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Abstract Uptake by the liver of the organic cation and es-
sential nutrient choline is required for the hepatic synthesis
of phosphatidylcholine. Uptake of other organic cations is
also important for the metabolism and secretion of numer-
ous endobiotics and drugs. Although a high affinity mam-
malian hepatic choline transporter has been Kkinetically de-
fined, it has not been previously identified. We have
developed stable transfectants of BALB/3T3 cells, using a
murine member of the organic cation transporter gene family
(mOctl/Slc22al), and used these cells to characterize the
transport of the organic cation choline and model organic
cation tetraethylammonium (TEA). Functional expression
of mOct1/Slc22al in BALB/3T3 cells confers the saturable,
temperature-dependent uptake of choline with a K, of 42
M, and uptake of TEA with a K,, of 43 pMm. We subse-
quently used our cell culture uptake system to kinetically
define in HepG2 cells a high affinity choline uptake pro-
cess, which transports choline with a K, similar to that of
mOctl/Slc22al protein. We also demonstrated that organic
cation transport by mOctl/Slc22al is inhibited by several or-
ganic cations, and that the gene is expressed in the perinatal
period, at a time when phosphatidylcholine synthesis in-
creases.fll We conclude that mOctl/Slc22al encodes a high
affinity mammalian hepatic choline/organic cation trans-
porter. This transporter may be important for hepatic phos-
phatidylcholine synthesis, and for the metabolism and secre-
tion of many organic cationic drugs.—Sinclair, C. J., K. D.
Chi, V. Subramanian, K. L. Ward, and R. M. Green. Func-
tional expression of a high affinity mammalian hepatic cho-
line/organic cation transporter. J. Lipid Res. 2000. 41: 1841—
1848.
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The liver has a critical role in the synthesis and metabo-
lism of phospholipids, as well as in the secretion of many
endobiotics and xenobiotics into blood and bile. The or-
ganic cation choline is an essential nutrient and precursor
for the hepatic synthesis of phospholipids (1). Hepatic
choline levels are approximately 100-fold greater than
blood concentrations, and de novo choline synthesis is
minimal, suggesting the existence of a transport mecha-

nism for hepatic choline uptake (2). In addition, kinetic
data from the isolated perfused rat liver and from hepatic
plasma membrane uptake studies demonstrate the pres-
ence of a high affinity choline transporter. This transporter,
however, has not yet been previously identified (3-5).
Many commonly used drugs are organic cationic amines,
which are taken up into the liver prior to metabolism and
secretion, and several hepatic plasma membrane organic
cation transporters have been kinetically defined. Func-
tional studies of rat liver plasma membrane vesicles have
demonstrated the presence of basolateral membrane
transporters for both choline and other organic cations
(4-9). Although several members of the organic cation
transporter gene family have been identified, only organic
cation transporter 1 gene (OCT1I) appears to be expressed
in the liver (10-14). We have identified a murine liver
c¢DNA (mOct1/Slc22al) homologous to OCTI and func-
tionally expressed it in Xenopus oocytes (13). Although we
were previously able to demonstrate the uptake of choline
by oocytes injected with mOct1/Slc22al cRNA, the oocyte
expression system lacked the sensitivity to detect the satura-
ble, high affinity choline uptake previously kinetically de-
fined in liver plasma membranes and the isolated perfused
rat liver (3, 5, 13). Similarly, studies expressing human or
rat OCTI in Xenopus oocytes also could not demonstrate
the high affinity transport of choline. We hypothesized
that functional expression of mOct1/Slc22al in a mamma-
lian culture system that lacks high affinity choline trans-
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port would provide a sensitive system to kinetically define
choline transport by mOct1/Slc22al.

In the present study, we have used BALB/3T3 cells,
which lack significant high affinity choline transport, to
develop clonal cell lines that are stably transfected with
mOct1/Slc22al. We have subsequently used these cells to
functionally characterize the transport of both choline
and the model organic cation tetraecthylammonium bro-
mide (TEA). These data indicate that the hepatic mOctl/
Sle22al cDNA codes for a high affinity mammalian cho-
line/organic cation transporter with kinetics similar to
those detected in the liver. This transporter may be impor-
tant for hepatic phospholipid synthesis and for the metab-
olism and secretion of organic cation drugs.

EXPERIMENTAL PROCEDURES

Materials

14Clabeled TEA (2.4 mCi/mmol) and *H-abeled choline chlo-
ride ([*H]choline, 2.8 TBq/mmol) were obtained from New En-
gland Nuclear (Boston, MA). Plasmid maxipreps were from Qiagen
(Valencia, CA) and the molecular biology enzymes were purchased
from Boehringer Mannheim (Mannheim, Germany). Vector
pcDNA3 was from InVitrogen (Carlsbad, CA), Cellfectin, G418, and
tissue culture media were purchased from Life Technologies (Grand
Island, NY). All other chemicals and reagents were purchased from
Sigma (St. Louis, MO). C57BL/6] mice were purchased from Jack-
son Laboratories (Bar Harbor, ME) and choline-deficient and con-
trol chow were obtained from ICN (Costa Mesa, CA).

