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Abstract-The characteristics of carrier-mediated transport of taurine at the blood-brain barrier (BBB) were 
studied by using primary cultured bovine brain capillary endothelial cells (BCECs), in situ brain perfusion and 
brain capillary depletion methods in rats. The uptake of r3H]taurine by cultured cells showed that the active 
transporter functions on both the luminal and antiluminal membranes of BCECs. The kinetic parameters for the 
saturable transport of taurine were estimated to be: for the luminai uptake, the Michaelis constant, K,, was 12.1 
+z 0.5 JIM, and the maximum uptake rate, J_, was 4.32 + 0.05 nmoV30 min/mg protein; for the antiluminal 
uptake, K, was 13.6 -fr 2.4 pM and J,,,,, was 2.81 1? 0.22 nmoV30 min/mg protein. The luminal and antiluminal 
uptakes of [3H]taurine were each dependent on both Na’ and Cl-. Stoichiometric analyses suggest that two Na+ 
and one Cl- are associated with the luminal uptake of one taurine molecule. &Amino acids such as balanine 
and hypotaurine strongly inhibited the uptake of [3H]taurine, whereas a- and y-amino acids had little or no effect. 
Furthermore, by in situ brain perfusion and in viva brain capillary depletion methods, the carrier-mediated 
transport found by in vitro experiments was confirmed to function for the translocation of the taurine molecule 
from the vascular space into the brain. From these results, it was concluded that a Na+ and Cl- gradient- 
dependent transport (uptake) system for taurine exists in both the luminal and the antiluminal membranes of 
BCECs. 

Key wora!s: b-amino acid; blood-brain barrier. cultured brain capillary endothelial cell; carrier-mediated trans- 
port; taurine 

Taurine is a unique p-amino acid because it has a sul- 
fonic acid moiety instead of a carboxylic acid. Many 
physiological functions of taurine have been reported in 
various tissues [1], especially in the central nervous sys- 
tem (CNS) [2, 31, where taurine is present at a high 
concentration [4]. In the brain, taurine plays important 
roles as a neurotransmitter, neuromodulator, and mem- 
brane stabilizer. There was also a study using isolated 
capillaries of bovine brain, which demonstrated the ex- 
istence of a Na+-dependent high-affinity uptake system 
for taurine at the antiluminal surface of BCECs$ [5]. 
However, the polarity of taurine transport is difficult to 
establish with isolated capillaries, because the overall 
uptake may include both luminal and antiluminal com- 
ponents. Primary cultured monolayers of bovine BCECs 
are useful for studies of the uptake and transendothelial 
transport of various substances, including nutrients 
[6-81, drugs [g-13], and proteins (14-16). Furthermore, 
it is expected that the monolayer of the BCEC remains 
polarized, because several membrane functions have 
been reported to localize in a manner that is consistent 
with BCECs in viva [lo, 171. These features of the cul- 
tured cells enable us to study the polarized transport 
characteristics in luminal and antiluminal membranes. 

* Present address: Faculty of Pharmaceutical Sciences, Uni- 
versity of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan. 

t Corresponding author: Akira Tsuji, Ph.D., Department of 
Pharmaceutics, Faculty of Pharmaceutical Sciences, Kanazawa 
University, Takara-machi 13-l. Kanazawa 920, Japan. Tel. 8 l- 
762-34-4478; FAX 81-762-34-4477. 

j: Abbreviations: BBB, blood-brain barrier, BCECs, brain 
capillary endothelial cells; DNP. 2,4-dinitrophenol; and GABA, 
yaminobutyric acid. 

Moreover, it is important to know whether a transport 
system observed in vitro functions under physiological 
conditions. For this purpose, the in situ brain perfusion 
and brain capillary depletion techniques are useful, be- 
cause these methods allow a measurement of transport of 
taurine into brain in the physiological state. 

The purpose of the present study was to clarify the 
transport mechanism of taurine at the BBB by using an 
in vitro experimental system of the primary cultured 
monolayers of BCECs, in situ brain perfusion and brain 
capillary depletion techniques. 

