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Choline is an essential precursor for the synthesis of phosphatidylcholine, the most abundant phospholipid classes in renal cells,
as well as for the synthesis of the osmolyte glycerophosphorylcholine. The characteristics of choline uptake in the renal epithelial
cell line MDCK were investigated. In the range of physiological concentrations, choline entered MDCK cells, grown as a
monolayer on solid support, via a specific sodium-independent transport system (apparent K, =43 uM, apparent V,, =284
pmol / mg protein per 5 min). Cell ATP depletion, addition of KCl to the medium to reduce the cell membrane potential, and
hemicholinium-3 (HC-3) inhibited choline uptake. Specific binding of [*HJHC-3 was detected on the apical membrane of cells
grown on plastic dishes, whereas it occurred only on the basolateral domain of cells grown on permeant support. When growing
cells on filter, choline uptake from the basolateral side was 10-times the apical uptake. This suggests that the choline carrier
present at the apical domain of cells grown on solid support is either inactivated or no longer targeted to the apical but to the

basolateral membrane of MDCK cells grown on filter.

Introduction

Choline uptake represents the first step in the major
pathway of biosynthesis of choline-containing phospho-
lipids by living cells [1,2]. The kidney plays a major role
in the homeostatic regulation of plasma choline levels.
At physiological concentrations, the fractional excre-
tion of choline is usually below 5% [3]. Part of the
transported choline is used for the synthesis of phos-
phatidylcholine (PC), which is in the kidney, as in other
organs, the most abundant phospholipid {1,4]. In addi-
tion, glycerophosphorylcholine (GPC), an organic os-
molyte concentrated in renal medullary cells [5,6], is
obtained via PC degradation [6,7]. Madin-Darby canine
kidney (MDCK) cells, a renal epithelial cell line which
retains differentiated properties of distal nephron seg-
ments [8,9], was shown to respond to hyperosmolarity
by an increase in intracellular GPC content dependent
on the presence of choline in the culture medium [5].
The characteristics of choline uptake by these cells
and, more generally, by cells constituting the distal
parts of the nephron, are, except for the recent data on
isolated cells from rat inner medullary collecting duct
(IMCD) [10], poorly documented. The present study
was undertaken to characterize the uptake of choline
by MDCK cells grown as confluent monolayers. The
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results demonstrate that, at physiological concentra-
tions, choline is transported into MDCK cells, grown
as a monolayer on plastic support, by a specific
sodium-independent system, likely electrogenic, which
is affected by intracellular ATP depletion. Growing
cells on permeant support resulted in a basolateral
uptake 10-times the apical uptake, suggesting a prefer-
ential localization of the carrier in the basolateral
membrane.

Materials and Methods

Materials

[methyl->H]Choline chloride (81.8 Ci/mmol) was
obtained from Amersham; KH3*PO, (1 Ci/ mmol) was
obtained from Dositek (France). [methyl->H]Hemicho-
linium-3 diacetate salt (124 Ci/mmol) was purchased
from New England Nuclear. Ethanolamine, 2-
dimethylethanolamine, hemicholinium-3 (HC-3) and
tetraecthylammonium chloride (TEA) were obtained
from Sigma. 1-Pyrene butyrylcholine bromide was ob-
tained from Molecular Probes. All other biochemicals
used were of the highest purity available and obtained
from regular commercial sources.

Cell culture

MDCK cells (passages 74 to 76) were grown to
confluence on plastic dishes (Costar No. 3100), under a
5% CO,/95% air atmosphere in a 50:50 mixture of
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Dulbecco’s modified Eagle’s medium (DMEM) and
Ham’s F12 medium supplemented with 10% fetal calf
serum, at 37°C [11,12]. After two passages, cells were
seeded on 24-well culture dishes and grown for 5 days:
the first 4 days with the complete medium in the
presence of 10% fetal calf serum (the medium was
changed for fresh medium every 48 h), the last day
without serum. For experiments using a permeable
support, cells were seeded on 0.4 um pore Transwell
(Costar n°3413), after two passages on plastic dishes,
and grown as previously described [13]. Briefly, cells
were grown 2 days with complete medium in the upper
and lower chambers. The medium was then changed
for fresh medium containing (lower chambers) or not
(upper chambers) fetal calf serum. The medium was
changed, 24 h prior to the experiment, for fresh
serum-free medium in both the lower and the upper
chambers.