Construction of plasmids

Mouse expressed sequence tag 581,126 (mOctl1/Slc22al) was
purchased from Research Genetics (Huntsville, AL). The cDNA
was digested with Nofl and BamHI and ligated into the expres-
sion vector pcDNA3, which contains ampicillin and neomycin
resistance cassettes. The correct orientation was verified by re-
striction digestion and sequencing. Competent Escherichia coli
DHb5a cells were then transformed with the pcDNA3-mOctl/
Slc22al recombinant plasmid and selected with ampicillin resis-
tance. The plasmid was purified with the Qiagen maxi kit and
verified by sequencing.

Cell culture and stable transfection

Mammalian BALB/3T3 fibroblast cells [American Type Cul-
ture Collection, Manassas, VA] were cultured in 75-cm? flasks,
containing Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum. The pcDNA3-mOct1/Slc22al recombinant
plasmid or vector alone was lipofected with Cellfectin (GIBCO-
BRL, Grand Island, NY), according to the instructions of the
manufacturer. The medium was supplemented with G418 (400
ng/ml), allowing stable transfected clonal cell lines to be se-
lected by G418 resistence. All cells were cultured in a humidified
environment (37°C and 5% COy). The cells were split with
trypsin (1:5) and added to 35-mm? sterile plates with 3 ml of
DMEM containing G418 at 400 wg/ml.

Transport studies

Eleven transfected clonal cell lines were initially assayed for
TEA uptake, using 50 pM [*C]TEA for 15 min at 37 or 4°C. Un-
transfected cells and cells transfected with vector alone were
used as negative controls and results were comparable in both
groups. [!*C]tetraethylammonium bromide and [3H]choline
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chloride uptake by mOct1/Slc22al-transfected or control BALB/
3T3 cells was performed at TEA concentrations ranging from
6.25 to 500 uM, and at choline chloride concentrations ranging
from 6.25 to 200 pM, in uptake solution (Hanks’ balanced salt
solution-10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid buffer with respective organic cation, pH 7.4). Each assay
was performed with cells grown to 70-80% confluence in a
35-mm? dish, and all cells were initially washed with 3 ml of Tris-
buffered saline (TBS, pH 7.4) prior to uptake. Uptake was per-
formed at either 37 or 4°C over 15 min in 750 wl of uptake solu-
tion, a volume adequate to cover all cells on the dish. Uptake was
terminated with 3 ml of TEA stop solution [TBS-1 mM TEA (pH
7.4) at 4°C] and cells were washed twice with 3 ml of stop solu-
tion. [*H]choline transport experiments were performed simi-
larly, except that uptake was performed for 30 min and termi-
nated with four washes of choline stop solution [TBS-1 mM
choline chloride (pH 7.4) at 4°C]. The cells were solubilized
with 0.1 ~ NaOH for 5 min, followed by neutralization with 0.1 ~
HCl and 1 M Tris (pH 7.4). Radioactivity was measured by liquid
scintillation counting, using 10 ml of Scintivert (Fisher Scien-
tific) scintillation cocktail. Proteins were measured in duplicate
by the method of Bradford (Bio-Rad, Hercules, CA), with bovine
serum albumin as a standard. Competition experiments were
conducted with 50 pM radioligand and varying concentrations
of nonradiolabeled thiamine, N'-methylnicotinamide (N'MN),
N-methylnicotinamide (NMN), tetramethylammonium (TMA),
choline, and quinidine.

Effect of pH gradients on initial uptake of [1*C]TEA

The cells were washed once with 3 ml of TBS, and uptake was
performed in buffers with pH ranging from 6.3 to 8.3 for 7.5
min at 37 and 4°C. Cell viability after uptake was measured in
parallel experiments under identical conditions, using trypan
blue staining, and was >99%.

Northern analysis

Total mRNA was isolated by phenol-chloroform extraction
and 15 pg of RNA was loaded per lane. Northern blotting was
performed as previously described, using a fulllength mOct1/
Slc22al cDNA as a template for synthesis of a radiolabeled probe
(15, 16). All blots were stripped and reprobed with ubiquitin to
document the integrity of the RNA.

Data analysis

The data were analyzed by a paired Student’s #test and analy-
sis of variance (ANOVA). Differences were deemed to be statisti-
cally significant at P < 0.05. Saturation curve data were analyzed
by a multiple regression-modeling program. Statistical analysis
and computer modeling were performed with Sigma Plot and
Tablecurve 2D, (Jandel Scientific, San Rafael, CA) and Excel
(Microsoft, Redmond, WA).

