results with the overall consequence being a
5.9% after 75 sec. No peak corresponding to acetylchomarginal inhibition (Table 2).
line was evident. Further experiments examined the effect of varying
Na* concentration. Although all three inorganic cations
gave similar results when totally replacing™N@able 2),
reasons noted in the Discussion led to the choice 6f Li
o as the most appropriate replacement foi" Ndsing this
Effect of N& Substitution protocol, there was a sigmoid relationship between cho-
o ] . ] line uptake and increasing concentrations of KFég. 3).
For initial studies, cells were incubated with Qult cho-  These findings are similar to those reported by Wheeler
line in media in which Nawas tOta”y replaced by other for uptake of 05—1@.,M choline by Synaptosomes when
cations or sucrosesée Materials and Methods). With Tris was the cation substituted for NERT7).
Li*, K* or Mg?* as substituting cations, net choline up-  The proportion of total choline uptake dependent on
take was reduced by about 40%, showing the persisting|g* varied somewhat between the various series of ex-
activity of a sodium-independent system at this low CON-periments. Thus, in Tables 2 (when*Lieplaced N&)
centration of choline (Table 2) In this series of eXperi' and 3 and F|gs 3' 4 and 5, the N%pendent fraction in
ments, the reduction of uptake inLas compared to Na  the absence of inhibitory substances (i.e., unlabeled cho-
medium did not reach statistical significance; accord-jine or HC-3), was 0.47, 0.28, 0.66, 0.43 and 0.72, re-
ingly, a further series of studies was carried Out, in Whichspective|y, with a mean of 0.52. This appears to reflect

uptake in the LT medium was significantly less than in pjological variation of unknown cause between the dif-
Na+ mediumviz. 1.35 + 0.20vs.2.00 + 0.26 (I =15in ferent batches of animals used.

each caseP = 0.02 by two-tailed, paired test). Su-

crose caused a substantial stimulation, a result contrarr;_/| o

to the inhibition reported in A549 cells atjov choline C-3 Inhibition

[15], but consistent with the stimulation of uptake of

choline in mouse conceptus [26] and of the cationicPreliminary experiments with fm H-choline showed
amino acid, lysine, by the'y. transport system in human that 200 éeeFig. 1b) and 500um HC-3 gave a similar
red cells [5]. In the latter case, the effect was suggestedhhibition of uptake. A concentration of 300m HC-3

Na" DEPENDENCE OFCHOLINE UPTAKE
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20 KINETIC STUDIES OF CHOLINE UPTAKE

Choline uptake

5 Self-inhibition by Choline

Incubation time (min)

_ _ _ _ Apparent K, values for the uptake of 01m *H-choline
;'?n'inl' (‘Ti')”;elcc’:r:ﬁoﬁ;:ztnaé‘g) %f 'i‘ﬂb(e::]eo‘:i::"grr‘]i"‘:Z”\:v;e:('j‘ézd‘i%”' were estimated from its inhibition by increasing concen-
9 oH H : trations of unlabeled choline. Paired incubations at each

the cells at = 0 and samples were then taken at the times shown. In . . . it
b, aliquots of the cells were preincubated for 1 min in the presence oiOf the choline concentrations were carried out in lded

