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Abstract. The present study examined the functional
characteristics of L-DOPA transporters in two func-
tionally different clonal subpopulations of opossum
kidney (OKjc and OKyc) cells. The uptake of L-
DOPA was largely Na™-independent, though in
OKy cells a minor component (~15%) required ex-
tracellular Na™. At least two Na'-independent
transporters appear to be involved in L-DOPA up-
take. One of these transporters has a broad specificity
for small and large neutral amino acids, is stimulated
by acid pH and inhibited by 2-aminobicyclo(2,2,1)-
heptane-2-carboxylic acid (BCH; OK;c, K; = 291
uM; OKye, Ki = 380 pm). The other Na " -indepen-
dent transporter binds neutral and basic amino acids
and also recognizes the di-amino acid cystine. ['*CJ-L-
DOPA efflux from OK;c and OKyc cells over 12
min corresponded to a small amount of intracellular
['*C]-L-DOPA. L-Leucine, nonlabelled L-DOPA,
BCH and L-arginine, stimulated the efflux of ['*C]-L-
DOPA in a Na " -independent manner. It is suggested
that L-DOPA uses at least two major transporters,
systems LAT-2 and b™". The transport of L-DOPA
by LAT-2 corresponds to a Na " -independent trans-
porter with a broad specificity for small and large
neutral amino acids, stimulated by acid pH and in-
hibited by BCH. The transport of L-DOPA by system
b%" is a Na™-independent transporter for neutral
and basic amino acids that also recognizes cystine.
LAT-2 was found equally important at the apical and
basolateral membranes, whereas system b%" had a
predominant distribution in apical membranes.
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Introduction

The renal dopaminergic system is a local non-neu-
ronal system constituted by epithelial cells of proxi-
mal convoluted renal tubules rich in aromatic L-
amino acid decarboxylase (AADC) activity and using
circulating or filtered L-DOPA as a source for dop-
amine (Jose et al., 1992; Lee, 1993; Soares-da-Silva,
1994). Because the dopamine produced in this area is
in close proximity to renal cells that contain receptors
for the amine, it has been hypothesized that the amine
may act as a paracrine or autocrine substance (Siragy
et al., 1989). In order to overcome technical problems
related to the handling of freshly isolated renal tu-
bular epithelial cells, opossum kidney (OK) cells,
which express proximal tubule cell-like properties in
vitro (Koyama et al., 1978), have been used to study
dopamine receptors and the renal actions of the
amine. These cells have been also shown to take up
(Vieira-Coelho & Soares-da-Silva, 1997) and convert
intracellular L-DOPA to dopamine in a saturable
manner (Soares-da-Silva, Vieira-Coelho & Serrao,
1997). Newly-formed dopamine also stimulated
cAMP accumulation in OK cells (Cheng et al., 1990)
and inhibited Na " -phosphate cotransport, both of
which were attenuated by carbidopa or benserazide
and blocked by Dj-like receptor antagonists (Glahn
et al., 1993; Perrichot et al.,, 1995). It appears,
therefore, that in OK cells, as in epithelial cells of
proximal tubules, locally formed dopamine can act as
an autocrine/paracrine substance. Furthermore, the
amounts of the enzymes aromatic L-amino acid
decarboxylase, catechol-O-methyltransferase and
monoamine oxidase found in this cell line are likely to
be sufficient to reproduce, under in vitro conditions,
the environment in which the renal dopaminergic
system normally operates (Guimaraes et al., 1997).
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Although the kidney is endowed with one of the
highest levels of AADC in the body and plasma levels
of L-DOPA are in the nmol/ml range (Grossman et
al., 1992; Soares-da-Silva et al., 1995), the rate-lim-
iting step for the synthesis of dopamine in renal tis-
sues is still a matter of debate. However, since K,
values for L-DOPA uptake are 10 times lower than
K., values for decarboxylation of L-DOPA, it could
be possible that L-DOPA uptake rather than de-
carboxylation, may limit the rate of formation of
dopamine. In a previous report we have concluded
that OK cells take up L-DOPA through a saturable,
stereoselective and temperature-dependent process
when applied from the apical and basolateral cell
border (Soares-da-Silva et al., 1997; Vieira-Coelho &
Soares-da-Silva, 1997), this being similar to that oc-
curring in rat renal proximal tubules (Pinto-do-O &
Soares-da-Silva, 1996; Soares-da-Silva, Fernandes &
Pinto-do-O, 1994). However, the transporters in-
volved in uptake of L-DOPA by renal epithelial cells
have not been identified. At present, candidate
transport systems for L-DOPA may include the Na -
dependent systems B, B>" and y L, and the Na™-
independent systems L (LAT-1 and LAT-2) and b% " .
Recently, both b%* and LAT-1 were found to
transport L-DOPA, the former in Xenopus laevis oo-
cytes injected with poly A*RNA prepared from
rabbit intestinal epithelium (Ishii et al., 2000) and the
latter in mouse brain capillary endothelial cells (Ka-
geyama et al., 2000). The major involvement of Na -
independent systems LAT-1 and b®" contrast with
that expected to occur at the kidney level. In fact,
Na™ is a powerful stimulus for the production of
renal dopamine (Lee, 1993) and L-DOPA uptake in
human and rat kidney slices is a Na " -dependent and
ouabain-sensitive process (Soares-da-Silva & Fer-
nandes, 1992; Soares-da-Silva, Pestana & Fernandes,
1993).

The present study examined the functional
characteristics and regulation of the L-DOPA trans-
port in two functionally different clonal subpopula-
tions of opossum kidney (OK) cells, OK;c and
OK ¢ cells. These cells derive from the same original
batch obtained from the American Type Culture
Collection (F-12476) and are morphologically iden-
tical, but differ markedly in their ability to transport
Na™ (Gomes & Soares-da-Silva, 2000). To define the
Na " -sensitivity of the transporters involved in the
uptake of L-DOPA, the effect of maneuvers that af-
fect cellular Na™ and H' gradients and the sensi-
tivity to inhibitors of amino acid transport and Na "
were examined. Thereafter, in order to have an in-
sight on the molecular mechanisms governing L-
DOPA uptake, the result of maneuvers that interfere
with protein kinase A (PKA), protein kinase G
(PKG), protein kinase C (PKC), protein tyrosine ki-
nase (PTK) and Ca’"-calmodulin mediated path-
ways were evaluated.

Materials and Methods

CEeLL CULTURE

OK cells (ATCC 1840-HTB) were obtained from the American
Type Culture Collection (Rockville, MD) and maintained in a
humidified atmosphere of 5% CO,-95% air at 37°C. OK ¢ (pas-
sages 49 to 81) and OKyc (passages 62 to 95) cells were grown in
Minimum Essential Medium (Sigma, St. Louis, MO), supple-
mented with 100 U/ml penicillin G, 0,25 pg/ml amphotericin B, 100
pg/ml streptomycin (Sigma), 10% foetal bovine serum (Sigma) and
25 mm  N-2-hydroxyethylpiperazine-N’-2-ethanosulfonic  acid
(HEPES; Sigma).