Choline uptake studies

(A) Cells grown on plastic dishes. Determinations of
choline uptake by confluent MDCK cells monolayer
were performed with cells attached to the bottom of
24-well Petri dishes. The uptake medium contained (in
mmol /1): 137 Na(l, 4.7 KCl, 1.2 KH,PO,, 1.2 MgSO,,
2.5 CaCl,, 10 Hepes buffer (pH 7.2) and 4 glutamine.
Sodium dependence of choline uptake was tested by
replacing isoosmotically NaCl with N-methylgluca-
mine. Osmolarity of each medium was maintained at
300 mosM, as determined by freezing point osmometry.
Monolayers were washed four times with substrate-free
transport medium at 37°C, followed by a 10 min tem-
perature equilibration prior to the incubation at 37°C
in 300 ul uptake medium containing 5 uwCi/ml of
[3Hlcholine. The uptake was stopped by adding 2 ml of
ice-cold substrate-free uptake medium. Monolayers
were rapidly rinsed four times with this solution. The
culture dishes were allowed to dry and 250 wl of 1 M
NaOH was added to solubilize the cells. Incorporated
radioactivity was determined by liquid scintillation
counting and aliquots were collected for protein deter-
mination. All the results were corrected for diffusion,
which was estimated by adding a 1000-fold excess of
non-labeled choline to 50 uM of [*H]choline.

(B) MDCK cells grown on filters. Choline uptake by
MDCK cells grown on permeable support was mea-
sured on day 3 to 4 after confluence in a medium
identical to that used for the uptake on plastic dishes-
attached cells. Cells were rinsed four times with sub-
strate free medium before incubation at 37°C, with
radiolabeled choline (5 wCi/ ml, 50 M) either at the
apical (100 ul) or at the basolateral (600 wl) side of
filters. After 10 min of uptake, filters were washed four
times with ice-cold medium and cut off and the ra-
dioactivity was determined by liquid scintillation count-
ing. As before, the results were corrected for diffusion,

which was estimated by adding, at the apical or at the
basolateral side of the cells, a 1000-fold excess of
non-labeled choline to 50 uM of [*H]choline.

Inhibition of choline uptake by various structural
analogues was tested by adding 500 uM of the selected
products to the uptake medium containing 50 uM
[*H]choline.

Phosphate uptake studies

Phosphate uptake by cells grown on plastic dishes
was determined as previously described [11]. Briefly,
uptakes were measured at 37°C in a buffer solution of
the following composition (mmol/1): 137 NaCl, 54
KCl, 2.8 CaCl,, 1.2 MgSO, 15 Hepes (pH 7.4); cells
were incubated in the uptake solution in presence of
K,H*PO, (1 uCi/ml). The uptake was stopped by
washing the cells three times with 1 ml/ well of ice-cold
solution (137 mM Na(Cl, 15 mM Hepes (pH 7.4)). Cells
were then solubilized in 250 w1 1 M NaoH and aliquots
were counted by liquid scintillation.