the indicated concentrations of hemicholinium-3. Further details areli” media. Analysis of the inhibition curve obtained
given in Materials and Methods and Resultsbipoints are the mean ~ with cells in the N& medium (Fig. 4) showed the pres-
+ sem of 14 observations, with the exception of those a20HC-3 ence of two kinetica”y separable components. The up-
which are the mean of 6; some error bars are omitted for clarity.tgke rate was lower in Lithan in N& medium, the
Symbols representing HC-3 concentratio@sNone,O 20 pm, B 50 ; ; ot i
Mi//I, O 100|J§/|, ><200;Lgrv1. In a, points are the means of 15 gbservations. ggfrféirrﬁ?at:i;?]gs séa)'(tz:sélgta”%l S;%gflim(< ?'f? g) I?lt a+a:”
dependent uptake is given by difference and was calcu-
was therefore chosen for a further study of its maximallated for each determination, rather than from the mean
inhibition of uptake of 0.1um choline in media with values of the curves in Naand Li* media. At medium
either 136 nw Na" or Li* as the major cation (Table 3). choline concentrations of 20-1@04, the Na-dependent
Substitution of N& by Li* reduced uptake of 0.jum uptake was virtually unchanged and the uptake if Li
choline by 0.57 nmol/g proteirmin™ (i.e., 1.97minus  medium converged to the same level at 100 choline,
1.40) and 80% of this Nadependent uptake was inhib- suggesting that the residual uptake was a diffusional
ited by HC-3 (0.56minus0.11). In addition, HC-3 in- component. After subtraction of the latter, the data for
hibited a considerable portion of the Nmdependent the Na-dependent and Nendependent choline uptakes
uptake (1.40minus 0.52). A residual uptake of 0.52 were individually fitted to a Michaelis-Menten relation-
nmol/mg- min~! was insensitive both to HC-3 and to ship; the estimated K values were, respectively, 1.5 +
removal of Nd. These results suggest the presence of #.3 and 18.6 + 5.3.m, with a proportionality constant of
minimum of three components contributing to uptake0.42 for the relative contribution of the former to the
from this low concentration of choline, divided in this saturable components. Reconstruction of a curve com-
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Table 2. Effect of replacing Na on choline uptak®

Na* or replacement:

Na* NMDG* Li* K* Mg?* Sucrose

Choline uptake nmol/g proteiﬂmin‘lb 1.37+£0.40 1.13+0.27 0.72+0.16 0%60.16 0.75+0.19 2.1+ 0.49
Q) (11 C) (11) (12) (6) (12)

2 Cells collected from the Percoll gradient were divided into 4-6 batches, each of which was washed three times and preincubated for 15 min (
in one of the modified Ringer media described in Materials and Methods. In each experiment, triplicate aliquots of each batch were then take
assay of the 4-min uptake 6&f-choline (0.1um) at 37°C. The solutions used to stop choline uptake and wash the Na-free cells after the transpc
assay were also modified by the same substitutiBfise values shown are derived from the net uptake of choline in 4 min, i.e., the cell conten
of *H after 4 minminusthe “zero-time” content §eeMaterials and Methods); the latter, which was unaffected by the substitution*aiNeunted

to a mean of 1.47 + 0.22 (8)mol choline/kg protein in these experiments. Results are given as mean(umber of observations)Significantly
different from value in Na Ringer,P < 0.05.

Table 3. Effects of Nd-free media and hemicholinium-3 on choline

c
E uptaké
§ HC-3 (uMm) Incubation medium:
2
o Na*
Y minus
3 Na" Li* Li*
£
£
Choline uptake (nmol/g proteinmin1)°
% 0 1.97+£0.14 1.40+0.14 0.56 +0.22
a 17) 17)
2 300 0.63+0.08 0.52+0.07 0.11+0.15
£ (15) (16)
E 0 0 | 4L0 éO 1é0
[

2Procedures were as for Table 2, except that aliquots from the cell
suspension preincubated at 37°C were preincubated for a further
Fig. 3. Effect of N& concentration on choline (04m) uptake. Cells ~ Minute in microcentrifuge tubes with or without HC-3 (30@) before
were divided between Naand Li* media in which they were washed addition of®H-choline (0.1um). PThe values are derived from the net

three times and finally resuspended. The two suspensions were mixedPtake in 4 min, as described for Table 2. The “zero-time” uptake was

in proportions giving the concentrations of Nshown on the abscissa; Unaffected by HC-3 or the absence of Nfor example, in the experi-
corresponding Li+ concentrations were, 136 minusthe N& con- ments of this table its mean value was 1.33 + 0.20u(®)ol/kg protein

centration. The mixtures were preincubated at 37°C in gassed vessel@ N&~ medium without HC-3 and 1.45 + 0.20 (8) in"Limedium

and aliquots were transferred to microcentrifuge tubes contaitting cor:tainin_g 30Qum HC'3'CPf 0.05 and'P < 0.01 for differience from
choline for measurement of uptake during 4 min. For further details,N& medium without HC-3P < 0.05 for difference from Li medium

seeMaterials and Methods. Points are the meases, n = 16; values  Without HC-3.