For subculturing, the cells were dissociated with 0.05% trypsin-
EDTA, split 1:5 and subcultured in Costar flasks with 75- or 162-
cm? growth areas (Costar, Badhoevedorp, The Netherlands). For
uptake studies, the cells were seeded in collagen-treated 24-well
plastic culture clusters (internal diameter 16 mm, Costar) at a
density of 40,000 cells per well or onto collagen treated 0.2 um
polycarbonate filter supports (internal diameter 12 mm, Transwell,
Costar) at a density of 13,000 cells per well. The cell medium was
changed every 2 days, and the cells reached confluence after 3-5
days of incubation. For 24 hours prior to each experiment, the cell
medium was free of fetal bovine serum. Experiments were generally
performed 2-3 days after cells reached confluence and 6-8 days
after the initial seeding and each cm? contained about 80—100 pg of
cell protein.

INFLUX OF L-DOPA

On the day of the experiment, the growth medium was aspirated
and the cells were washed with Hanks’ medium; thereafter, the cell
monolayers were preincubated for 15 or 30 min in Hanks’ medium
(2 ml) at 37°C. The Hanks’ medium had the following composition
(mm): NaCl 137, KCI 5, MgSO, 0.8, Na,HPO, 0.33, KH,PO, 0.44,
CaCl, 0.25, MgCl, 1.0, Tris HCI 0.15 and sodium butyrate 1.0,
pH=7.4. The incubation medium also contained benserazide (50
um) and tolcapone (1 pum) in order to inhibit the enzymes AADC
and catechol-O-methyltransferase, respectively. Time-course stud-
ies were performed in experiments in which cells were incubated
with 1 pm substrate for 1, 3, 6, 12, 30 and 60 min. Saturation
experiments were performed in cells preincubated for 15 min and
then incubated for 6 min with increasing concentrations of L-
DOPA (10 to 1000 pum). In experiments performed in the presence
of different concentrations of Na™, NaCl was replaced by an
equimolar concentration of choline chloride. Test substances were
applied from the apical side only. Competing amino acids were
present during the incubation (6 min) with L.-DOPA. Modulators
of PKA, PKC, PKG, PTK and Ca?"-calmodulin were present
during the preincubation (30 min) and incubation (6 min) periods.
During preincubation and incubation, the cells were continuously
shaken and maintained at 37°C. Apical uptake was initiated by the
addition of 2 ml Hanks” medium with a given concentration of the
substrate. Uptake was terminated by the rapid removal of uptake
solution by means of a vacuum pump connected to a Pasteur pi-
pette followed by a rapid wash with cold Hanks’ medium and the
addition of 250 pul of 0.2 mm perchloric acid. The acidified samples
were stored at 4°C before injection into the high pressure liquid
chromatograph for the assay of L-DOPA.

AssAy oF L-DOPA

L-DOPA was quantified by means of high pressure liquid chro-
matography with electrochemical detection, as previously reported
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(Soares-da-Silva & Serrao, 2000b). The high pressure liquid chro-
matography system consisted of a pump (Gilson model 302; Gilson
Medical Electronics, Villiers le Bel, France) connected to a mano-
metric module (Gilson model 802 C) and a stainless-steel 5-um
ODS column (Biophase; Bioanalytical Systems, West Lafayette,
IN) of 25 cm length; samples were injected by means of an auto-
matic sample injector (Gilson model 231) connected to a Gilson
dilutor (model 401). The mobile phase was a degassed solution of
citric acid (0.1 mm), sodium octylsulphate (0.5 mm), sodium acetate
(0.1 m), EDTA (0.17 mm), dibutylamine (I mm) and methanol (8%
v/v), adjusted to pH 3.5 with perchloric acid (2 M) and pumped at a
rate of 1.0 ml min~'. The detection was carried out electrochemi-
cally with a glassy carbon electrode, an Ag/AgCl reference elec-
trode and an amperometric detector (Gilson model 141); the
detector cell was operated at 0.75 V. The current produced was
monitored using the Gilson 712 HPLC software. The lower limits
for detection of L-DOPA ranged from 350 to 500 fmol.

EFfFLUX OF ['*C]-L-DOPA

In experiments aimed to evaluate the apical efflux of intracellular -
DOPA, cells cultured in plastic were incubated (0.5 ml) with 2.5 pm
["*C]-L-DOPA for 6 min, as described above. Incubation was then
terminated on ice, the incubation medium aspirated and the cells
were washed with 2 ml ice-cold Hanks’ medium. Thereafter, 1 ml
Hanks” medium was added to the cells and they were returned to
the incubation bath at 37°C to monitor efflux of intracellular [**C]-
L-DOPA over the next 12 min, in the absence or the presence of
different amino acids. At the end of the efflux collection period, the
medium was rapidly removed and 250 pl of 0.1% v/v Triton X-100
(dissolved in 5 mm Tris.HCI, pH 7.4) was added to the cells. Ra-
dioactivity in efflux samples and in the cells was measured by liquid
scintillation counting.

In experiments designed to study the efflux of L-DOPA through
the apical and basal cell sides, cells cultured in polycarbonate filters
were loaded for 6 min with 2.5 pum ["*CJ-.-DOPA applied from
both cell sides. At the end of incubation, cells were placed on ice
and washed with ice-cold Hanks” medium. For the measurement of
apical and basal ['*C]-L.-DOPA efflux, the cells were incubated for
12 min with fresh Hanks’ medium at 37°C in the absence and the
presence of different amino acids. The medium in the apical or
basal side was collected after incubation for the specified period of
time, and the radioactivity was counted. The monolayers were
continuously agitated during transport measurement. At the end of
the efflux experiment, the medium was immediately aspirated and
the cells were solubilized by 0.1% v/v Triton X-100 (dissolved in 5
mmMm Tris-HCI, pH 7.4). Radioactivity was measured by liquid
scintillation counting.

Na " /H" EXCHANGER ACTIVITY

Na*/H" exchanger activity was assayed as the initial rate of pH;
recovery after an acid load imposed by 10 mm NH,4CI followed by
removal of Na™ from the Krebs modified buffer solution, in the
absence of CO,/HCOj3 (Gomes, Vieira-Coelho & Soares-Da-Silva,
2001). In these experiments, NaCl was replaced by an equimolar
concentration of tetramethylammonium chloride (TMA). Test
compounds were added to the extracellular fluid during the acid-
ification and Na*-dependent pH; recovery periods.

MEASUREMENT OF INTRACELLULAR pH

In intracellular pH (pH;) measurement experiments, OK cells were
grown in 10-mm width collagen-coated glass coverslips. In-

tracellular pH was measured as previously described (Gomes et al.,
2001). At days 6-8 after seeding, the glass coverslips were incu-
bated at 37°C for 40 min with 5 um of the acetoxymethyl ester of
2, 7-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF-AM).
Coverslips were then washed twice with prewarmed dye-free
modified Krebs buffer before initiation of the fluorescence re-
cordings. The Krebs medium had the following composition (mm):
NaCl 140, KCl 5.4, CaCl, 2.8, MgSO, 1.2, NaH,PO, 0.3, KH,PO,
0.3, HEPES 10, glucose 5, pH = 7.4 (adjusted with Tris base).
Cells were mounted diagonally in a 1 x l-cm acrylic fluorometric
cuvette that was inserted in a Perkin-Elmer cuvette holder (model
LS 50), and subsequently placed in the sample compartment of a
FluoroMax-2 spectrofluorometer (Jobin Yvon-SPEX, Edison, NJ).
The cuvette volume of 3.0 ml was constantly stirred and perfused at
5.0 ml min~! with modified Krebs buffer prewarmed to 37°C.
Under these conditions, the cuvette medium was replaced within
150 sec. After 5 min, fluorescence was measured every 5 sec alter-
nating between 440 and 490 nm excitation (1-nm slit size) at 525 nm
emission (3-nm slit size). The ratio of intracellular BCECF fluo-
rescence at 490 and 440 nm was converted to intracellular pH
values by comparison with values from an intracellular calibration
curve using the nigericin (10 um) and high-K ™ method (Thomas
et al., 1979).

