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ABSTRACT

Choline transport is characterized by sodium-dependent high-affinity, sodium-
independent low-affinity, and sodium-independent blood—brain barrier transport
mechanisms. Each defined mechanism has specific characteristics with regard to
affinity for choline, transport capacity, and inhibition by hemicholinium. The
purpose of this study is to determine the characteristics of choline transport
across Caco-2 monolayers. Methods. Choline transport across Caco-2 cell mono-
layers was determined in both the apical to basal direction and the opposite
direction. Further, the determination of calcium dependence and specific inhibi-
tors was made. Determination of the apparent permeability of choline was calcu-
lated by established methods. Results. The apical to basal Caco-2 permeability
coefficient is 11.11+0.33 x 107° cm/sec with 21.3% of the choline associating
with the cells. Meanwhile the basal to apical value is approximately 50%
less (5.5540.14 x 107% cm/sec), suggesting an active apical to basal transport
mechanism. Choline transport in this system was inhibited by nifedipine (82% ),
verapamil (80% ), EGTA (36% ), and cyclosporin (15% ). Conclusions. Choline
transport across Caco-2 cells is demonstrated to be active and both pH- and
Cd’ " -dependent. Furthermore, choline transport across Caco-2 monolayers has
unique characteristics when compared to traditional choline transport models.
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INTRODUCTION

Choline is a precursor for both phosphatidylcho-
line, an essential phospholipid in eukaryotic cell
membranes, and the neurotransmitter acetyl-
choline.!"! While humans can synthesize choline
de novo, dietary choline is considered essential for
prenatal memory development'? and liver func-
tion.** However, choline is a charged molecule at
physiological pH, and is thus limited in its absorp-
tion by a local intestinal transport system.

Choline transport across enterocytes has not
been consistently described. Kuczler et al.l®! defined
['*C]-choline uptake across the mucosal border of
guinea-pig jejunum as a saturable, non-sodium-
dependent, carrier-mediated process at low mucosal
choline concentrations and at high concentrations
(greater than 4 mM) operating by passive diffusion.
However, Hegazy and Schwenkl® defined choline
transport across isolated intestinal epithelial cells
of guinea pigs as saturable and Na™-dependent.
Furthermore, the authors defined the choline trans-
port with an apparent K, value of 119uM and
Vinax of 208 pmol/(mg protein/min).

Recently, Caco-2 cell lines have been used to
characterize intestinal nutrient and drug trans-
port.71% Caco-2 cells are derived from a human
colon carcinoma and display in vivo enterocyte-like
characteristics when differentiated. They show
microvilli and tight junctions, express di/tri-peptide
and amino acid carriers, bile acid transporters, vita-
min and hexose transporters, have brush-border
hydrolases, and contain an Na™/H ™" antiport.'!) Of
interest for the present study, choline transport
across Caco-2 cells has been demonstrated to be
sodium-independent with a K, of ~39uM and a
Vinax of 1.4nmol/mg/10 min. Furthermore, choline
transport was inhibited by hemicholinium-3, and
the cationic drugs etilefrin, atropine, atenolol, and
clonidine.['>!3)

The demonstrated characteristics of choline uptake
across Caco-2 cells are not consistent with the tradi-
tional high- or low-affinity choline transport
models. High-affinity choline transporters are found
in erythrocytes, fibroblasts and photoreceptor cells,
which require exogenous choline for phospholipid
synthesis.!'¥ High-affinity transport has also been
characterized in cholinergic nerve terminals linked
to the synthesis of acetylcholine.!') Transport of
choline via this transporter is carrier-mediated,
saturable, and dependent on sodium.!"® Low-affinity
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choline transporters are found in cell bodies and
provide choline for phosphatidylcholine synthesis.
Transport of choline in the low-affinity system is
linearly dependent on choline concentration and
may operate by passive diffusion.!”’

The Caco-2 cells are not the only cell type to
show novel choline transport characteristics. For
example, choline transport across the blood—brain
barrier is sodium-independent, carrier-mediated,
and saturable with an affinity between the two tra-
ditional systems.!'"8 This suggests choline transport
is unique, based on tissue location and need of
exogenous choline. Therefore, the purpose of this
study was to further characterize essential choline
transport across Caco-2 cells. Furthermore, this
characterization may have importance in predicting
the interaction or transport of cationic drugs from
the intestine to plasma.!'?