Specific hemicholinium binding

Specific binding of [*HJHC-3 was determined on
cells grown either on plastic dishes or on filters. Day 5
cells grown on 24-well plastic dishes, serum deprived
for 24 h, were incubated for 30 min under gentle
stirring, with 0.1 to 4 nM [PHJHC-3. Incubation in
parallel with 10 uM unlabelled HC-3 allowed the
determination of non-specific binding. Incubation was
stopped by washing the monolayer with ice-cold buffer.
Washing was repeated four times, each wash implying
a 2 min incubation with the buffer. After the washing
steps, cells were incubated for 1 h, at room tempera-
ture, in 250 ul 1 M NaOH before scintillation count-
ing. Sodium dependence of [*Hlhemicholinium-3 bind-
ing was tested by replacing NaCl, isoosmotically, by
N-methylglucamine. The inhibition of [*Hlhemicho-
linium-3 binding by choline was tested by adding 500
uM choline to the binding medium. Protein determina-
tions were performed on cells obtained from parallel
cultures, grown from the same cell suspension. For
cells grown on filters, 3.8 nM [*HJHC-3 was added
either to the apical or to the basolateral side of the
filter. Besides the non-specific binding to the cells,
determined as above, basolateral labelling was cor-
rected for [*’HJHC-3 adsorption to the filter by dividing
by two the HC-3 adsorption on filters without cells.
After the washing steps, filters were cut from the
plastic holder and dipped into the scintillation liquid,
24 h before counting.

Protein determination

Protein determinations were made with the Pierce
BCA protein assay reagent (Pierce, Rockford, IL) us-
ing bovine serum albumin as a standard.



Data analysis

Results were expressed as mean + S.E. of three to
six independent experiments, in which cell sampling
was done in triplicate. Comparisons were performed by
a t-test. P <0.05 was considered significant. Kinetics
analysis were performed according to De Lean et al.
[14] and Malo and Berteloot [15].

Results

Choline uptake by MDCK cells grown on solid support
At 50 uM, a concentration in the physiological
range for the dog and numerous mammalian species
[16-18], choline uptake by a confluent monolayer of
MDCK cells was linear up to 30 min incubation and
accounted for 398 + 10 and 776 + 83 pmol/ mg protein
for 15 and 30 min, respectively (n = 3). The subsequent
series of experiments were performed using 5 min
incubation periods. For kinetic analysis, [>*H]choline
uptake was tested for a range of concentrations be-
tween 0.01 uM and 3 mM, on six different cell batches.
As shown by Fig. 1, replacing sodium by N-methyl-
glucamine in the incubation medium had no effect on
choline uptake. Curve analysis of the uptake revealed
the presence of a single transport system for choline.
The corresponding kinetic constants were (a) in the
presence of sodium: K, ., =43.7+5 uM, V... =
284 pmol/ mg protein per 5 min; (b) when replacing
sodium by N-methylglucamine in the medium: K o app
=391+ 8.8 uM, Vs app = 282 pmol / mg protein per 5
min. These results indicated that, at physiological con-
centration, the choline uptake by MDCK cells was
mediated by a sodium-independent transport system.
For further characterization of this system, the in-
fluence of membrane potential and of energy poisons
on choline uptake were investigated. The presence of
50 mM KCl in the medium, which depolarizes the
membrane of renal distal cells [10], inhibited by 22%
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Fig. 1. Kinetics of choline uptake by MDCK cells. [>Hlcholine
uptake in absence or presence of sodium. Data are means+ S.E. of
six independent experiments (n = 6).
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Fig. 2. Effects of external KCl and of energy poisons on choline
uptake. Cells were preincubated for 30 min in the presence of 50
mM KCl or in the presence of 5 mM sodium azide plus 50 mM
2-deoxyglucose. [*H]Choline uptake (50 uM) was measured after a 5
min incubation. The inset shows the 32P (1 pCi/ml) uptake (5 min)
by MDCK cells incubated 30 min in: phosphate-free buffer (CONT);
in phosphate- and sodium-free buffer (—Na), phosphate buffer
(+Na) and 5 mM sodium azide plus 50 mM 2-deoxyglucose (NaN).
Data are means+S.E. of three independent experiments (n = 3).

choline uptake (Fig. 2). This suggested that choline
uptake was an electrogenic process. The incubation of
MDCK cells with 5 mM sodium azide and 50 mM
2-deoxyglucose for 30 min, also inhibited significantly
(35%) the choline uptake (Fig. 2). In comparison, the
phosphate transport was strongly reduced either in
abscence of sodium or in the presence of metabolic
inhibitors (Fig. 2 inset). The decrease in the Na-cou-
pled phosphate transport indicated the efficiency of
sodium or ATP depletion.