Na " -K"-ATPASE ACTIVITY

Na®™-K™ ATPase activity in OK cells was measured by the method
of Quigley and Gotterer (1969) with minor modifications. Briefly,
OK cells in suspension were permeabilized by rapid freezing in dry
ice-acetone and thawing. The reaction was initiated by the addition
of 4 mm ATP. For determination of ouabain-sensitive ATPase,
NaCl and KCI were omitted, and Tris-HCI (150 mm) and ouabain
(100 pum) were added to the assay. After incubation at 37°C for 15
min, the reaction was terminated by the addition of 50 pl of ice-
cold trichloroacetic acid. Samples were centrifuged (3,000 rpm),
and liberated Pi in supernatant was measured by spectrophotom-
etry at 740 nm. Na™-K™ ATPase activity is expressed as nano-
moles Pi per milligram protein per minute and determined as the
difference between total and ouabain-insensitive ATPase. The
protein content in cell suspension (approximately 2 mg/ml) was
similar in all samples.

PROTEIN ASSAY

The protein content of monolayers of OK cells was determined by
the method of Bradford (1976), with human serum albumin as a
standard.

CELL VIABILITY

Cells cultured in collagen-treated plastic supports were preincu-
bated for 15 min at 37°C and then incubated in the absence or the
presence of L-DOPA and test compounds for further 6 min. Sub-
sequently the cells were incubated at 37°C for 2 min with trypan
blue (0.2% w/v) in phosphate buffer. Incubation was stopped by
rinsing the cells twice with Hanks’ medium, and the cells were
examined using a Leica microscope. Under these conditions, more
than 95% of the cells excluded the dye.

DATA ANALYSIS

The analysis of the time course of L-DOPA uptake in OK| ¢ and
OKyc cells was based on a one-compartment model (Vieira-
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Coelho & Soares-da-Silva, 1997; Vieira-Coelho & Soares-da-Silva,
1998). The parameters of the equation

Ci/Cy = kin /kou (1 — e~ 5out)

were fitted to the experimental data by a nonlinear regression
analysis using a computed assisted method (Motulsky, 1999). C;
and C, represent the intracellular and extracellular concentration
of the substrate, respectively. k;, is the rate constant for inward
transport, ko the rate constant for outward transport and ¢ the
incubation time. kj, and ko, are given in pmol/mg protein/min.
Amax 18 defined as the factor of accumulation (C;/C,) at equilibrium
(t = o). Ky, and Vi values for the uptake of L-DOPA, as de-
termined in saturation experiments, were calculated from nonlinear
regression analysis using the GraphPad Prism statistics software
package (Motulsky, 1999). K;’s were calculated for competitive
inhibition as previously described (Cheng & Prusoff, 1973) by
means of nonlinear regression analysis (Motulsky, 1999). Ar-
ithmetic means are given with SEm. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) followed by
Newman-Keuls test for multiple comparisons. A P value less than
0.05 was assumed to denote a significant difference.

REAGENTS

2-Aminobicyclo(2,2,]1)-heptane-2-carboxylic acid (BCH), ampho-
tericin B, benserazide, calmidazolium, chelerythrine chloride, cho-
lera toxin, cyclic AMP sodium salt, cyclic GMP sodium salt,
forskolin, genistein, genistin, isobutylmethylxanthine, L-3,4-dihy-
droxyphenylalanine (L-DOPA), N-(methylamino)-isobutyric acid
(MeAIB), ouabain, phorbol 12,13-dibutyrate (PDBu), phorbol 12-
myristate  13-acetate (PMA), 4a-phorbol 12,13-didecanoate
(PDDC), sodium nitroprusside, trifluoperazine dihydrochloride,
trypan blue, tyrphostin 1 and tyrphostin 25 were purchased from
Sigma. LY 83583 (6-(phenylamino)-5,8-quinolinedione) and
zaprinast were obtained from Research Biochemicals International
(Natick, USA) and May & Backer (Dorset, England), respectively.
Acetoxymethyl ester of 2’,7’-bis(carboxyethyl)-5(6)-carboxyfluo-
rescein (BCECF-AM) and nigericin were obtained from Molecular
Probes (Eugene, OR). [*C]-L.-DOPA, specific activity 51 mCi/
mmol was purchased from Amersham Pharmacia Biotech (Little
Chalfont, UK). Tolcapone was kindly donated by late Professor
Mosé Da Prada (Hoffman La Roche, Basel, Switzerland).

Results

The ability of OK;c and OKyc cells to transport
Na™ from the apical to the basolateral cell side was
assessed by measuring the activities of the apical
Na"/H™ exchanger and the basolateral Na™-K ™"
ATPase. Na*/H" exchanger activity was assayed as
the initial rate of pH; recovery measured after an
acid load imposed by 10 mm NH4CI followed by
removal of Na® from the Krebs modified buffer
solution, in the absence of CO,/HCO;. The pH;
recovery rates during the linear phase of pH recovery
after intracellular acidification in OKjc cells were
63% lower (P < 0.05) than in OKyc cells (Table 1).
Basal Na"-K* ATPase activity in OKjc cells
was also 48% lower (P < 0.05) than in OKyc¢ cells
(Table 1).

Table 1. Apical Na®/H™" exchanger and basolateral Na™-K™*
ATPase activities in OK ¢ and OK ¢ cells

Cell Na*/H™ Exchanger Na®-K* ATPase

(pH units/min) (nmol Pi/mg protein/min)
OK| ¢ 0.094 + 0.011 30.0 = 0.1
OKpce 0.254 + 0.016" 57.6 + 5.6

Values are means £+ SEM of 5 experiments per group.
Significantly different from OK ¢ cells ("P < 0.05).
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Fig. 1. (4) Time course and (B) concentration-dependent uptake
of L-DOPA in OKy ¢ and OKyc cells. In time-course studies, cells
were incubated at 37°C with 1 pm L-DOPA applied from the apical
cell border, whereas in saturation experiments increasing concen-
trations (10 to 1000 pm) of the substrate were added to the apical
side for 6 min. Each point represents the mean of four experiments
per group; sem values were smaller than the size of the symbol.

To determine initial rates of uptake, OKc and
OKyyc cells were incubated with a non-saturating (1
uM) concentration of L-DOPA for 1, 3, 6, 12, 30 and
60 min. In both types of cells uptake of a non-sat-
urating concentration of L-DOPA (1 pum) was linear
with time for up to 6 min of incubation (Fig. 14);
equilibrium was attained at 30 min of incubation.
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Table 2. Apparent kinetic parameters for the uptake of L-DOPA in
OK ¢ and OKyy¢ cells

OKirc OKnc
kin (pmol/mg protein/min) 20.1 + 0.4 22.1 + 0.6
koue (pmol/mg protein/min) 5.7 £ 0.1 6.3 £ 0.2
Amax 40.5 £ 0.4 532 + 0.1*
Kin(um) 160 + 20 162 + 23
Vinax (nmol/mg protein/6 min) 19.1 £ 0.8 31.7 £ 1.3*

Values are means + SEm of 5-10 experiments per group.
*Significantly different from OK| ¢ cells (P < 0.05).