RESULTS

Plasmid construction and cell transfection

To develop cell lines functionally expressing mOctl/
Slc22al, the cDNA was ligated into vector pcDNAS3.
BALB/3T3 fibroblast cells were lipofected with the recom-
binant vector and stable transfectants were selected by
G418 resistance. Eleven clonal cell lines transfected with
mOct1/Slc22al were isolated and initially assayed for or-
ganic cation transport by measuring uptake of the model
organic cation TEA (50 pm ['*C]TEA) at 37 and 4°C. BALB/
3T3 cells and stable transfectants expressing pcDNA3 vector
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Fig. 1. Uptake of [*C]TEA by mOctI/Slc22al-transfected and
control BALB/3T3 cells. Uptake of 50 pM [*C]TEA was assayed
over 15 min at 37°C (solid columns) and 4°C (open columns) in
BALB/3T3 cells stably transfected with mOct1/Slc22al (cell lines 1—
11, n = 2) or with vector alone (cell line 12, n = 8). TEA uptake
was demonstrable in all mOct1/Slc22al-transfected cell lines.

without insert were used as controls. As seen in Fig. 1, trans-
fection of BALB/3T3 cells with mOctl/Sic22al resulted in
uptake of radiolabeled TEA at 37°C in all 11 clonal cell
lines. TEA uptake was significantly increased in the mOctl/
Sle22al-transfected cells, compared with controls (cell line
12) (P < 0.001). Uptake was temperature dependent and
minimal at 4°C. In contrast, uptake of radiolabeled TEA
by control BALB/3T3 cells was minimal at both 4 and
37°C. TEA uptake by mOctl/Slc22al was thus defined as
the difference in TEA transport at 37°C between mOctl/
Slc22al-transfected and control BALB/3T3 cells, and was
identical to uptake of mOctl/Slc22al-transfected BALB/
3T3 cells at 37°C minus transport at 4°C. To confirm the
presence of the mOct1/Slc22al transcript in transfected
cells expressing transport function, Northern blotting
was performed with BALB/3T3 cells transfected with
either mOct1/Slc22al or with vector alone. The 1.8-kb
mOct1/Slc22al transcript was abundantly expressed in
the mOctl/Slc22al-transfected cells, whereas the tran-
script was not evident in controls (Fig. 2).

Vector

mOctl/Slc22al

1.8kb-

Fig. 2. Northern blot analysis of mOct1/Slc22al-transfected and
control-transfected BALB/3T3 cells. Northern blotting was per-
formed on RNA (15 pg/lane) isolated from BALB/3T3 cells trans-
fected with mOct1/Slc22al or with vector alone. The 1.8-kb tran-
script is abundantly expressed in cells transfected with mOctl/
Slc22al (left lane), but is absent in the control cells transfected with
vector alone (right lane).

TEA uptake by mOct1/Slc22al-transfected cells

Figure 3A illustrates the uptake of 50 pM [*C]TEA in
both mOct1/Slc22al-transfected and control cells at both
37 and 4°C. TEA uptake was time and temperature depen-
dent, and was linear for 30 min at 37°C. TEA uptake at 4°C
was negligible at all time points. Uptake of TEA into
mOct1/Slc22al-transfected cells was subsequently assayed
for 15 min over a range of substrate concentrations (6.25-
500 pM). Uptake by mOctl/Slc22al was saturable with re-
spect to concentration, with a K,;, of 43 uM and a V,,, of
1.03 pmol of TEA/mg protein per minute (Fig. 3B). The
ability of mOct1/Slc22al-transfected cells to transport TEA
is consistent with results from expression studies per-
formed in Xenopus oocytes (13).

We subsequently examined the effect of adding exoge-
nous organic cations on TEA uptake in mOctl/Slc22al-
transfected cells at 37°C. Figure 4 demonstrates that TEA
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Fig. 3. ['C]TEA uptake by mOctl/Slc22al. (A) Uptake of 50 uM
['*CITEA by mOct1/Slc22al-transfected BALB/3T3 cells was as-
sayed over 60 min and is linear for at least 30 min at 37°C (solid cir-
cles) while it is minimal at 4°C (solid squares). (B) [*C]TEA up-
take by mOct1/Slc22al-transfected BALB/3T3 cells was assayed for
15 min over a range of concentrations (6.25—-500 uM) at 37°C. Up-
take is saturable with a K,, of 43 uM and a V,,, of 1.03 pmol/mg
protein per minute. Data are expressed as means * SEM.
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Fig. 4. Effect of organic cations on [*C]TEA uptake by mOctl/
Slc22al. Uptake of 50 uM [*C]TEA at 37°C by mOct1/Slc22a1-trans-
fected BALB/3T3 cells was determined in the presence of 6-NMN
(0,1, 5, and 10 mM), 1-NMN (0, 10 pM, 1 mM, 5 mM, and 10 mM),
thiamine (0, 0.1 pM, 10 pM, 100 pM, 1 mM, and 10 mM), TMA (O,
10 pM, 100 uM, 1 mM, and 10 mM), and quinidine (0, 1 uM, 10
pM, 100 pM, and 1 mM). Data are expressed as means * SEM.
*P < 0.05 compared with controls.

uptake is inhibited by the organic cation 1-NMN, and
there is a trend toward inhibition by the relatively inactive
related 6-NMN (N'MN) compound at concentrations of
5-10 mM. TEA uptake by mOctl/Slc22al was also inhib-
ited by the organic cations thiamine, TMA, and quinidine.