MATERIALS AND METHODS 

Materials 

[l,2-3H]Taurine (28-32 Ci/mmol) and L-[G-3H]glu- 
tamic acid (50 Ci/mmol) were purchased from Amer- 
sham International plc (Buckinghamshire, England). 
L-[ring-2,6-3H(N)]Phenylalanine (49.7 Ci/mmol) and 
[‘4C(U)]sucrose (4.03 mCi/mmol) were obtained from 
New England Nuclear (Boston, MA, U.S.A.). Horse se- 
rum was purchased from Gibco (Grand Island, NY), rat 
tail collagen (type I) from Collaborative Research Inc. 
(Bedford, MA, U.S.A.), human fibronectin from Boeh- 
ringer Mannheim GmbH (Mannheim, Germany), and 
bovine semm albumin (Fraction V) from the Sigma 
Chemical Co. (St. Louis, MO, U.S.A.). All other chem- 
icals were commercial products of reagent grade. 

Animals 

Male Wistar rats (7-8 weeks of age) were purchased 
from the Sankyo Laboratory Co. Ltd. (Toyama, Japan). 
They had free access to food and water. 
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Isolation and culture of BCECs 

Capillary endothelial cells were isolated from cerebral 
gray matter of bovine brains by a method described pre- 
viously [8]. The isolated BCECs were stored at -100’ in 
culture medium containing 20% horse serum and 10% 
dimethyl sulfoxide until used. Prior to seeding, the 
dishes (4well multidish, 16 mm diameter, Nunc, Den- 
mark) or Transwell” polycarbonate membranes (12 mm 
diameter, 12 pm pore size, Costar, Cambridge, MA) 
were coated with rat tail collagen, sterilized in UV light, 
and coated with human fibronectin. Isolated BCECs 
were cultured at 37” with 95% air and 5% CO,. Trans- 
port experiments were performed when cells had 
reached confluence (in 10-12 days). These cultured cells 
were demonstrated to be endothelial cells by an immu- 
nostaining method using Factor VIII-related antigen 
(data not shown). 

In vitro uptake experiments 

Luminal uptake of 3H- or 14C-labeled compounds by 
cultured BCECs grown on the dishes was measured by a 
method reported previously [8]. Briefly, cultured cells 
were first washed three times with 1 mL of incubation 
solution (141 mM NaCl, 4 mM KCI, 2.8 mM CaCl,, 1 
mM MgSO,, 10 mM D-ghCOSe, 10 mM HEPES, and 
0.1% bovine serum albumin, pH 7.4, 290 mOsmo1) at 
37”. Uptake was initiated by adding 250 w of incuba- 
tion solution containing [3H]taurine (100 nM) and 
[‘4C]sucrose onto cells. [‘4C]Sucrose was used as the 
extracellular space marker. To measure antiluminal up- 
take, cultured BCECs were grown on Transwell’” mem- 
brane. Cultured BCECs were washed three times with 1 
mL of Na+- and Cl--free incubation solution (sucrose 
solution) containing 240 mM sucrose, 4 mM potassium 
gluconate, 2.8 mM CaSO,, 1 mM MgSO,, 10 mM 
D-glucose, 10 mM HEPES, and 0.1% bovine serum al- 
bumin, pH 7.4, at 37’. Uptake was initiated by adding to 
the antiluminal side 1.5 mL of incubation solution con- 
taining [3H]taurine (20 nM) and [i4C]sucrose and to the 
luminal side 500 pL of sucrose solution. To minimize 
m-uptake from the luminal side, sucrose solution on the 
luminal side was replaced with fresh sucrose solution 
every 5 min. To terminate the transport reaction, cells 
were washed three times with 1 mL of the ice-cold in- 
cubation solution at the designated time. For quantitation 
of the radioactivity associated with the cells, the washed 
cells were solubilized with 300 pL of 1 N NaOH at room 
temperature for 60 min. After neutralization with 60 pL 
of 5 N HCl, the resultant sample was put into a plastic 
scintillation vial containing 4 mL of Clear-sol I (Nacalai 
Tesque Inc., Kyoto, Japan). The radioactivity was then 
measured by a liquid scintillation counter, LSC-1000 
(Aloka Co., Ltd., Tokyo, Japan). Protein content in cul- 
tured cells was measured by the method of Lowry et al. 
[18], using bovine serum albumin as a standard. Net 
uptake was expressed as the cell-to-medium concentra- 
tion (C/M) ratio (pl/mg protein) or as an uptake rate 
(nmol/mg protein/30 min or pmol/mg protein/30 min) 
after correction for extracellularly adsorbed taurine, es- 
timated from the apparent uptake of [i4C]sucrose. To 
estimate the kinetic parameters of [3H]taurine uptake in 
cultured monolayers of BCEC, the uptake rate (J) was 
fitted to the following equation (1), by using the nonlin- 
ear least-squares regression analysis program MULTI 
[19]: 