From the initial rate of uptake, ki, kon and an
equilibrium factor of accumulation (Ap.x) were
calculated. The analysis revealed similar constant
rates of inward (k;,) and outward (k..) transport
for OKc and OKyc cells. However, the equilibri-
um factor (Apn.) iIn OKpc cells was 24% lower
(P < 0.05) than that in OKyc cells (Table 2). At 6
min when uptake was linear and considering intra-
cellular water as 7.0 pl/mg protein (Vieira-Coelho &
Soares-da-Silva, 1997), the intracellular L-DOPA
concentration was 23.6 = 0.4 um and 26.7 + 0.6
uMm for OK; ¢ and OKyc cells, respectively, at me-
dium concentration of 1 pum. This represented a cell
concentration of L-DOPA that was 24 to 27 times
higher than the corresponding medium concentra-
tion. In a subsequent set of experiments, designed to
determine the apparent kinetics of the rL-DOPA
transporter(s), cells were incubated for 6 min with
increasing concentrations (10 to 1000 um) of the
substrate (Fig. 1B). In both types of cells the accu-
mulation of L-DOPA was found to be dependent on
the concentration and saturable (Fig. 1B). However,
Viax Vvalues in OK;c cells were 40% lower
(P < 0.05) than those in OKyc cells. Apparent ki-
netic parameters of L-DOPA uptake (K, and Viax)
were determined by nonlinear analysis of the specific
analysis of the saturation curves for L-DOPA and
are given in Table 2.

In experiments designed to define the functional
characteristics of the transporter and its molecular
regulation, uptake was studied at non-saturating
concentrations of L-DOPA (25 um), which at 4°C was
less than 5% of that occurring at 37°C (Table 3).
Firstly, we examined the Na® requirements for L-
DOPA uptake and then its sensitivity to inhibitors of
amino acid transporters. Reducing extracellular Na "
(from 140 mm to 0 mm) produced a slight, but sig-
nificant (P < 0.05), reduction in the accumulation of
L-DOPA in OKyc cells only. Maneuvers that affect
transepithelial flux of sodium, such as the addition of
amphotericin B (2.5 pg/ml), amiloride (100 and 500
uM) or ouabain (100 um), also produced slight, but
significant (P < 0.05), reductions in the accumula-
tion of L-DOPA (Table 3). These effects were par-
ticularly more evident in OKyc than in OKj ¢ cells.

Table 3. Effect of maneuvers that affect energy-dependent process,
transepithelial flux of Na™ ions protons on the uptake of L-DOPA
(25 pm)

Maneuver OK; ¢ OKye

Temperature 37°C 100 = 3 100 = 5
4°C 3 £+ 0% 2 + 0*

Na* Control 100 + 2 100 + 1
Na ‘0 mm 99 + 2 86 + 1*
Amphotericin B 87 £ 3* 66 + 2%
(2.5 pg/ml)
Amiloride(100 pwm) 119 + 3* 95 + 1*
Amiloride (500 pm) 90 + 1* 82 + 2%
Ouabain (100 pum) 105 £ 2 87 £ 1*

Values are percent of control for accumulation of L-DOPA in
OK c and OKyc cells (absolute levels, in pmol/mg protein, were:
OKyc, 2906 + 84, n = 22; OKyc, 3569 + 127, n = 31).

Values are means + sem of 4 to 8 determinations per group.
*Significantly different from corresponding control values
(P < 0.05) using the Newman-Keuls test for multiple compar-
isons.
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Fig. 2. Effect of increasing concentrations of BCH and MeAIB on
the uptake of L-DOPA in OK;c and OKyc cells. Cells were in-
cubated for 6 min at 37°C with 25 pm L-DOPA added from the
apical cell border. Values are percent of control for accumulation
of L-DOPA in OK| ¢ and OKyc cells (absolute levels, in pmol/mg
protein, were: OKjpc, 2567 = 24, n = 8; OKyc 2732 + 51,
n = 7). Symbols represent means of 7 to 8 experiments per group,
SEM values were smaller than the size of the symbol.

As shown in Fig. 2, N-(methylamino)-isobutyric acid
(MeAIB) failed to affect the uptake of L-DOPA,
whereas 2-aminobicyclo(2,2,1)-heptane-2-carboxylic
acid (BCH) produced a concentration-dependent in-
hibition of L-DOPA uptake in both cell types (geo-
metric means [95% confidence intervals]; OKjc,
K; = 291 [199, 425] um; OKyc, K; = 380 [164, 893]
um). Taken together, these results suggest that the
influx of L-DOPA in OK; ¢ and OKyc cells may be
largely promoted through the BCH-sensitive and
Na "-independent L-type amino-acid transporter
(Christensen, 1990). Another functional characteristic
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Fig. 3. Effect of extracellular pH on the accumulation of L-DOPA
(25 um) in OK ¢ and OKyc cells. Symbols represent the mean of 8
experiments per group; vertical lines show SEm.

of the mammalian system L in various cell types and
tissues concerns its dependency on extracellular pH
(Christensen, 1990). In fact, as shown in Fig. 3, the
accumulation of L-DOPA in OK;c and OKyc cells
was higher (P < 0.05) at an acidic pH. On the other
hand, incubation of cells with L-DOPA (100 pum) was
accompanied by a marked intracellular acidification
(Fig. 4). The L-DOPA-induced rate of intracellular
acidification in OK;c cells was lower (P < 0.05)
than that in OKyc cells (Table 4). BCH (1 mm) at-
tenuated the L-DOPA-induced intracellular acidifi-
cation, though more markedly in OKy cells than in
OK ¢ cells (Table 4).

In order to confirm the view that the r-type
system was a major transporter for L-DOPA in OK
cells, the next series of experiments examined the ef-
fect of a wide range of L- and Dp-amino acids. As
shown in Figs. 5 and 6, L-DOPA uptake was inhib-
ited by L-isomers of small zwitterionic amino acids
(alanine, serine, threonine and cysteine), L- and D-
isomers of neutral amino acids (leucine, isoleucine
and phenylalanine) and by L-glutamine and L-aspar-
agine. L-Proline, the acidic amino acids (L-aspartate
and L-glutamate) were not effective in reducing