We also investigated the effects of proton gradients on
organic cation uptake by mOctl/Slc22al. mOctl/Slc22al-
transfected and untransfected cells were assayed for TEA
uptake in external buffers ranging from pH 6.3 to 8.3
(Fig. 5). The presence of outside:inside directed proton
gradients (external pH 6.3 and 6.5) results in significantly
lower organic cation uptake, and inside:outside directed
proton gradients (external pH 8.3) results in a slight
trend toward increased uptake, compared with control
buffer (pH 7.4). Using ANOVA, the effect of proton gradi-
ents on organic cation uptake was significant (P < 0.01).
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Fig. 5. Effects of external pH on organic cation uptake by
mOctl/Slc22al. Uptake of 50 uM [*C]TEA by mOct1/Slc22al-
transfected BALB/3T3 cells was performed at 37°C in external
buffers with pH 6.3, 6.5, 7.4, and 8.3. TEA uptake was pH depen-
dent (P < 0.01 by ANOVA). Data are expressed as means = SEM.
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Viability assessed by trypan blue exclusion was >99% in all
buffers. Unfortunately, attempts to measure electrogenic
uptake by using buffers of varying Kt concentrations re-
sulted in diminished trypan blue exclusion, consistent
with cellular cytotoxicity.

Previous data in the isolated perfused rat liver dem-
onstrate the presence of saturable choline uptake, with a
K,, in the range of physiological choline concentrations
(in addition to a second, nonsaturable uptake process)
(3). Thus, we investigated whether mOct1/Slc22al codes
for a high affinity mammalian hepatic choline transporter.
BALB/3T3 cells transfected with mOct1/Slc22al trans-
ported choline in a time- and temperature-dependent
manner. Choline uptake was linear for 30 min at 37°C,
and minimal at 4°C. Figure 6 is a saturation curve demon-
strating the uptake of choline by mOctl/Slc22al over a
range of choline concentrations. Choline uptake by
mOctl /Slc22al is saturable, and when modeled to the
Michaelis-Menten equation demonstrates a K,, of 42 uM
and a V,,; of 8.08 pmol/mg protein per minute.

To determine whether both choline and TEA uptake
was mediated by mOctl/Slc22al, we examined the effect
of excess choline on [1*C]TEA transport, and the effect of
excess TEA on [3H]choline transport. Uptake by mOctl/
Slc22al of 12.5 pM [*H]choline in the presence or ab-
sence of 10 mM nonradiolabeled TEA, and uptake of 25
uM [MC]TEA in the presence and absence of 1 mM non-
radiolabeled choline were assayed. In both sets of experi-
ments, uptake of the respective organic cations was inhib-
ited by 70% (P < 0.001), consistent with uptake occurring
via the same transporter.

Furthermore, we used our in vitro cell culture uptake
system to measure choline uptake in HepG2 cells, and ki-
netically identified a high affinity choline uptake process in
this liver-derived cell line. [3H]choline uptake by HepG2
cells was time and temperature dependent. Figure 7 de-
monstrates choline uptake by HepG2 cells over a range of

7_
.—(AG_
e £ i
I
>3 4
DS 3 -
=< 5
Sz 2
5"3‘1_

0 50 100 150 200
[Choline] uM

Fig. 6. Saturation curve of [3H]choline uptake by mOct/Slc22al.
[®*H]choline uptake by mOct1/Slc22al-transfected BALB/3T3 cells
was assayed for 30 min over a range of concentrations (6.25-200
puM) at 37°C. Choline uptake is saturable with a K,, of 42 pM and a
Vinax of 8.08 pmol/mg protein per minute. Data represent means *
SEM.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

12
10
.s'/E\
£
25 s
Y E
> 2
o3 ¢
=< 5
KR ~< 4
v E
(="
- 2
0 50 100
/,,l T T T
0 500 1000 1500 2000

[Choline] pM

Fig. 7. Saturation curve of [®*H]choline uptake by HepG2 cells.
[®*H]choline uptake by HepG2 cells was assayed for 30 min over a
range of concentrations (6.25-2,000 uM) at 37°C. Michaelis-
Menten modeling revealed the presence of high affinity (K, = 11
puM) and low affinity (K, = 347 pM) choline transport processes
(P < 0.01, using an F-statistic and comparing with a single trans-
porter model). Data represent means = SEM.

concentrations (6.25-2,000 pM) at 37°C. Michaelis-
Menten modeling revealed the presence of high affinity
(K,, of 11 uM) and low affinity (K,, of 347 pM) choline
transport processes (P < 0.01, using an F-statistic and com-
paring to a single transporter model). Of note, control
BALB/3T3 cells transport choline at high choline concen-
trations in a nonsaturable manner, and when additional ex-
periments were performed in mOctl/Slc22al-transfected
BALB/3T3 cells using high choline concentrations, a two-
transporter model failed to give a statistically significant
better fit than a single-transporter process.

Finally, the hepatic phosphatidylcholine increase that
occurs during the perinatal period is likely due to an in-
creased synthesis of cytidine diphosphate-choline (CDP-
choline) (17). This necessitates a quantitative increase in
hepatic choline uptake during the perinatal period. Thus,
we subsequently examined the ontogenic expression of
mOct1/Slc22al. Figure 8 demonstrates that mOct1/Slc22al
gene expression in C57BL/6] mice is absent in the late
embryonic and early neonatal period, but becomes abun-

E18 D1

mOctl/Slc22al-

dantly expressed by 3 days after birth. These data are con-
sistent with the increased requirement for hepatic choline
uptake after birth. Experiments in which C57BL/6] mice
were fed choline-deficient diets for 3 and 8 weeks, how-
ever, failed to demonstrate any changes in mOct1/Slc22al
expression.