Specificity of the choline transport system was eval-
uated by measuring choline uptake in the presence of a
10-times excess (500 uM) of chemically related com-
pounds (Fig. 3): ethanolamine and 1-pyrenebutyrylcho-
line (a fluorescent derivative of butyrylcholine) were
powerfull inhibitors of choline uptake. N,N-Dimethyl-
ethanolamine also inhibited choline uptake, whereas
TEA, which is usually transported by the broad-
specificity organic cation transporter of renal epithelial
cells [19-21], and betaine had no effect. Hemicholin-
ium-3, a compound which binds specifically to choline
carriers and inhibits both sodium-dependent and
sodium-independent choline transport in various cell
types [10,22-25], was the most potent inhibitor of
choline transport in MDCK cells (76% inhibition). This
allowed the use of the [*HJHC-3 for estimating the
number of the binding sites. Specific binding of
[*HJHC-3 (Fig. 4), indicated the presence of 3.72 + 0.95
fmol binding sites/10 mg cell protein on the apical
surface of MDCK cell monolayers grown on plastic
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Fig. 3. Effect of structural analogues on the choline uptake by

MDCK. 5 min uptakes of 50 M [*H]choline were determined

in the presence of 500 uM various structural analogues. Mean
+S.E. (n=13).

support. Excess of choline in the assay medium com-
pletely inhibited the specific binding of [*HJHC-3 to
the cells (Fig. 4). In contrast, replacing sodium by
N-methylglucamine had no effect on [PHJHC-3 binding
(data not shown).

Choline uptake by MDCK cells grown on a permeable
support

Growing MDCK cells on plastic dishes gave no
access to the basolateral side of the plasma membrane.
The next series of experiments, were performed to
evaluate the relative importance of apical vs. basolat-
eral choline uptake. As shown by Fig. 5, at physio-
logical choline concentration (50 wM), the uptake of
choline by confluent monolayers grown on permeable
support was about 10-times greater from the basolat-
eral than from the apical side of the culture. The
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Fig. 5. Choline transport and HC-3 binding by MDCK cells grown on

filters. Uptake of [*H]choline (50 pM) from the apical or the

basolateral side of the filters, and [*HJHC-3 binding experiments
were performed as described in Materials and Methods (n = 3).

kinetic constants determined for the transport system
detected at the basolateral side of the cells were:
K,=39+10 uM and V,_,, = 2050 pmol/mg protein
per 5 min. This basolateral transport was inhibited by
ethanolamine and dimethylethanolamine (data not
shown). Furthermore, HC-3 inhibited choline uptake at
the basolateral but not at the apical side of cells (Fig.
6). In accordance with these data, specific binding of
[*H]HC-3 became not statistically different from zero
on the apical side, whereas it corresponded to approx.
15 fmol/10 mg of cell protein for the basolateral
domain of the cells (Fig. 5). Again, TEA in excess had
no effect on either basolateral or apical choline uptake
(Fig. 6).
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Fig. 6. Effect of TEA and HC-3 on choline uptake from the apical

and the basolateral membrane of MDCK cells. 10 min uptake of 50

M [*Hlcholine was determined in absence or in presence of either

500 uM TEA or 500 oM HC-3 at the apical or at the basolateral
side of the cells. Mean+ S.E. (n = 3).



Discussion

The present data show that, at physiological concen-
trations, choline uptake in MDCK cells grown on solid
support is mediated by a specific transporter, which
can be inhibited by hemicholinium-3. When grown on
filters, cells expressed this transport system essentially
on the basolateral membrane domain. These data sug-
gest that switching the growth condition from solid to
permeant support resulted in a preferential localiza-
tion of the choline transport system at the basolateral
side of the cells.