at 60, 90, and 136 m Na" are significantly different from those at 0

and 10 nv Na", with P < 0.02, <0.01 and <0.001, respectively. The

curve was drawn from computer analysis according to a sigmoid relatwo components, the estimatedgl,6f the higher affinity

tionship. component (15.2uwm) being in keeping with earlier data

[9, 15]. The lower affinity component of uptake at this

. . concentration of choline was not further investigated but

posed of choline entry through two systems having thes?nay, together with the sodium- and hemicholinium-

characteristics appears adequate to describe the data QHdependent portion of uptake at QM choline, repre-
tained in N&-medium (Fig. #). The low K,ofthe N&- ¢t a diffusional component. '

dependent system, 14bv, is within the range reported
for the very-high-affinity choline uptake seen in cholin- ) .
ergic neurons [8, 23, 24, 27, 29]. Inhibition by Hemicholinium-3

These findings suggest that it would be difficult to
determine accurately the very high affinity of the Na A similar analysis was performed on the inhibition by
dependent system at the higher choline concentrationslC-3 of the uptake of 0.Jum choline in N& and Li
used previously [15]. In fact, in self-inhibition experi- media; the net uptake in the Limedium was signifi-
ments carried out at 2.2ov labeled choline we detected cantly less than uptake in Nanedium @ < 0.01 to

Medium [Na'l (mM)
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Fig. 4. Effect of increasing concentrations of unlabeled choline on the Hemicholinium-3 (M)
uptake rate of 0.Jum *H-choline in the presence and absence of.Na _. . . . . -
Cells were washed, resuspended and preincubated IroNBi* me- Fig. 5. Effect of increasing concentrations of hemicholinium-3 on up

: ) . . . take rate of choline (0.jm): (a) Rate of total uptake observed in Na
dium, as for Fig. 3. Aliquots were transferred to microcentrifuge tUbeSRingel" the curve is drawn from the summation of the computer
containing“H cholme t(.) give a final con_centranon of O4m and .__derived curves for the Nadependent and -independent fractions in part
unlabeled choline to give the concentrations shown on the absmss% (b) Uptake in LI Ringer O) and the N&-dependent portion, i.e., the
uptake was dgtermined after 4 mia) Net uptake ofH-choline in Nt difference between Naand Li* Ringers @). Uptake rates are' n.or.r’nal-
Sg;%ir ;L ,I\I'JI& dzllgnieﬁ)t)ua?:k:? ggigg‘;: t?\it\r,\;eezrll'néﬁhﬁﬂ rizpre- ized as the ratio, V/Y where \ is the rate in the absence of HC-3.
21—26gexce tatgle (n= 28) and. 10Qum (n — 16) Calculaied K Methods as for Fig. 4 except that cells were preincubated for 1 min with
' P - . : . the indicated concentrations of HC-3 before the addition of labeled
values are given in the textb) Reconstruction of the uptake in Na choline; uptake was then stopped after 4 min uptake. Points are the
Ringer by summation of the computer-derived curves of thé-Na mean +’SEM_ N — 16-24 observations. excent at 0 and 300 where
dependent and -independent{Ringer) uptakes shown i The rates n— 36 Es‘tim;ted Kvalues are iver% in thz text
are normalized as V/Y where V, is the uptake in the absence of =~ = - 9 '
unlabeled choline. The continuous line is the calculated curve; the
points are the data from the curve in NRinger shown ira. ) )
data obtained for the Nadependent and -independent
fractions, fitted the experimental points well (Figa)5