DISCUSSION

An essential function of the liver is the uptake, metabo-
lism, and secretion of numerous xenobiotic and endobi-
otic substrates. The major synthetic pathway for phos-
phatidylcholine biosynthesis required by all mammalian
cells is the CDP-choline (Kennedy) pathway (18). Al-
though the liver also possesses an additional synthetic
phosphatidylethanolamine N-methyltransferase (PEMT)
pathway, the CDP-choline pathway remains quantitatively
most important (18). The liver provides the phospholip-
ids, which are secreted into blood and bile, and it has
been estimated that the mouse secretes into bile every
24 h the equivalent of its entire hepatic pool of phosphatidyl-
choline (19). In fact, PEMT-deficient mice die of hepatic fail-
ure within 72 h of the administration of a choline-deficient
diet (20). Therefore, the liver has an increased require-
ment for the uptake of the organic cation choline, which
serves as an essential substrate for hepatocellular phos-
phatidylcholine synthesis (1, 18). Although several mam-
malian hepatic organic cation transporters have been ki-
netically characterized, the electrogenic organic cation
transporter OCT1 remains the only hepatic member of
this class of transporters that has been isolated or cloned
(10-14). Other mammalian members of the organic cation
gene family are expressed in either kidney or neuronal tis-
sue, but are not present in adult liver (21-32). Previous
studies in which OCT1 has been expressed in oocytes have
demonstrated transport of choline, but have been unable
to demonstrate that it functions as a high affinity choline
transporter, with a K,, for choline in a physiologic concen-
tration (10, 12, 13, 21, 22).

Our study demonstrates that uptake of both choline
and TEA by mOctl/Slc22al occurs in a time-, tempera-
ture-, and concentration-dependent manner, all charac-
teristic of a carrier-mediated transport process. The K,, of
mOctl/Slc22al for TEA has a slightly higher affinity

D3 DT D2l

Fig. 8. Ontogenic expression of the mOct/Slc22al gene. Hepatic RNA (15 pg/lane) was isolated from em-
bryonic and neonatal mice and used for Northern blotting. mOct1/Slc22al gene expression becomes evident
by neonatal day 3. The blot was reprobed with ubiquitin to verify RNA integrity and equal loading (n = 2).
E18 (embryonic day 18), D1-21 (postpartum days 1-21).
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(lower K,,) than either the rOCT1 or hOCT1 transporter
(10, 12). While the kinetic data for rOCT and hOCT1
were derived by expression in Xenopus laevis oocytes,
rather than in mammalian expression systems, the K,, for
TEA that we noted in this study was also similar to that de-
tected in mOctl/Slc22al cRNA-injected Xenopus oocytes
(13). Nonetheless, although TEA is a model organic cation
that is well characterized in membrane transport studies,
it is not a physiologically relevant substrate in vivo, and
therefore cannot represent the natural ligand for mOctl/
Slc22al.

In contrast to TEA, choline is an essential organic cat-
ionic nutrient that is taken up from the portal circulation
by the liver, and used as a precursor for phosphatidylcho-
line synthesis (1, 18). Our data demonstrate that mOctl/
Slc22al transports choline into the cell in a time- and tem-
perature-dependent manner. Plasma concentrations of
choline in normal individuals, and in rodents and humans
fed choline-containing compounds, range between 10
and 80 pM, although levels in the portal circulation after
choline ingestion may be higher (3, 33-35). The K,, of
mOctl/Slc22al for choline transport is 42 uM, allowing
this transporter to work efficiently under physiologic cho-
line concentrations. Although choline transport by
rOCT1 expressed in Xenopus oocytes has been reported,
the K,, of 1.1 mM (21) is far in excess of physiologic cho-
line concentrations. We cannot exclude the possibility
that both rOCT1 and hOCT]1 are also physiologically im-
portant choline transporters, and the apparent high K,, is
due to expression in the Xenopus oocyte system.

All nucleated mammalian cells require choline uptake
in order to synthesize phosphatidylcholine via the CDP-
choline pathway (18, 20). Therefore, because expression
of mouse, rat, and human OCT1 appears limited to the
liver, kidney, and gut, other choline transport mechanisms
must exist (and are likely to be members of the organic
cation transporter gene family). In fact, we demonstrate
that mOct1/Slc22al is not expressed in the liver in the late
embryonic or early neonatal period, necessitating the
existence of other hepatic choline transport processes.
Hepatic phosphatidylcholine increases in the perinatal
period, likely as a consequence of CTP:phosphocholine
cytidylyltransferase translocation to the endoplasmic retic-
ulum, and a resultant increased synthesis of CDP-choline
(17). Therefore, there is an increased requirement for
choline uptake by the liver in the perinatal period, and
mOct1/Slc22al expression in the early neonatal period
may allow the hepatocyte an increased capacity for cho-
line uptake. In addition, bile salts stimulate biliary phos-
phatidylcholine secretion, and expression of bile salt
transporters [Na*/taurocholate cotransport polypeptide
(Ntcp), sister of P-glycoprotein (Spgp)/bile sale export
pump (BSEP)] does not occur prior to birth (36). There-
fore, the ontogenic expression of mOct1/Slc22 occurs at a
time when increases in hepatic choline uptake are required.
In addition, serum choline levels in newborn rodents are
high, and decline as the rodent matures (37, 38). There-
fore, lower affinity choline transport processes may be
functional in the liver of the neonatal rodent, but high
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affinity transporters are likely required as the animal
matures. In addition, experiments in which mice are fed
choline-deficient diets for 3 and 8 weeks failed to dem-
onstrate any changes in mOct1/Slc22al gene expression, as
well as several other enzymes/ transporters involved in hepa-
tocellular lipid metabolism/secretion (PEMT, CTP:phos-
phocholine cytidylyltransferase, Spgp/BSEP, Ntcp). These
data indicate that phospholipid metabolism and secretion
in the mouse may differ from in the rat (39).