J=Jmax sl(K, + s) (1) 
where J, is the maximum uptake rate for the carrier- 
mediated process, s is the concentration of substrate, and 
K, is the half-saturation concentration (Michaelis con- 
stant). To determine the stoichiometry among Na”, Cl-, 
and taurine, the uptake rate (4 was fitted to the follow- 
ing Hill equation (2): 

J = J,,, [Na+ or Cl-]“I(K,” + [Na+ or Cl-]“) (2) 

where R is the Hill coefficient. Furthermore, the data 
were analyzed kinetically by means of a Hill-type plot, 
and the Hill coefficient was determined. The signifi- 
cance of differences was evaluated by using Student’s t 
test. 

In situ brain perfusion technique 

Brain perfusion was performed by the method of 
Takasato et al. [20]. In brief, rats were anesthetized with 
intramuscular doses of ketamine hydrochloride (235 mg/ 
kg, Sankyo Co., Ltd., Tokyo, Japan) and xylazine hy- 
drochloride (2.3 mg/kg, Sigma Chemical Co.). After ex- 
posure of the right carotid artery, all branches of the 
internal and external carotid arteries were cut or coagu- 
lated. The right external carotid artery was catheterized 
for infusion to the internal carotid artery with polyeth- 
ylene tubing (SP-10) filled with sodium heparin (100 
IU/mL). The perfusate (bicarbonate-buffered physiolog- 
ical saline, 142 mM NaCl, 28 mM NaHCO,, 4.2 mM 
KH,PO,, 1.7 mM CaSO,, 1.0 mM MgSO,, 6.0 mM 
rr-glucose, pH 7.4) containing [3H]taurine (30 nM) and 
[‘4C]sucrose, which was used as the brain intravascular 
volume marker, was oxygenated for 3 min with 95% Oz 
and 5% CO, and perfused through the catheter at a rate 
of 4.98 mUmin by an infusion pump (Harvard Appara- 
tus, South Natick, MA). The perfusate was kept at 37’ 
by a temperature-regulating circulator (HAAKE, Ger- 
many). At time zero, the perfusion was started, and the 
right common carotid artery was ligated right under the 
catheterized site to prevent mixing with the blood. The 
perfusion was continued for periods up to 36 sec. Six set 
were required for the perfusate to reach the brain. At the 
end of the perfusion, the rat was decapitated, and the 
right cerebral hemisphere was dissected from the per- 
fused brain and weighed. The perfused right cerebral 
hemisphere was solubilized in a glass scintillation vial 
containing 1.5 mL of Solvable (New England Nuclear, 
Boston, MA) at 50” for 3 hr. Then 0.1 mL of 30% 
hydrogen peroxide was added to the vial. It was kept at 
room temperature for 1 hr, and 10 mL of scintillation 
fluid was added. After neutralization with 150 pl of 5 N 
HCl, the radioactivity was measured. In vivo brain up- 
take (@_/mitt/g brain) was calculated by the use of Eqn 
(3) after correcting for the intravascularly remaining tau- 
rine estimated from the apparent brain uptake of {‘4C]su- 
crose: 

Brain uptake = -F,fln(l-E/lOO) (3) 

where Fur is the flow rate of the perfusate (pL/min/g 
brain) and E is the extraction of [3H]taurine (%) given as 
follows: 

E = q,J(T . I$. c,,, * 100 (4) 

where qb, is the amount of [3H]taurine in the brain (dprn/ 
g). T is the perfusion time (min). and C,, is the concen- 
tration of [3H]taurine in perfusate (dpm/pL). 
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Capillary depletion study 

[3H]Taurine (70 pCi/mL) and [‘4C]sucrose (14 pCi/ 
mL) were infused retrogradely into the external carotid 
artery at a rate of 50 pUmin for 10 min in ketamine- 
anesthetized rats. From the preliminary experiments, it 
was expected that taurine takes a relatively long time to 
cross the BBB in a detectable amount. Therefore, in the 
present study, we employed a brain perfusion technique 
different from the usually used brain perfusion technique 
for in vivo capillary depletion studies to expose the brain 
to [3H]taurine for a longer time (10 min) under blood 
supply. After the infusion was terminated, the brain was 
isolated and treated using the capillary depletion tech- 
nique [21]. The capillary and parenchyma fractions sol- 
ubilized with Solvable and blood were mixed with scin- 
tillation fluid and subjected to radioactivity determina- 
tion. The apparent distribution volumes of taurine and 
sucrose were obtained by dividing the amount in the 
brain by their blood concentrations calculated using both 
infusion rate (50 pL/min) and blood flow of 600 pL/min 
GQI. 