L-DOPA uptake. However, the basic amino acids (L-
arginine and 1-lysine) and r-cystine were also found
to markedly inhibit L-DOPA accumulation. Basic
amino acids are essentially transported by systems
vy, y"L,b", b"", and B" " (for a review see Palacin
et al., 1998). Systems y* (Christensen & Antonioli,
1969; White, Gazzola & Christensen, 1982), y L
(Deves, Chavez & Boyd, 1992), and b*" (Van Win-
kle, Campione & Gorman, 1988) catalyze high-affi-
nity (K, in the pm range) Na " -independent transport
of cationic amino acids. The transport of small and
large zwitterionic amino acids by system b " is Na " -
independent (Van Winkle et al., 1988), whereas that
promoted by systems y* and y " L is Na ™ -dependent
(Angelo & Deves, 1994; Chillaron et al., 1996). Dis-
tinctive properties between systems y and y ' L in-
clude insensitivity of the latter to N-ethylmaleimide
(NEM) (Deves, Angelo & Chavez, 1993). System b™
shows the narrowest specificity serving only for ca-
tionic amino acids (Van Winkle & Campione, 1990).
System B™* and b>* show very similar broad spe-
cificity with high affinity for basic and small and large
zwitterionic amino acids (Van Winkle et al., 1988;
Van Winkle, Christensen & Campione, 1985). As a
distinguishing feature, system b%" is Na™-in-
dependent and insensitive to BCH (Mora et al.,
1996). As shown in Fig. 7, L-arginine produced a
concentration-dependent inhibition of L-DOPA of
similar magnitude in both OK;c and OKyc cells.
The maximal inhibitory effect of L-arginine was at-
tained at 1 mm and was not greater than 50% in-
hibition. On the other hand, inhibition of L-DOPA
accumulation in both OK ¢ and OKyc cells by 1 mm
basic amino acids (L-arginine and L-lysine) and
L-cystine was markedly potentiated by 1 mm BCH.
On the other hand, NEM (200 pm) failed to inhibit
L-DOPA (25 pum) accumulation in OK cells (OKy ¢,
in pmol/mg protein: control = 3869 + 26, n = 4;
NEM = 3825 £ 104, n = 4; OKyc: control =
4474 + 46, n = 4; NEM = 4512 + 53, n = 4). All
the experiments mentioned above were performed in
the presence of 140 mm Na ™.

OKc OKne
7.554 7.557
T 7.504 7.504
a
&
2 Fig. 4. Effect of of 100 pm L-DOPA (solid bar)
0] . .
S 7.454 7.454 upon steady-state intracellular pH measured in
E monolayers of OK ¢ and OKyc cells loaded
with the pH-sensitive fluorophore BCECF.
7.40- 7 40 Traces are the mean of 5 to 6 independent ex-
; : . . . . . . periments.
0 500 1000 1500 0 500 1000 1500
Time (s) Time (s)
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Table 4. Slopes of intracellular acidification [(pH units/sec) x 10%] Because some amino-acid transporters have been
induced by apical Na* removal, 1-DOPA (100 pm) and 1-DOPA  shown to function as amino-acid exchangers, a new
(100 p) plus BCH (1 mm), in OKyc and Oy cells series of experiments was conducted in cells loaded

with ["*C]-L-DOPA and then the corresponding efflux

L-DOPA L-DOPA + BCH . o

was monitored over 12 min, in the absence and the

OKic -0.066 + 0.011 ~0.049 = 0.005 presence of different amino acids and unlabelled L-
OKyc -0.106 = 0.011°* ~0.058 = 0.007 DOPA. As shown in Fig. 8, the efflux of ['*C]-L-

DOPA from OK ¢ and OKyc cells over 12 min

14
Values are means + sem of 5 to 7 determinations per group. Sig- corresponded to a small amount of [“C]-L.-DOPA
nificantly different (P < 0.05) from values in “OK ¢ cells or accumulated in the cells, i.e., both cell types were able
bcorresponding control values using the Newman-Keuls test for to retain most of the taken-up substrate. When the
multiple comparisons. cells were incubated with L-leucine or unlabelled L-
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Fig. 5. Effect of L-amino acids, BCH and MeAIB (1 mm) on the accumulation of L-DOPA in OK| - and OKy cells. Cells were incubated
for 6 min at 37°C with 2.5 pm L-DOPA added from the apical cell border. Values are percent of control for accumulation of L-DOPA in
OK ¢ and OK g cells (absolute levels, in pmol/mg protein, were: OK ¢, 959 £+ 30,n = 28; OKyc, 971 + 20, n = 28). Columns represent
means of 4 to 8 experiments per group and vertical lines show SEM.
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DOPA, the efflux of ['*C]-L.-DOPA was markedly
increased, evidenced by increases of ['*C]-L-DOPA in
the medium and decreases of ['*C]-L-DOPA in the
cell. This is in agreement with the view that the L-
DOPA transporter functions as an exchanger. In
another series of experiments, the ['*C]-L-DOPA ef-
flux was monitored for 12 min in the absence and the
presence of L-arginine, BCH or L-arginine plus BCH.
As shown in Figure 9, BCH stimulated the efflux of
['*C]-L-DOPA in both OK ¢ and OKyc cells, with
potency similar to that of r-leucine and L-DOPA.
The effect of L-arginine on the efflux of ['*C]-L.-DOPA
in both OK; ¢ and OK g cells was less marked than
that observed with L-DOPA, L-leucine and BCH.
However, particularly evident in OK; ¢ cells, BCH
potentiated the efflux induced by L-arginine. Another
interesting feature of the outward transport of L-
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E accumulation of L-DOPA in OK; ¢ and OKyc
[e) cells. Cells were incubated for 6 min at 37°C
[a) with 2.5 pm L-DOPA added from the apical
| cell border. Values are percent of control for
accumulation of L-DOPA in OK; ¢ and OKyc¢
cells (absolute levels, in pmol/mg protein, were:
OKLc, 959 + 30, n = 28, OKH(_‘, 971 + 20,
n = 28). Columns represent means of 4 to 8

Val Asn Gin

DOPA concerned its Na® dependence. In contrast
with that observed for the inward transport of L-
DOPA, the spontaneous and L-leucine- and L-argi-
nine-stimulated outward transfer of ['*C]-L.-DOPA
was largely Na'-independent in both OK . and
OKyc cells (Fig. 10). In this particular set of exper-
iments, cells were loaded with ['*C]-L.-DOPA for 6
min and then the corresponding efflux was monitored
for 12 min, in the absence and the presence of 140
mM Na ™. Several of these amino-acid exchangers
have been shown to be associated with the single
transmembrane domain 4F2hc or the 4F2hc-related
rBAT protein through an intermolecular disulfide
bond (Palacin et al., 1998; Verrey et al., 1999, 2000).
Hg?" and other organic mercury compounds have
been demonstrated to inactivate the transporter by
covalently modifying cysteine residues, this being re-
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Fig. 7. (4) Concentration-dependent inhibition of L-DOPA by
increasing concentrations of L-arginine in OKyc and OKyc cells.
(B) and (C): Effects of basic L-amino acids (L-arginine, L-Arg; L-
lysine, L-Lys; L-cystine, L-Cyst) and BCH (1 mm) on the accumu-
lation of L-DOPA in (B) OK;c and (C) OKyc cells. Cells were
incubated for 6 min at 37°C with 2.5 pm L-DOPA added from the
apical cell border. Values are percent of control for accumulation
of L-DOPA in OK; ¢ and OKyc cells (absolute levels, in pmol/mg
protein, were: OKpc, 959 + 30, n = 28; OKyce, 971 + 20,
n = 28). Columns represent means of 4 to 6 experiments per group
and vertical lines show sem. Significantly different (P < 0.05) from
“Control values or #values for L-arginine, L-lysine and L-cystine
alone.

verted by the reducing agent [B-mercaptoethanol
(Estevez et al., 1998). As shown in Fig. 11, Hg* " was
found to completely prevent the rL-leucine- and 1-
arginine-stimulated outward transfer of ['*CJ-L-
DOPA in both OKjc and OKyc cells, this being
reverted by the reducing agent B-mercaptoethanol.
Taken together, the results presented here suggest
that efflux of L-DOPA is promoted through Na™-
independent transporters that recognize neutral
amino acids, BCH and basic amino acids. In addi-
tion, cysteine residues appear to be essential for the
outward transfer of L-DOPA, which may be due to
covalent modification of the cysteine residue of the
light chain involved in the intermolecular disulfide
bridge or covalent modification of other cysteine res-
idues of the light chain.