MATERIALS AND METHODS

Materials

The following materials were purchased: [*H]-
mannitol (728 MBg/pumol) from Dupont NEN
(Regensdorf, Switzerland); [*H]-choline chloride
(3150 MBg/umol) from Amersham International
(Buckinghamshire, UK); Hanks buffered salt solu-
tion (HBSS) and phosphate buffered saline (PBS)
from GibcoBRL (Paisley, Scotland); Dulbecco’s
modified Eagles medium (DMEM) with 4.5g/L
glucose, penicillin G, streptomycin sulfate and HEPES
from Sigma Chemicals (St. Louis, MO). Falcon 12-
mm polyethylene-teraphthalate (PET) filter inserts
were purchased from Becton Dickinson GmbH
(Heidelberg, Germany). The epithelial volt-ohm
meter (EVOM) and Endohm-12 chamber were sup-
plied by World Precision Instruments (Sarasota,
FL). Verapamil was obtained from Fluka Chemicals
(Buchs, Switzerland). Probenecid was purchased
from ICN Biomedicals GmbH (Eschwege, Germany).
Cyclosporin-A was prepared to its highest purity
from Novartis. All other chemicals were from
Sigma Chemicals (St. Louis, MO).

Caco-2 Monolayers

The human colon carcinoma cell line (Caco-2)
used in our laboratory originated from University
Hospital, Utrecht, Netherlands, and was cultured in
a similar fashion to that done by Artursson!® and
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Hidalgo et al.l'” Briefly, the cells were maintained
in 25-cm” flasks containing DMEM supplemented
with 10% fetal calf serum, 1% non-essential amino
acids, penicillin (161 U /mL), and 100 pg/mL strep-
tomycin. They were incubated at 37°C in a Heraeus
Cytoperm incubator set to 95% humidity and 5%
CO,. Before reaching confluency, at 6 days post-
culturing, the cells were removed by trypsinization
(0.25% trypsin and 0.02% EDTA in PBS). Cells
were resuspended in culture medium and seeded
onto 0.9-cm” Falcon HD PET filter inserts
(0.45 pm poresize) in 12-well plates at 65,000 cells/
cm?®. The DMEM was replaced every 2-3 days. The
cells reached confluence between 5 and 7 days after
seeding on filters, but were allowed to develop for
21-24 days before transport studies were initiated.
Caco-2 cells were used between passages 75 and 85.

Monolayer Transport

All transport experiments were conducted at
37°C, for 2hr in transport medium [HBSS (pH 7.4)
containing 25mM bp-glucose and 25mM HEPES
buffer], except for one study that examined the
effect of a pH gradient on choline transport. For
this one study, the apical medium only was reduced
to pH6.0 using 25mM MES buffer instead of
25mM HEPES. Before initiation of the study,
Caco-2 cell monolayers on Falcon inserts were
switched to clean 12-well plates and had culture
medium replaced with transport medium. The
monolayers were allowed to equilibrate at 37°C for
60 min. Each Falcon insert was measured for trans-
epithelial electrical resistance (TEER) at this time
using an EVOM volt-ohm meter and an end-
ohm-12 chamber. Transport studies in the apical to
basolateral direction (Ap to Bas) had 1.5mL of
transport medium placed in the basolateral cham-
ber. Initiation of the study began when 0.5mL of
transport medium supplemented with the test
compound was placed in the apical chamber. In
transport studies in the basolateral to apical direc-
tion (Bas to Ap), 0.5mL of transport medium was
added first to the apical chamber followed by
1.5mL of transport medium supplemented with
[*H]-choline and the inhibitor applied to the baso-
lateral chamber. Two hundred microliters were
removed from the basolateral chamber (acceptor
side) in Ap to Bas direction studies, while 75puL
was removed from the apical chamber in Bas to
Ap studies at 10, 20, 30, 45, 60, 90 and 120 min.
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Volumes taken were replaced with fresh transport
medium pre-warmed to 37°C. At each of these
times, just prior to sampling, the 12-well plates were
gently swirled. After 120min, samples were also
taken from the donor side and TEER measurements
were repeated to confirm that cellular integrity was
maintained throughout the study. If TEER of
monolayers minus that of blank inserts fell below
250 2cm?, cells were considered leaky and results
from these monolayers were not used for sub-
sequent analysis. Usually, TEER of our Caco-2
cells ranged from 350 to 600 cm? Monolayers
and wells were washed twice in excess PBS before
the cells were trypsinized in 0.25% trypsin and
0.02% EDTA for 10min at 37°C. Cells were
scraped from the filters and the filters removed
from the inserts.