HPLC analysis 

Metabolism of taurine was evaluated by the HPLC 
analysis of 3H-labeled compound in the cultured cells 
after incubation of [3H]taurine with BCECs for 30 min at 
37“. Retention time of unchanged taurine was deter- 
mined by absorbance at 570 nm using post-derivatiza- 
tion of taurine with ninhydrin reaction. The cells were 
solubilized with 1 N NaOH and then neutralized with 5 
N HCI. Then, 100 t.tL of the resultant solution was ap- 
plied to the HPLC system. The HPLC condition used 
was as follows: analytical column, Partsil lO-SCX 10 
(Nippon Densi Kagaku Co., Ltd., Tokyo, Japan); mobile 
phase, 0.15 N sodium citrate adjusted to pH 3.5 with 
perchloric acid; and flow rate, 0.7 mUmin. The eluents 
were collected in a plastic scintillation counting vial, and 
the radioactivity in each fraction (0.35 mL) was deter- 
mined using a liquid scintillation counter. 

RESULTS 

Uptake and metabolism of [3H]taurine by 
cultured cells 

Time courses of both luminal and antiluminal uptake 
of [3H]taurine into cultured monolayers of BCECs are 
shown in Fig. 1. Values are expressed as cell/medium 
ratios of [3H]taurine after correction for extracellular 
space, determined by using [14C]sucrose. As shown in 
Fig. 2, no metabolism of taurine within the cells was 
observed; the accumulation of radioactivity can be as- 
cribed to the intact [3H]taurine atone. The data show that 
the luminal uptake of [3H]taurine was linear over a 180- 
min incubation period (Fig. 1A). The antiluminal uptake 
of [3H]taurine was also linear over a 60-min incubation 
period (Fig. IB). Based on these results, all subsequent 
uptake experiments were conducted for 30 min. 

Concentration dependence of [3H]taurine uptake 

Figure 3 shows the relationship between the initial 
luminal or antiluminal uptake rate and the concentration 
of taurine (0.044 to 100 pM for luminal uptake, 2 to 100 
@I for antiluminal uptake). Both the luminal and the 
antiluminal uptake of taurine were saturable. When an- 
alyzed by means of an Eadie-Hofstee plot, a single 

0 60 120 180 240 300 

Time (mln) 

0 60 120 180 240 300 

Time (min) 

Fig. 1. Time courses of luminal (A) and antiluminal (B) uptake 
of [3H]taurine by cultured BCEC monolayers. The luminal up- 
take of 100 nM [3H]taurine was measured at 37” in the presence 
(0) and the absence (0) of Na+. In the absence of Na+, Na+ was 
replaced with choline. The antiluminal uptake of 20 nM 
[3H]taurine was also measured at 37’. Bach point is the mean f 
SEM of four experiments. The SEM is indicated by bars 

(smaller than the symbol in most cases). 

straight line was obtained in each case (3 = 0.96 for the 
luminal uptake, 0.93 for the antiluminal uptake), show- 
ing that the uptake occurred by a single transport pro- 
cess. A nonlinear least-squares analysis of these data 
based on Eqn (1) yielded the following kinetic parame- 
ters (values are means f SD): K, and Jmax were 12.1 f 
0.5 pM and 4.32 f 0.05 nmol/30 min/mg protein, re- 
spectively, for the luminal uptake, and 13.6 f 2.4 @VI 
and 2.81 f 0.22 nmoV30 min/mg protein, respectively, 
for the antiluminal uptake. 