Studies of the isolated perfused rat liver demonstrate
the presence of a high affinity, saturable uptake process
for choline, and a second, nonsaturable transport process
that occurs at higher choline concentrations (3). We have
used the liver-derived HepG2 cell line and our in vitro
choline uptake assay system to detect both a high affinity
transporter and a low affinity transport process for cho-
line. Previous studies in liver and placental plasma mem-
brane vesicles performed at high choline concentrations
have also detected a low affinity choline transport process
(4, 5, 40). Our data indicate that mOctl/Slc22al codes for
the high affinity hepatocellular choline transporter, but
do not provide evidence that it codes for the low affinity
transporter.

Organic cation uptake by mOctl/Slc22al was inhibited
by several organic cations including NMN, with a trend to-
ward inhibition at high concentrations of the relatively in-
active 6-NMN. Previous studies in Xenopus oocytes, using
the latter compound, caused a paradoxical increase in
TEA uptake (although the K, was increased), an effect
that was likely due to changes in membrane potential
(41). These studies indicate that mOct1/Slc22al codes for
a hepatic transporter that is inhibited by NMN, although
there remain significant kinetic differences in choline and
TEA uptake between mOctl/Slc22al and the rat or hu-
man orthologs. In agreement with previous studies of TEA
uptake in basolateral liver plasma membrane vesicles, the
inhibitors thiamine, TMA, and quinidine all significantly
inhibited TEA uptake (6-9). Finally, organic cation up-
take by mOctl /Slc22al is significantly inhibited by outside:
inside directed proton gradients and may be stimulated by
inside:outside gradients, albeit to a relatively small degree,
potentially indicative of organic cation/H™ counterex-
change. These data are in agreement with transporters
that have been kinetically defined in basolateral liver
plasma membrane (bLPM) uptake studies, but differ from
the kinetics of rat OCT1 (9, 14). Finally, our data indicate
that mOctl/Slc22al transports both choline and the
model organic cation TEA with high affinity. There is sig-
nificant inhibition of [*H]choline uptake in the presence
of TEA, and inhibition of [1*C]TEA by choline, indicating
that mOctl/Slc22al is directly responsible for the uptake
of both substrates.

When mOct1/Slc22al was expressed in Xenopus oocytes,
we were unable to detect high affinity choline transport
(13). Therefore, in the present study we used a BALB/
3T3 mammalian expression system, which provided data
consistent with previous studies in the intact rat liver, iso-
lated perfused rat liver, and bLPM vesicles kinetically defin-
ing hepatic choline and organic cation transporters (3-5).
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mOctl/Slc22al is 95 and 80% identical to OCT1 and
hOCT]1, respectively. Because prior studies, which have
demonstrated low affinity choline transport by these
mOctl/Slc22al orthologs, have been performed in Xenopus
oocytes, it is possible that they also serve as high affinity
choline transporters, and the high K,, (low affinity) for
choline transport was due to expression in a Xenopus oocyte
system (21). Although we cannot exclude the possibility
that the low affinity choline transport process evident in the
HepG2 cells was due to mOctl/Slc22al, and was not evi-
dent in the mOct1/Slc22aI-transfected BALB/3T3 cells be-
cause they lack liver-specific posttranscriptional process-
ing, it is more likely that mOctl/Slc22al represents only
one of several choline transporters.

In conclusion, we have used BALB/3T3 cells to func-
tionally express mOctl/Slc22al and determine that it en-
codes a high affinity hepatic choline transporter. Although
high affinity hepatic choline transporters have been kinet-
ically defined, these data are the first demonstration of a
mammalian transporter for choline that functions in the
physiological concentrations occurring in the portal circu-
lation. We believe that mOctl/SIc22al is important for
both phospholipid synthesis and homeostasis, as well as
for regulating organic cation metabolism and secretion. i

This study was supported by NIH-K11DK02275, and by a Veter-
ans’ Administration Merit Review Award. The authors thank
Steven Zucker, M.D., for advice and assistance with mathemati-
cal modeling.

Manuscript recetved 12 July 1999, in revised form 24 February 2000, and in
re-revised form 20 June 2000.