In experiments designed to study the efflux of -
DOPA through the apical and basal cell sides, cells
cultured in polycarbonate filters were loaded for 6
min with 2.5 pm ['*CJ-L-DOPA applied from both cell
sides. For the measurement of apical and basal ['*C]-
L-DOPA efflux, the cells cultured in polycarbonate
filters were incubated for 12 min with Hanks” medium
in the absence or the presence of L-leucine (1 mm) or
L-arginine (1 mMm). As shown in Fig. 12, the sponta-
neous apical fractional outflow of ['*C]-L.-DOPA in
OK ¢ cells was half that through the basal cell bor-
der, whereas in OKyc cells, the spontaneous apical
fractional outflow of ['*C]-L.-DOPA was identical to
that through the basal cell side. The addition of -
leucine increased 3-fold the apical and basal efflux of
['*C]-L-DOPA in both cell lines. By contrast, the L-
arginine-stimulated increase in the fractional outflow
of ["*C]-L-DOPA through the apical cell side was
twice that observed through the basal cell side.

The next series of experiments explored the role
of intracellular regulatory pathways in the cellular
uptake of L-DOPA. Involvement of a PKA-mediated
pathway in the regulation of L-DOPA uptake was
tested by examining the effect of pretreating cells for
30 min with compounds that are known to increase
intracellular cAMP levels. Dibutyryl cyclic AMP (1
mm), the adenylyl cyclase stimulant forskolin (30 um),
the phosphodiesterase inhibitor isobutylmethylxan-
thine (IBMX, 1 mM) and cholera toxin (3 pg/ml)
failed to affect the accumulation of a non-saturating
(2.5 um) concentration of L-DOPA in OK;c and
OKpyc cells (Table 5). In another series of experi-
ments, we tested the involvement of a PKG-mediated
pathway in the regulation of L-DOPA uptake. Cyclic
GMP (1 mm), the selective cGMP phosphodiesterase
inhibitor zaprinast (30 pum), the guanylyl cyclase in-
hibitor LY 83583 (6-(phenylamino)-5,8-quinolinedi-
one; 30 um) and sodium nitroprusside (100 um) failed
to affect the accumulation of a non-saturating con-
centration of L-DOPA (Table 5). The possible role of
PKC in the regulation of L-DOPA uptake in OK| ¢
and OKyc cells was tested by examining the effect of
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Fig. 8. Efflux and intracellular levels of ['*C]-L-DOPA in OK ¢ and OK ¢ cells in the absence (control) and the presence of 1 mm L-DOPA
and 1 mm L-leucine (L-Leu). Cells were incubated for 6 min in the presence 2.5 pm ['*C]-L-DOPA and then incubated in the absence or the
presence of unlabeled L-DOPA (1 mm) or L-Leu (1 mm) for 1, 3, 6 and 12 min. Symbols represent the mean of § experiments per group;
vertical lines show S.E.M.. "Significantly different from control values (P < 0.05).

pretreating cells with either PKC activators or in-
hibitors. The PKC activators phorbol 12,13-dibuty-
rate (PDBu, | um) and phorbol 12-myristate 13-
acetate (PMA, 5 um), the inactive phorbol ester 4o-
phorbol 12,13-didecanoate (PDDC, 1 pm) and the
PKC inhibitors staurosporine (3 um) and cheleryth-
rine (10 pm) failed to affect the accumulation of L-
DOPA in OK; ¢ cells (Table 5). In contrast, in OKyc
cells PDBu, PMA, staurosporine and chelerythrine
were found to produce significant decreases in L-
DOPA accumulation (Table 5). In another study, we
tested the involvement of PTK in the regulation of -
DOPA uptake by OK; ¢ and OKyc cells. Basically,
the effects of PTK inhibitors genistein and tyrphostin
25 were found not to differ from those exerted by
their negative controls genistin and tyrphostin 1,

suggesting the lack of involvement of PTK in the
regulation of L-DOPA accumulation (Table 5). In the
final series of experiments, the role of Ca?" -cal-
modulin-mediated pathways in the regulation of L-
DOPA uptake by OK;c and OKyc cells was tested
by examining the effect of pretreating the cells with
the calmodulin inhibitors calmidazolium and triflu-
operazine. Both compounds produced concentration-
dependent inhibition of L-DOPA (2.5 um) uptake, with
ICsy’s (in pm; given as geometric means with 95%
confidence intervals in brackets; n = 4-6) in the
same range of magnitude (calmidazolium; OKyc 32
[10,105], OK -65[18, 236]: trifluoperazine; OK c-70
[22, 225], OK -53 [21, 131]). However, the calcium
ionophore A23187 (calcimicin) and thapsigargin, an
inhibitor of the endoplasmic reticulum Ca*>" pump
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Fig. 9. Efflux and intracellular levels of ['*C]-L-DOPA in OKy ¢ and OKyc cells in the absence (control) and the presence of L-arginine (L-
Arg), BCH or L-Arg plus BCH. Cells were incubated for 6 min in the presence 2.5 pm ["*C]-L-DOPA and then incubated in the absence or
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(Lytton, Westlin & Hanley, 1991; Thastrup et al.,
1990), failed to alter L-DOPA accumulation in OKj ¢
and OKyc cells (Table 5).

Discussion

The results presented here show that L-DOPA crosses
the apical and the basolateral membrane of OKj ¢
and OKyc cells using at least two major transporters.
One of these transporters corresponds to a Na ' -in-
dependent transporter with a broad specificity for
small and large neutral amino acids, stimulated by
acid pH and inhibited by BCH, and the other is a
Na " -independent transporter for neutral and basic
amino acids that also recognizes the di-amino acid
cystine. Transporters with such functional charac-

teristics correspond to systems LAT-2 and b* ™" re-
spectively. A third transporter, responsible for Na ™" -
dependent uptake of L-DOPA plays a minor or no
role at all in OKyc and OK ¢ cells, respectively. At
present, this Na "-dependent component can not be
ascribed to any particular transport system, though it
correlates well with the enhanced ability of OKyc
cells to transport Na ™.