Cells, filters, and all samples collected during the
120-min study had Lumasafe liquid scintillation
cocktail (Lumac LSC, Groningen, Netherlands)
added and were counted in a Beckman Tri-carb
B counter to determine the amount of radiolabeled
[*H]-choline transported into and through the cell
monolayers.

In studies involving the addition of the inhibitors
such as verapamil (100 uM), CsA (10uM), pro-
benecid (1.5mM), nifedipine (100 uM), and EGTA
(200 uM), the compounds were present in both
apical and basolateral chambers at the concentra-
tions described. Transport media supplemented with
individual inhibitors were only added at the same
time as test compounds so that no pre-incubation
with either compound occurred. Otherwise these stu-
dies were identical to the normal Ap to Bas or Bas to
Ap direction studies, except that the fresh media also
contained the individual inhibitors. All of these
experiments were conducted with a pH 7.4 transport
buffer present on both sides of the membrane.

CALCULATIONS

Apparent permeability through Caco-2 cells was
calculated as described previously:*”!

AQ

Papp (Cm/sec) = m

(1
where AQ/At is the permeability rate (pg/min),
Co 1s the initial concentration in the donor
chamber (ug/mL), and A is the surface area of the
membrane (cm?).



ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE  NEW YORK, NY 10016

™

776

All compounds used in our study were radio-
labeled, which allowed measurement of the radioac-
tivity associated with both the cells and filters. We
could then correct for these factors in the determi-
nation of permeability. Therefore, a modification of
Artursson’s!”! equation was created, as shown here
in expanded format to first determine corrected
clearance volumes [Eq. (2a)], followed by the effec-
tive permeability (P.g) determined from the slope of
the regression line of the clearance volumes vs. time

[Eq. 2b)]:

Cl.vol = Aa/({Cdo x Vq— [Aa + (Ca’ X Vs)]
— (Ac + Ap) x n/nga}/Vy) (2a)

where:

Cl.vol =clearance volume (mL)
n =time (min)
A, =amount in acceptor compartment at time
n (dpm)
(4, =concentration in donor compartment at
time 0 (dpm/mL)
V4 =volume of donor compartment (mL)
C, =concentration in acceptor compartment at
the previous time point (dpm/mL)
Vs =sample volume of previous time point
(mL)

A, + A¢=amount of compound associated with cells
and filters, respectively, after cells are
removed from the filters by trypsin treat-
ment at the end of the study (dpm)

ng, = final time point (min)

Peff = Jss/A (2b)

where Jg is the rate of clearance which equates
to Cl.vol/n (mL/sec), A is the area of the mono-
layer (cm?), and Py is the effective permeability
(cm/sec).

Statistical Analysis

Transport of Caco-2 [°H]-choline and inhibition
of transport was evaluated by one-way analysis of
variance (ANOVA) followed by a Bonferoni’s mul-
tiple comparison test. Errors are reported as stan-
dard error of the mean unless otherwise indicated.
Differences were considered statistically significant
at p<0.05 (GraphPad Prism version 2.01 for
Windows, GraphPad Software, San Diego, CA).
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RESULTS

Choline P values determined in this study were
calculated as described above. Figure 1 shows poten-
tial active transport of choline across Caco-2 cells
working in the apical to basolateral (0.01 uM choline
Ap to Bas P,y 11.1140.33 x 0~ ®cm/sec) direction.
Transport of choline in this direction is approxi-
mately twice that in the basolateral to apical direc-
tion (0.01 uM choline Bas to Ap Peg 5.55£0.14 x
10~°cm/sec). In both experiments approximately
20% of the choline was associated with the cell, pos-
sibly representing cellular choline uptake.

In determining if choline transport was depen-
dent on calcium, the calcium antagonists verapamil
and nifedipine were included in the transport media.
Figure 2 shows a statistically significant reduction
of choline transport in the apical to basolateral
direction by approximately 73% and 81%, respec-
tively. A small, but significant, reduction in basolat-
eral to apical choline flux was also seen under the
same conditions.