REFERENCES

1. Zeisel, S., K-A. Da Costa, P. D. Franklin, E. A. Alexander, J. T. La-
mont, N. F. Sheard, and A. Beiser. 1991. Choline, an essential nu-
trient for humans. FASEB J. 5: 2093-2098.

2. Pomfret, E. A., K-A. Da Costa, L.. L. Schurman, and S. H. Zeisel.
1989. Measurement of choline and choline metabolite concentra-
tions using high-pressure liquid chromatography and gas chroma-
tography-mass spectrometry. Anal. Biochem. 180: 85-90.

3. Zeisel, S. H., D. L. Story, R. J. Wurtman, and H. Brunengraber.
1980. Uptake of free choline by isolated perfused rat liver. Proc.
Natl. Acad. Sci. USA. 77: 4417-4419.

4. Moseley, R. H., H. Takeda, and L. J. Zugger. 1996. Choline trans-
port in rat liver basolateral plasma membrane vesicles. Hepatology.
24: 192-197.

5. Kwon, Y., R. D. Lee, and M. E. Morris. 1996. Hepatic uptake of
choline in rat liver basolateral and canalicular membrane vesicle
preparations. J. Pharmacol. Exp. Ther. 279: 774-781.

6. Moseley, R. H., J. Morrissette, and T. R. Johnson. 1990. Trans-
port of Nl-methylnicotinamide by organic cation-proton ex-
change in rat liver membrane vesicles. Am. J. Physiol. 259: G973—
G982.

7. Moseley, R. H., S. M. Jarose, and P. Permoad. 1992. Organic cation
transport by rat liver plasma membrane vesicles: studies with tetra-
ethylammonium. Am. J. Physiol. 263: G775-G785.

8. McKinney, T. D., and M. A. Hosford. 1992. Organic cation trans-
port by rat hepatocyte basolateral membrane vesicles. Am. J. Phys-
iol. 263: G939-G946.

9. Moseley, R. H., H. Smit, B. G. H. van Solkema, W. Wang, and D. K. F.
Meijer. 1996. Mechanisms for the hepatic uptake and biliary excre-
tion of tributylmethylammonium: studies with rat liver plasma
membrane vesicles. J. Pharmacol. Exp. Ther. 276: 561-567.

10. Grundemann, D., V. Gorboulev, S. Gambaryan, M. Veyhl, and H.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sinclair et al.

Koepsell. 1994. Drug excretion mediated by a new prototype of
polyspecific transporter. Nature. 372: 549-552.

Martel, F., T. Vetter, H. Russ, D. Grundemann, 1. Azevedo, H.
Koepsell, and E. Schomig. 1996. Transport of small organic cat-
ions in the rat liver. The role of the organic cation transporter
OCT1. Naunyn-Schmiedeberg’s Arch. Pharmacol. 354: 320—-326.
Zhang, L., M. J. Dresser, A. T. Gray, S. C. Yost, S. Terashita, and K. M.
Giacomini. 1997. Cloning and functional expression of a human
liver organic cation transporter. Mol. Pharmacol. 51: 913-921.
Green, R. M,, K. Lo, C. Sterritt, and D. R. Beier. 1999. Cloning and
functional expression of a mouse liver organic cation transporter.
Hepatology. 29: 1556—1562.

Schweifer, N., and D. P. Barlow. 1996. The Lx1 gene maps to
mouse chromosome 17 and codes for a protein that is homolo-
gous to glucose and polyspecific transmembrane transporters.
Mamm. Genome. 7: 735—740.

Green, R. M, J. F. Whiting, A. B. Rosenbluth, D. Beier, and J. L.
Gollan. 1994. Interleukin-6 inhibits hepatocyte taurocholate up-
take and sodium-potassium-adenosinetriphosphatase activity. Am.
J- Physiol. 267: G1094—-G1100.

Green, R. M., D. Beier, and ]J. L. Gollan. 1996. Regulation of hepa-
tocyte bile salt transporters by endotoxin and inflammatory cyto-
kines in rodents. Gastroenterology. 111: 193—198.

Pelech, S. L., E. Power, and D. E. Vance. 1983. Activities of the
phosphatidylcholine biosynthetic enzymes in rat liver during de-
velopment. Can. J. Biochem. Cell Biol. 61: 1147-1152.

Vance, D. E., and J. Vance (Editors). 1996. Glycerolipid biosynthe-
sis in eukaryotes. In Biochemistry of Lipids, Lipoproteins and
Membranes. Elsevier Science, NY. 1563-181.

Walkey, C. J., L. Yu, L. B. Agellon, and D. E. Vance. 1998. Biochem-
ical and evolutionary significance of phospholipid methylation. J.
Biol. Chem. 273: 27043-27046.

Walkey, C. J., L. R. Donohue, R. Bronson, L. B. Agellon, and D. E.
Vance. 1997. Disruption of the murine gene encoding phosphati-
dylethanolamine N-methyltransferase. Proc. Nail. Acad. Sci. USA.
94: 12880-12885.

Busch, A. E., S. Quester, J. C. Ulzheimer, S. Waldegger, V. Gorbou-
lev, P. Arndt, F. Lang, and H. Koepsell. 1996. Electrogenic proper-
ties and substrate specificity of the polyspecific rat cation trans-
porter rOCT1. J. Biol. Chem. 271: 32599—32604.