0.0001, by two-tailed, pairetitest) at all concentrations _

of HC-3 except the highest (30@m). In Fig. 5 the  Discussion

results are expressed as the ratios, y/Mdr purposes of

the kinetic analysis of the uptakesee Materials and This work studied choline uptake by a freshly isolated
Methods). Two components of the inhibition curve were suspension of intact type Il epithelial cells from rat lung.
detected in the Namedium. The K for HC-3 of an  Previous work on this subject used whole, perfused rat-
Na“-dependent portion of the uptake was estimated afung, isolated type Il cells in primary culture and whole
1.7 £ 0.4 nm, about six times less than that estimated forcells or plasma-membrane vesicles of the lung epithelial
the N&-independent fraction (12.1 + 442m); the con-  cell line, A549 [9, 10, 15]. Using kinetic methods to
stant for their relative contributions was 0.72. Reconsti-study ion- and inhibitor-sensitivity (Figs. 4 and 5), our
tution of the curve in Namedium, calculated from the results confirm the existence of at least two types of



154 G.D.V. van Rossum and C.A.R. Boyd: Choline Transport by Lung Epithelium

saturable choline transport mechanism in granular pneuthe existence of a third pathway. The observations of
mocytes, a N&dependent system with very high affinity Figs. 4 and 5 confirm this hypothesis and also provide
for choline and a N&independent mechanism of lower direct evidence for the kinetic characterization of the first
affinity. However, the degree of variability in the results two pathways. The fact that the data for transport in the
from different cell preparations, to which we have drawnpresence of Na(Figs. 4 and @) are well described by
attention in Results, warrants some caution when conthe computed contribution of the Ki@ependent and -in-
sidering the quantitative aspects of the results. dependent routes provides evidence that this analysis is
correct (Figs. 4 and %). The third pathway, character-
ized by its insensitivity to both Naand HC-3, is dis-
cussed further below.

Much of the choline entering the cells was phosphory-the The results obtained from the kinetic experiments on

. ; - effects of Na and HC-3 resemble the findings of
lated, but the amount incorporated into the lipid phase : : . :
was small during the standard incubation period of 40thers [10, 15] with lung-derived cells in suggesting that

min. After the first 2 min at a medium concentration of %[r)irllloe“[r)lghsll?alfglIs_rﬂgs:eszrt;/\;]o itzztgrtﬁlzlehimﬁgrz?_lsms
5 uM choline, the apparent concentrationbf-choline P ' PP n 9

. + .
in the cell water was approximately 1Q0s (Table 1); finity, Na'-dependent uptake, estimated at 1.5 £\

however, it can be calculated that the concentration ogaélse:]n dé:f usatlg;(ee kr)anr?su%Sn;rgtssrjgs?E?dzéogzhz%Ngg]
free *H-choline was approximately 5Qm, because at P b y pomr e e e

this time approximately 40% of the choline was presentA more precise estimate of the,of the lung system
would require studies of a greater number of choline

. o -
as phosphorylcholine and 10% as phospholipid. Thustoncentrations between 0.1 andu® but the principal

under the conditions of these observations, the concens—i nificance of our results is rather that they establish the
tration ratio, intracellular: extracellular, for fretH- 9 y

choline was approximately 10:1. It should be noted thaf}g aé:}ilp ghs(f’]}feraﬂgdg vger;?vaerz)lr:;re YIOZS|Fi2Tsa;er?dOf
this level of intracellular choline can in principle be ac- P y yp

counted for by equilibration according to a membraneSlgnlflcantly lower than the 4um reported for plasma-

potential of approximately —60 mV, which may be com- g;]%r\?vbra]rilg gﬁ;iensc:fisAgﬁi (t;c?”tShES]ré \ﬁ;‘ugulrjsrssgfltz
pared to the estimate of —40 mV for the membrane po- ' P

tential of a similar preparation of type Il cells obtained by higher .med|um choline congentr;ﬂon. The dgpendence
Peers et al. [20]. of choline transport on _medlum a:oncentrgtlon also
Justification for the use of Lias a substituent for re_:sem_bles th_e h'gh affinity neuronal ;ystem n show_lng_a
Na" is based on the following considerations: (i) it is a S|gmt0|d reéattrl]onshl[p [27]1" tghe ?utgstlor?s OH\?e Srt]OIChI-
permeable, univalent cation unlikely to cause the osmoticﬁrzgetrrgnin ort ;iggéJLe ?his ﬁnrdeir? Icr)gsu;fe?‘urtr?e? sct)l-Jd
and electrical effects expected for Kigand K' respec- Th 'ph'b' y f k? ?cf f HC-3 Y-
tively; (i) it is accepted as a substitute for Nay the € innibitory constant of the effect o = on