Figure 3 demonstrates the effects of efflux protein
inhibitors on choline transport across Caco-2 cells.
The inhibitors cyclosporin-A and probenecid were
added during transport at concentrations of 10 uM
and 1 mM, respectively. Cyclosporin-A had a minor
reduction (~14.5%) in apical to basolateral trans-
port of choline and no effect in the opposite direc-
tion. Probenecid produced similar results with a
24% reduction in the apical to basolateral direction
and no effect in the opposite direction. The small
reduction of choline transport may be accounted
for by cyclosporin-A having some calcium antago-
nistic activity.

To confirm choline transport across Caco-2 cells
is calcium-dependent, EGTA was added at a concen-
tration of 200 uM. Figure 4 demonstrates a signifi-
cant decrease of choline transport in the apical
to basolateral direction but also an equalization of
bi-directional transport. To ensure EGTA was not
increasing the pore size of the Caco-2 cells, and
subsequent increased paracellular transport, TEER
measurements were monitored and remained
(500-600 Q2 cm?) unaffected throughout the 2-hr
study.

Determination of pH influence on choline trans-
port across Caco-2 membranes was accomplished
by changing the pH on the apical side of the mem-
brane to 6.0. The media was composed as pre-
viously described except 25mM MES buffered
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Permeability x 10 cm/sec

Apical to Basal Basal to Apical
Choline Transport Choline Transport

Figure 1. A comparison of PEFF for apical to basal and basal to apical [’H]-choline (mL/sec/g). An asterisk (*) indicates a
significant difference (p <0.05). Data are mean £+ SEM (n=3).
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Figure 2. Effects of 100 uM concentrations of verapamil and nifedipine on Caco-2 [*H]-choline (mL/sec/g) PEFF using
0.01 uM choline concentrations. Data are mean + SEM (n = 3). *Significant difference (p <0.05).
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Permeability x 100 cm/sec

Choline Choline Choline Choline Choline Choline
Ap to Bas Ap to Bas Ap to Bas Bas to Ap Bas to Ap Bas to Ap
transport + 10 uM +1mM transport +10 uM +1mM

CsA Probenecid CsA Probenecid

Figure 3. Effects of P-gp inhibitors cyclosporin and probenecid on Caco-2 [*H]-choline (mL/sec/g) PEFF using 0.01 pM
choline concentrations. Data are mean & SEM (n = 3). *Significant difference (p <0.05).
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Figure 4. Effects of the calcium chelator EGTA on Caco-2 [*H]-choline (mL/sec/g) PEFF using 0.01 uM choline concen-
trations. Data are mean + SEM (n = 3). *Significant difference (p <0.05). For points where no error bars are seen they are
within the plotted data point.
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Choline Choline

Apical to Apical to Basal
Basal with apical

pH=6.0

Choline Choline
Basal to Basal to apical
Apical with apical
pH=6.0

Figure 5. Effects of using 25 mM MES buffered HBSS at pH 6.0 on the apical side of the membrane (maintaining pH 7.4 on
the basolateral side) on Caco-2 [*H]-choline (mL/sec/g) PEFF using 0.01 uM choline concentrations. Data are mean + SEM

(n=13). *Significant difference (p <0.05).

HBSS was used. Figure 5 illustrates a 25% reduc-
tion in choline transport in the apical to basolateral
direction, however, in the basolateral to apical
direction an increase in choline transport was
observed (5.5 to 9.67 £0.23 x 10~ ° cm/sec).

DISCUSSION

The results of the studies presented herein
demonstrate an active choline transport mechanism
in Caco-2 cells that is dependent on both extracellu-
lar calcium and pH. This paper extends previous
work evaluating the pharmacokinetics of Caco-2
choline transport.['>13]

The Caco-2 choline transporter has been shown
to have a K, of ~39uM and a V. of ~1.4nmol/
min/g."* Similarly, the experiments herein demon-
strate active choline transport at a concentration of
10nM with apical to basolateral flux exceeding the
opposite direction flux by approximately twofold
(Figure 1). This is consistent with active choline
transport in rat enterocytes.pl’zz]

High-affinity (K, ~2-20uM) choline transport is
considered to be sodium-dependent. This high-
affinity, sodium-dependent choline transporter has
been demonstrated in cholinergic nerve terminals.!"”
However, recently it has been demonstrated that
in-vivo choline transport at the blood—brain barrier
is sodium-independent with an intermediate affinity.
Furthermore, this transporter interacts with the
monovalent cations: Cs™, K", and Li* ' and
the divalent metals: Mn>" and Cd*".**! Similarly,
choline transport across Caco-2 cells has an inter-
mediate affinity for choline, is sodium-independent,
and does not interact with Li*.[!!