Gorbouley, V,, J. C. Ulzheimer, A. Akoundova, I. Ulzheimer-Tueber,
U. Karlbach, S. Quester, C. Baumann, F. Lang, A. E. Busch, and H.
Koepsell. 1997. Cloning and characterization of two human
polyspecific organic cation transporters. DNA Cell Biol. 16: 871—
881.

Nagel, G., C. Volk, T. Friedrich, J. C. Ulzheimer, E. Bamberg,
and H. Koepsell. 1997. A reevaluation of substrate specificity of
the rat cation transporter rOCT1. J. Biol. Chem. 272: 31953—
31956.

Meijer, D. K. F., W. E. M. Mol, M. Muller, and G. Kurz. 1990. Carrier-
mediated transport in the hepatic distribution and elimination of
drugs, with special reference to the category of organic cations.
J. Pharmacokinet. Biopharm. 18: 35-70.

Bossuyt, X., M. Muller, B. Hagenbuch, and P. ]J. Meier. 1996.
Polyspecific drug and steroid clearance by an organic anion trans-
porter of mammalian liver. /. Pharmacol. Exp. Ther. 276: 891-896.
Bossuyt, X., M. Muller, and P. J. Meier. 1996. Multispecific amphi-
pathic substrate transport by an organic anion transporter of
human liver. J. Hepatol. 25: 733-738.

Busch, A. E., U. Karbach, D. Miska, V. Gorboulev, A. Akhoundova,
C. Volk, P. Arndt, J. C. Ulzheimer, M. S. Sonders, C. Baumann, S.
Waldegger, F. Lang, and H. Koepsell. 1998. Human neurons ex-
press the polyspecific cation transporter hOCT2, which translo-
cates monoamine neurotransmitters, amantadine, and meman-
tine. Mol. Pharmacol. 54: 342—-352.

Koepsell, H. 1998. Organic cation transporters in intestine, kid-
ney, liver, and brain. Annu. Rev. Physiol. 60: 243—266.

Terashita, S., M. J. Dresser, L. Zhang, A. T. Gray, S. C. Yost, and K. M.
Giacomini. 1998. Molecular cloning and functional expression of
a rabbit renal organic cation transporter. Biochim. Biophys. Acta.
1369: 1-6.

Okuda, M., H. Saito, Y. Urakami, M. Takano, and K. I. Inui. 1996.
cDNA cloning and functional expression of a novel rat kidney or-
ganic cation transporter, OCT2. Biochem. Biophys. Res. Commun.
224: 500-507.

Zhang, D., M. J. Dresser, J. K. Chun, P. C. Babbitt, and K. M. Giaco-
mini. 1997. Cloning and functional characterization of a rat renal

Expression of a hepatic choline transporter 1847

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

32.

33.

34.

35.

36.

1848

organic cation transporter isoform (rOCT1A). J. Biol. Chem. 272:
16548—-16554.

Grundemann, D, J. Babin-Ebell, F. Martel, N. Ording, A. Schmidt,
and E. Schoming. 1997. Primary structure and functional expres-
sion of the apical organic cation transporter from kidney epithe-
lial LLC-PK1 cells. J. Biol. Chem. 272: 10408-10413.

Cohen, E. L., and R. J. Wurtman. 1976. Brain acetylcholine: con-
trol by dietary choline. Science. 191: 561-562.

Haubrich, D. R, P. F. Wang, D. E. Clody, and P. W. Wedeking.
1975. Increase in rat brain acetylcholine induced by choline or
deanol. Life Sci. 17: 975-980.

Zeisel, S. H., J. H. Growdon, R. J. Wurtman, S. G. Magil, and M.
Logue. 1980. Normal plasma choline responses to ingested leci-
thin. Neurology. 11: 226-229.

Arrese, M., M. Trauner, M. Ananthanarayanan, . L. Boyer, and F. J.
Suchy. 1998. Maternal cholestasis does not affect the ontogenic

Journal of Lipid Research Volume 41, 2000

37.

38.

39.

40.

41.

pattern of expression of the Na+/taurocholate cotransporting
polypeptide (ntcp) in the fetal and neonatal rat liver. Hepatology.
28: 789-795.

Zeisel, S. H., M. F. Epstein, and R. J. Wurtman. 1980. Elevated
choline concentration in neonatal plasma. Life Sci. 26: 1827-
1831.

Zeisel, S. H., and R. J. Wurtman. 1981. Developmental changes in
rat blood choline concentration. Biochem. J. 198: 565—570.

Cui, Z., and D. E. Vance. 1996. Expression of phosphatidyletha-
nolamine N-methyltransferase-2 is markedly enhanced in long
term choline-deficient rats. J. Biol. Chem. 271: 2839-2843.

Grassl, S. M. 1994. Choline transport in human placental brush-
border membrane vesicles. Biochim. Biophys. Acta. 1194: 203-213.
Burchkhardt, B. C., and P. Thelen. 1995. Effect of primary, second-
ary and tertiary amines on membrane potential and intracellular
pH in Xenopus laevis oocytes. Pflugers Arch. 429: 306—-312.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