As reported recently for IMCD [10] cells and rabbit
brush-border membrane [26], the choline transport by
MDCK cells was found to be sodium-independent, to
be affected by membrane potential, and to be inhibited
by molecules possessing a tertiary or a quaternary
nitrogen atom, but not by betain or TEA, a recognized
substrate for the broad specificity organic cations
transporter of epithelial cells [20]. In addition we
showed that ATP depletion by metabolic inhibitors
modified the choline uptake by MDCK cells. A
sodium-independent specific choline transporter, but
non-electrogenic, was identified in small intestinal
brush-border membrane [27]. The affinity of these three
renal systems fell within a small range, i.e., from 43
uM to 80 and 97 uM, respectively for MDCK cells,
IMCD and renal brush-border membrane vesicles, sug-
gesting that they might eventually correspond to differ-
ent expressions of the same transport system localized
in different membrane environments.

Binding of [*HJHC-3 was previously used to esti-
mate the number of high-affinity sodium-dependent
choline carrier sites in neuronal rat brain cells [28,29].
In these cells, sodium had no effect on the hemicholin-
ium association rate but only slowed the dissociation of
[*HJHC-3 from the binding sites [28]. Our result sup-
ported the view that the binding of [*HJHC-3 might
also be a useful tool to evaluate the number of sodium-
independent choline carriers in MDCK cells culture:
(a) the specific binding of [*HJHC-3 was saturable; (b)
it was not affected by the absence of sodium; (c) it was
prevented by the presence of choline in excess in the
medium. Accordingly, our data suggest the presence of
3.7 fmol choline transporter sites /10 mg protein on the
apical membrane of MDCK cells grown on plastic
support. This value falls in the lower range of [*HJHC-3
binding sites number reported for rat brain [30]. The
higher number of choline transporter sites in the brain
might functionally be explained by the need of choline
for acetylcholine synthesis.

Data from cells grown on permeant support showed
that uptake from the basolateral side was approx. 10-
times the uptake from the apical side. As for cells
grown on solid support, choline uptake from either
side was unaffected by an excess of TEA. On the other
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hand, HC-3 inhibited choline uptake only from the
basolateral side, which corresponded to the disappear-
ance of a significant specific binding of [*HJHC-3 on
the apical membrane. In addition the basolateral
choline carrier of cells grown on filter showed the same
affinity as the apical transport system of cells grown on
plastic support. This suggested that the choline trans-
porter, active initially on the apical membrane of cells
grown on solid support, was preferentially expressed
on the basolateral membrane of cells grown on filters.
In addition, for these cells, besides an increase in the
absolute number of HC-3 binding sites, efficiency
(transport rate/number of HC-3 binding sites) of
choline mediated transport was increased approx. 2-fold
compared to cells grown on plastic dishes. Experiments
performed in the last few years have shown that the
cellular polarization of confluent MDCK cells grown
on solid support is not as complete as that obtained
when cells are grown on filters [31]. For cells grown on
solid support, a fraction of transport systems and re-
ceptors might well be present on the apical membrane,
i.e., facing the growth medium, to allow the entry of
cell nutrients. Accordingly, the presence of HC-3 bind-
ing sites on the apical domain of plastic dishes grown
MDCK cells might correspond to defects in the sorting
mechanisms of the high-affinity choline carrier. Alter-
natively, as recently reported for the sodium-potassium
ATPase in the same cell line [32], loss of the transport
activity and/ or the accessibility of the carriers present
in the apical membrane, associated with an exclusive
localization of the active transport system in the baso-
lateral membrane might have resulted from differences
both in the lipid environment and in the relationships
between the transporter and the cytoskeleton, which
develop upon growth on filters. Finally, the enhanced
efficiency of the HC-3-sensitive choline transport sys-
tem when localized in basolateral membranes could be
related to the higher fluidity of this membrane domain
[12,33]: activity of the red blood cell choline carrier was
shown to be modulated by benzyl alcohol [34] a fluidiz-
ing agent. In conclusion, the present data show that,
for physiological concentrations, choline uptake by
MDCK cells occurs via a sodium-independent specific
transport system. Inactivation or relocalization of this
transport system to the basolateral membrane domain
when cells are grown on permeant supports provides a
valuable tool for studies on the relationships between
choline transport and choline headgroup phospholipid
synthesis in renal epithelial cells.
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