To further characterize Caco-2 choline transport
and its dependency or interaction with monovalent
or divalent cations, various pharmacological inhibi-
tors were added to both the apical and basal
compartment in different procedures. Figure 2
demonstrates marked apical to basal choline trans-
port reduction when the calcium antagonists and
weak P-gp substrates, verapamil and nifedipine,
were added to the apical chamber. Furthermore, a
significant, but not as prominent, reduction of basal
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to apical choline transport was also seen. The
results of these two experiments would suggest that
transport of choline across Caco-2 cells may be
calcium-dependent or mediated by P-gp efflux.

To exclude the possibility that protein-mediated
efflux is not influencing choline transport, two
experiments were conducted. First, cyclosporin-A
(CsA), a stronger inhibitor of P-gp than verap-
amil,®* was incorporated into the transport media.
Figure 3 demonstrates a small, but significant,
reduction in choline transport only in the apical to
basal flux. However, CsA does have some Ca’”"
antagonistic activity, possibly causing this small
reduction. Further evidence that choline efflux is
not present is shown in Fig. 3 with administration
of probenecid. Probenecid is an inhibitor of multi-
specific organic anion transport and is also used to
inhibit multidrug resistance-associated protein.*”
Probenecid addition again resulted in a small, but
significant, decrease of choline apical flux and an
insignificant increase in basal flux. Experiments with
the efflux protein inhibitors suggest that a minute
portion of choline transport may be mediated by
efflux proteins, but may still be associated with
Ca’" antagonistic activity.

To confirm Caco-2 choline transport calcium-
dependency, experiments with a calcium chelator
were completed. Figure 4 illustrates 200 uM of
EGTA significantly decreased apical to basal trans-
port of choline. However, of substantial interest,
EGTA increased basal to apical choline transport.
Thus, when comparing bi-directional choline flux,
after the addition of EGTA, choline transport was
essentially equalized. This equalization suggests that
once the usable media calcium was removed from
the extracellular environment, choline transport
occurs by passive permeability. Furthermore, the
passive permeability demonstrated was not a result
of increased paracellular junction opening as the
TEER size was unaffected after 2hr, remaining
approximately 500-600 €2 cm?.

In determining if pH alters choline transport
across Caco-2 cells, the transport medium was
altered to achieve pH 6.0 on the apical side and
pH 7.4 on the basolateral side. Apical choline per-
meability decreased approximately 30% and basal
flux increased 76% (Fig 5). This suggests that apical
and basal flux is dependent on pH, similar to the
hydrogen antiport transport mechanism for the
cationic metal cadmium in brush-border membrane
vesicles.*"!
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In summary, active Caco-2 choline transport can
be characterized as calcium- and pH-dependent.
Furthermore, this model is unique when compared
to the traditional high- and low-affinity choline
transport models. While the Caco-2 choline trans-
porter may not represent a unique protein, it may
demonstrate novel characteristics from residing in
the intestinal environment. Further work should be
carried out to determine if an antiport is conclu-
sively involved, and to better understand the role of
this transporter in drug absorption.

ABBREVIATIONS

TEER = Trans-epithelial electrical resistance
Ap = Apical
Bas = Basolateral
Cl.vol = Clearance volume (mL)
n =Time (min)
A, =Amount in acceptor compartment at
time n (dpm)
Cq4,= Concentration in donor compartment at
time 0 (dpm/mL)
V4= Volume of donor compartment (mL)
C, = Concentration in acceptor compartment
at the previous time point (dpm/mL)
Vs =Sample volume of previous time point
(mL)

A. + A;=Amount of compound associated with
cells and filters respectively after cells are
removed from the filters by trypsin treat-
ment at the end of the study (dpm)

ng, = Final time point (min)
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