The major component of L-DOPA uptake in
OK cells is Na " -independent, sensitive to BCH, but
not to MeAIB, sensitive to neutral and basic, but
not acidic, amino acids and shows trans-stimulation
by both neutral and basic amino acids in a Na™-
independent manner. The influx of L-DOPA can be
fractionated with neutral and basic amino acids into
two components. The fraction that interacts with
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basic amino acids and cystine exhibits the properties
of system b™". This is substantiated by the follow-
ing arguments: 1) the activity is inhibited by neutral
and basic amino acids (Van Winkle et al., 1988); 2)
it recognizes cystine, a typical substrate of system
b%* (Bertran et al., 1993); it functions as a tightly
coupled exchanger (Mora et al., 1996); 3) it binds
BCH with low affinity (Mora et al, 1996); and 4) it
is Na ' -independent for the binding of neutral
amino acids (Van Winkle et al., 1988; Van Winkle et
al., 1985). System y 'L also transports basic amino
acids with high affinity (K, in the um range) and
transports small and large zwitterionic amino acids
(Angelo & Deves, 1994; Chillaron et al., 1996).
However, system y "L can be excluded as a major
component of L-DOPA transport in OK cells be-
cause 1) the transport of L-DOPA through this
system would be Na "-dependent (Angelo & Deves,

1994) and 2) leucine stimulated L-DOPA efflux in
the absence of Na ™. This is in agreement with the
report of Ishii et al. (2000) who suggested that sys-
tem y L is not involved in the transport of L-
DOPA. The fraction that does not recognize basic
amino acids, but is competitively inhibited by BCH
may correspond to LAT-2. This is substantiated by
the following observations: 1) it is selective for
neutral amino acids (Pineda et al., 1999); 2) it is
relatively nonspecific, binding both small and large
amino acids (Pineda et al., 1999), unlike LAT-1
(Kanai et al., 1998; Pineda et al., 1999); 3) it is
stimulated by acid pH (Christensen, 1990; Segawa et
al., 1999), unlike LAT-1 (Prasad et al., 1999); and 4)
it functions as a tightly coupled exchanger (Pineda
et al., 1999). The uptake of L-DOPA by mouse brain
capillary endothelial cells was found to occur
through LAT-1 (Kageyama et al., 2000). One pos-
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sible explanation for the major involvement of LAT-
1 in the transport of L-DOPA by brain capillary
endothelial cells may concern the fact that LAT-1 is
the functionally predominant isoform expressed at
the blood-brain barrier, being cerebrovascular LAT-
2 insignificant or absent (Killian & Chikhale, 2001).

The results of ["“C]-L-DOPA efflux studies in
OK| ¢ and OKy cells are also quite valuable to de-
fine the nature of transporters involved in the hand-
ling of L-DOPA. Both systems b*" and LAT-2
function as exchangers (Chillaron et al., 1996; Rossier
et al., 1999; Segawa et al., 1999) and L-arginine- and
L-leucine-induced efflux of ['*C]-L.-DOPA agree with
the view that both transporters may participate in the
exchange of ['*C]-L.-DOPA. The finding that BCH
potentiated the L-arginine-induced efflux of ['*C]-L-
DOPA reinforces this suggestion. As the labelled L-
DOPA virtually does not leak out of the cells during
the 12-min incubation in amino acid-free buffer, and
measurements of efflux in the absence of extracellular

amino acids did not show a consistent efflux, the re-
sults suggest that L-DOPA transporters function as
exchangers. System b%" and LAT-2 have been
shown to associate with different amino-acid trans-
porter-associated glycoproteins, namely rBAT and
4F2hc (Verrey et al., 1999, 2000). rBAT glycoprotein
is expressed in the brush border plasma membrane of
both the renal proximal tubules and the small intes-
tine. OK cells have been shown to express the rBAT
gene and hybrid depletion of OK mRNA with an
antisense oligonucleotide complementary to rBAT
cDNA specifically blocked expression of b%* trans-
port (Mora et al., 1996). Furthermore, an antisense
oligonucleotide of rBAT was recently found to al-
most completely suppress the L-DOPA uptake ac-
tivities in Xenopus oocytes injected with a poly
AT"RNA from rabbit intestinal epithelium (Ishii et
al., 2000). The mRNA corresponding to LAT-2 ex-
amined by Northern blot analysis was strongly ex-
pressed in kidney and small intestine (Pineda et al.,
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1999; Rossier et al., 1999). In situ hybridization
studies specifically localized the renal expression of
LAT-2 mRNA to the epithelial cells of proximal tu-
bules (Pineda et al., 1999). A similar pattern of ex-
pression has been shown in immunolocalization of
4F2hc protein in kidney cortex (Quackenbush et al.,
1986; Rossier et al., 1999), suggesting an association
between LAT-2 and 4F2hc. In fact, as described for
other transporters (Mastroberardino et al., 1998),
4F2hc was found to bring LAT-2 to the oocyte
plasma membrane (Pineda et al., 1999). Subsequent-
ly, it was demonstrated that LAT-2 forms a disulfide-
bond heterodimeric complex with 4F2hc (Rossier et
al., 1999), as has been found to occur with other
amino-acid transporters and their associated glyco-
proteins (Verrey et al., 1999, 2000). One potential
point of conflict derives from the fact that 4F2hc has

a basolateral location (Quackenbush et al., 1986;
Rossier et al., 1999), which contrasts with the sug-
gested role of LAT-2 as an apical transporter for L-
DOPA in OK cells. Though the majority of studies
reported here were performed in cells plated on
plastic supports, some experiments were carried out
in cells cultured in polycarbonate filters with access to
both the apical and basal cell sides. The finding that
increases in the fractional outflow of ['*C]-L.-DOPA
by L-leucine were identical at both cell sides suggests
that LAT-2 in OK cells may be present in both the
apical and basolateral membranes. However, this
contrasts with the finding that L-arginine-stimulated
increase in the fractional outflow of ['*C]-L.-DOPA
through the apical cell side was twice that through the
basal cell side. This indicates that system b%*" may
have a polarized distribution in OK cells.

Although most of L-DOPA was entering the cells
in a Na"-independent manner, a minor component
of L-DOPA uptake (~15%) was found to require ex-
tracellular Na ™. Maneuvers that alter Na™ gradients,
such as those resulting from the application of amil-
oride (an inhibitor of the Na™/H™ exchanger), ou-
abain (an inhibitor of the Na"-K* ATPase) and
amphotericin B (a Na™ ionophore), were also found
to significantly affect L-DOPA uptake. This was
particularly evident in OKyc cells, whereas in OK; ¢
cells Na® removal, amiloride, ouabain and ampho-
tericin B were found not to affect L-DOPA accumu-
lation. One possible explanation for differences in the
magnitude of the Na " -sensitive uptake of L-DOPA
between and OK; - and OKyc cells could be related
to differences in their ability to translocate Na™ from
the apical to the basal cell side. In fact, Na™/H™"
exchange and Na'-k"-ATPase activity in OKpyc
cells was nearly twice that in OKc cells. Alterna-
tively, OKy ¢ cells may not express the transporter
responsible for Na " -dependent uptake of L-DOPA.
The finding that 1-DOPA uptake in OK cells is
largely promoted through the Na " -insensitive L-type
amino acid transporter contrasts with the role of
Na ™ in the formation of renal dopamine (Lee, 1993).
Studies from our group using human and rat kidney
slices also showed that L-DOPA uptake is a Na -
dependent and ouabain-sensitive process (Soares-da-
Silva & Fernandes, 1992; Soares-da-Silva et al.,
1993), suggesting that the Na " -dependent increase in
urinary dopamine depends on enhanced uptake of L-
DOPA into tubular epithelial cells. However, L-
DOPA uptake in both renal (LLC-PK; cells) and
non-renal (RBE4, DITNCI1 and Neuro 2A) cultured
cells has been recently shown to be largely Na ™ -in-
dependent, BCH-sensitive and greater at acid pH
(Sampaio-Maia, Serrdo & Soares-da-Silva, 2001;
Soares-da-Silva & Serrdao, 2000a). Altogether, this
suggests that OK cells may lack or have lost the Na ™ -
dependent transporter, but behave similarly to other
types of cells in culture.
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Table 5. Effect of modulators of PKA, PKG, PKC and PTK on the uptake of L-DOPA (2.5 um)