- : Na-dependent choline uptake in the type Il cells, esti-
Na/H exchanger, so limiting possible changes of cell pH .
that could affect choline uptake; (iii) it has been showng?tﬁguizifﬁ’sxaes leg?e :I)trt\gi h;]gk;ii,ts\t/:#;s” reEior:]ee(:
not to interact with a high affinity, Nadependent ‘cho- than some other estimat'es inclu%in that in A5¥19 rgem-
line transporter,” CHOT-1 [19, 22]. ’ 9

Some of the observed choline uptake must be attrib-brane vesicle+s_[15, 24]. By contrast, our est_imate of the
uted to the three types of cells contaminating the pre-K,‘VIfo\:vg;er;ﬂgp?gxgﬁﬁ;; f:ﬁgt'sgl’uing?xgie% 12
dominant (90%) type Il cells in the suspension. Sincefbe ’orted for other tissues [12, 15, 26, 28, 29] AI?hou h
these each contributed only 2—6% of the total cells, it P e o 9

seems unlikely that any of them contributed markedly totigiughic:'r\];rtrasrr‘ﬁgl?r;?;oclﬂgr;tls Vlvaisk do?‘tzcetr?gitil\r/]itlurt]g
any of the three uptake systems we observed. y ' y

HC-3 [9] makes it unlikely to have contributed to the
choline uptake reported in the present work.

TECHNICAL CONSIDERATIONS

COMPARISON WITH EARLIER WORK

The total uptake of choline was shown to be reduced°ELL PHYSIOLOGY OF PULMONARY CHOLINE TRANSPORT

both by the absence of N&om the medium and by the

presence of HC-3, a known competitive inhibitor of cho- Our findings and conclusions are summarized in Fig. 6.
line uptake by other cell types, particularly (although notWe propose that there are three routes available for cho-
exclusively) of the N&dependent type [15, 22, 24, 26, line entry into type Il epithelial cells. Of highest affinity
28, 29]. This suggests the presence of at least two trangs the N&-dependent mechanism while an Na
port mechanisms, but some choline uptake persistethdependent system has a somewhat higher value for its
when HC-3 was present in Nidree medium, indicating K, It may be noted that the affinity of HC-3 as a com-
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(b)
Na+ independent
Km (choline)
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(a)

Na+ dependent

19 UM Km (choline)
ui
. 1.48 uM
Ki (HC-3) Ki (HC-3)
12 uM N
u 1.68 uM

Choline
(c)

petitive inhibitor is directly proportional to the affinity of 3.

choline as a substrate. Thirdly, our results provide some
evidence of a third component, of very low affinity,
which may be diffusional since it is Nandependent and
insensitive to HC-3.

Physiologically, choline will play a central role in
type 1l cell biology because of its requirement for the
synthesis of phosphatidylcholine at rates adequate to sus-

tain surfactant release. The observation that cells iso-é-

lated from the intact, in vivo pulmonary epithelium have
the classical “neuronal” high affinity, secondary active
transport system for choline must therefore be of impor-
tance. Simple calculation shows that, assuming a mem-

brane potential of -40 mV, and a coupling stoichiometry 8.

of 1:1 between choline and Naa steady-state concen-
tration ratio of intracellular to extracellular choline of
400 will be possible. Given that plasma choline is typi-
cally in the region of 20uwm, it seems likely that the
Na“-coupled transport system described in lung may be
located at the apical surface; the'Nadependent system

(of lower affinity, but higher capacity) might then rea- 1o0.

sonably be looked for in the basolateral surface of the
epithelial cells. Such a polarized distribution of trans-

porters would permit scavenging of choline and its sub-*%

sequent reincorporation into phosphatidylcholine.
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