Modulator OK;c OKyc
PKA Control 100 £ 3 100 £ 3
Cyclic AMP (1 mm) 125 £ 7 93 £3
Forskolin (30 um) 94 + 4 85 £ 1
IBMX (1 mm) 108 + 2 105 £ 2
Cholera toxin (3 pg/ml) 9% + 5 92 £+ 9
PKG Control 100 + 2 100 + 2
Cyclic GMP(1 mm) 97 £ 3 98 + 4
Zaprinast (30 um) 92 + 4 99 + 10
LY 83583 (30 um) 100 + 3 97 £ 1
Na ™ Nitroprusside (100 pm) 92 £ 2 102 £ 1
PKC Control 100 + 4 100 + 4
PDBu (1 pm) 112 + 1 82 + 2%
PMA (5 pum) 110 + 4 78 + 3*
PDDc (1 pm) 90 + 2 92 + 4
Staurosporine (3 um) 99 + 2 83 + 1*
Chelerythrine (10 pm) 95 + 8 81 + 4*
PTK Control 100 £ 2 100 + 4
Genistein (30 pm) 97 £ 3 85 + 2%
Genistin (30 pm) 103 + 4 84 + 2%
Tyrphostin 25 (100 pm) 88 £ 4 72 + 2%
Tyrphostin 1 (100 pum) 102 + 9 91 £ 2
Calcium Control 100 + 1 100 + 3
A23187 (10 pum) 98 + 1 91 + 3
Thapsigargin (10 pm) 97 £ 3 99 + 3

Values are percent of control for accumulation of L-DOPA in OK; ¢ and OKyc cells (absolute levels, in pmol/mg protein, were: OK ¢,

536 £ 16, n = 62; OKyc, 498 + 16, n = 59).

Values are mean + sEm of 4 to 8 determinations per group. * Significantly different from corresponding control values (P < 0.05) using the

Newman-Keuls test for multiple comparisons.

The efficiency of the L-DOPA transport in OK; ¢
and OKyc cells can be evidenced by the ratio of L-
DOPA concentration in cellular water to medium
concentration. The intracellular L-DOPA concentra-
tion at 6 min, when uptake was linear, was ~25 times
greater than that which could be expected by passive
equilibration of L-DOPA. Since influx of L-DOPA is
promoted by at least two transporters that act as
tightly coupled exchangers, it is likely that the high
efficiency to take up L-DOPA may result from ex-
change with intracellular amino acids. On the other
hand, the relationship between the initial influx of r-
DOPA and the substrate concentration was hyper-
bolic, suggesting that the uptake was saturable.
However, the kinetic parameters derived from these
experiments reflect the activities of at least two or
three transport agencies, as mentioned above. The
enhanced ability of OKyc cells to take up L-DOPA is
indicated by higher A4,,.x and V.« values, compared
with those in OK| ¢ cells. Considering that apparent
kinetics (k;,, kouw and K, values) for individual
transporters were identical in OKyc and OK; ¢ cells,
it is suggested that OKyc cells have more transport
units than OK| ¢ cells. The finding that uptake of L-
DOPA in OK cells was accompanied by intracellular
acidification, this being prevented by BCH, strongly

suggests that these cells are provided with an t-
DOPA-H™" cotransport system. This would agree
with the observation that the enhanced accumulation
of L-DOPA at acidic pH may result from trans-
stimulation of L-DOPA inward transfer by an im-
posed H' gradient. Similar findings were reported
before for L-leucine in Chang liver cells (Mitsumoto
et al., 1986). However, the observation that the L-
DOPA-induced intracellular acidification was pre-
vented by BCH does not necessarily indicate that
BCH is not transported by LAT-2 in these cells. In
fact, we do provide evidence suggesting that BCH is
transported into the cells as indicated by BCH-in-
duced increases in ['*C]-L-DOPA efflux. At present,
no clear explanation is available for these apparently
discrepant findings.

After defining the mechanism of uptake, we then
examined the regulation of L-DOPA uptake in OK ¢
and OKyc cells. Using relatively specific modulators
we found that PKA-, PKG-, PKC- and PTK-medi-
ated pathways appear to have no role in regulating L-
DOPA uptake in OK cells. This is in line with recent
evidence obtained in other types of cells (Sampaio-
Maia et al., 2001; Soares-da-Silva & Serrdao, 2000a).
However, it has been reported that amino-acid
transport system L is modulated by PKC-dependent
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phosphorylation (Christensen, 1990; Ramamoorthy
et al., 1992; Shotwell, Kilberg & Oxender, 1983).
PKC-dependent phosphorylation sites are predicted
on the LAT-2 amino-acid sequence, namely in the
predicted intracellular loops (Segawa et al., 1999).
Although the regulation by tyrosine phosphorylation
has not been demonstrated for system L, there is an
interesting observation that the monoclonal antibody
against 4F2hc causes the tyrosine kinase-dependent
phosphorylation of an ~125-kDa protein (Warren et
al., 1996). On the other hand, compounds that in-
terfere with Ca®" /calmodulin-mediated pathways,
such as calmidazolium and trifluoperazine, caused a
concentration-dependent reduction in L-DOPA up-
take in both types of cells. Similar findings were ob-
served in human renal and intestinal epithelial cells
where calmidazolium, trifluoperazine and KN-62
were found to markedly reduce riboflavin accumu-
lation (Kumar et al., 1998; Said & Ma, 1994; Said et
al., 2000). Previous work from our group has also
shown that the Na " -independent and BCH-sensitive
uptake of L-DOPA in renal and non-renal cells may
be under the control of Ca’"/calmodulin mediated
pathways (Sampaio-Maia et al., 2001; Soares-da-Sil-
va & Serrao, 2000a). However, with the exception of
astrocytes all other types of cells failed to respond to
increases in intracellular Ca>" (Sampaio-Maia et al.,
2001). This may suggest that the effects of calmi-
dazolium and trifluoperazine upon the L-DOPA
transporter may be due to a direct interaction with
the transporter rather than inhibition of Ca®"/cal-
modulin.

We concluded that L-DOPA in OK; ¢ and OKy¢
cells is transported quite efficiently through the apical
cell border and several findings indicate that L-DOPA
uses at least two major transporters, systems LAT-2
and b%". The transport of L-DOPA by LAT-2 cor-
responds to a Na ' -independent transporter with a
broad specificity for small and large neutral amino
acids, stimulated by acid pH and inhibited by BCH.
The transport of L-DOPA by system b” " is a Na™-
independent transporter for neutral and basic amino
acids that also recognizes the di-amino acid cystine.
Transporters involved in Nat-independent uptake of
L-DOPA (systems LAT-2 and b% ") also function as a
tightly coupled exchangers.

Supported by grant POCTI/35747/FCB/2000 from Fundagio para
a Ciéncia e a Tecnologia.
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