Effect of temperature and metabolic inhibitors on the 
uptake of [3H] taurine 

The effects of temperature and metabolic inhibitors on 
both luminal and antiluminal uptake of [3H]taurine are 
summarized in Table 1. The incubation of [3H]taurine 
with BCECs at 4” for 30 min resulted in a remarkable 
decrease in both the uptakes to on+ 0.5% of the control 
values, showing a marked dependence on temperature. 
Addition of 1 mM DNP, an uncoupler of oxidative phos- 
phorylation, or 1 mM potassium cyanide or 10 mM so- 
dium azide, to inhibit the respiratory chain, significantly 
diminished the luminal uptake of [3H]taurine. The an- 
tiluminal uptake of [3H]taurine also was inhibited sig- 
nificantly by DNP. Moreover, 0.5 mM ouabain, an in- 
hibitor of Na’, K+-ATPase, reduced both the uptakes of 
[3H]taurine. 
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Radioactivity in cells 

Standard Taurine 

Fig. 2. HPLC chromatograms of radioactivity in cultured cells 
(A) and standard taurine (B). (A) [3H]Taurine was incubated 
with cells for 30 min at 37’. and the radioactivity associated 
with cells was fractionated by HPLC as described in Materials 
and Methods. (B) Standard taurine was detected by the absor- 
bance at 570 nm, using post-derivatization of taurine with nin- 

hydrin reaction. 

EfSect of Na" and Cl- on the uptake of [3H] taurine 

Time courses of luminal uptake of [3H]tatnine, in the 
presence or absence of sodium ion, into cultured mono- 
layers of BCECs are shown in Fig. 1A. Substituting 
choline ion for sodium in the incubation solution com- 
pletely halted the luminal uptake of [3H]taurine, demon- 
strating a marked sodium dependence. Therefore, the 
effects of replacement of cations on the luminal and 
antiluminal uptakes of [3H]taurine were studied, and the 
results are summarized in Table 2A. The substitution of 
sodium ion with choline, N-methylglucamine, potas- 
sium, lithium, or rubidium with the counter anion of 
chloride completely abolished the luminal uptake of 
[3H]taurine. The antiluminal uptake also was abolished 
completely when sodium was replaced with choline or 
N-methylglucamine. In addition, the effects of anions on 
the taurine uptake were examined in the presence of 
sodium ion (Table 2B). Substitution of chloride with 
Bf, SCN, or NO,- was moderately inhibitory, whereas 

SO,‘- or fluconate completely abolished the luminal 
uptake of [ H]taurine. Among the anions tested, the abil- 
ity to stimulate the Na+-dependent taurine uptake was in 
the following order: Cl- > Bi > SCN- > NO,- s SO,*- 
= gluconate. The antiluminal uptake of [3H]taurine also 
decreased when chloride was replaced with Bf, SCN, 
or gluconate, Moreover, the substitution of sodium chlo- 
ride with sucrose completely abolished both the luminal 
and antiluminal uptake. These results suggest that so- 
dium and chloride ions are both involved in the transport 
of taurine. 

Effect of Na” and Cl- gradients on luminal uptake of 
[3H] taurine 

To clarify the mechanism of the sodium and chloride 
requirements in taurine transport, the time courses of 
luminal uptake of [3H]taurine in the presence and ab- 
sence of these ion gradients were examined by using 
ATE-depleted, cultured BCECs prepared by preincuba- 
tion with a buffer containing NaN3 in the absence of 
o-glucose. The results are shown in Fig. 4. In the pres- 
ence of a Na+ or a Cl- gradient, the uptake exhibited a 
slight overshoot phenomenon. In the presence of both 
inwardly directed Na” and Cl- gradients, the luminal 
uptake of [3H]taurine exhibited a marked overshoot phe- 
nomenon. In contrast, in the absence of an NaCl gradient 
or when NaCl was replaced with potassium gluconate, 
the uptake of [3H]taurine was slow or negligible, respec- 
tively. 

Stoichiometry of Na+ and Cl--dependent luminal 
uptake of [3H] taurine 

Figure 5 shows the Na+ and Cl- concentration depen- 
dencies of taurine uptake. Figure 5A represents the re- 
lationship between the luminal uptake rate of [3H]taurine 
and the concentration of Na” or Cl- (O-200 mM). The 
luminal uptake rate of [3H]taurine increased with in- 
creasing concentrations of Na+ or Cl-. In the case of 
Na”, the curve was sigmoidal, showing that taurine up- 
take interacts with more than one Na”. To determine the 
number of sodium ions interacting with the carrier, the 
data were analyzed kinetically by means of a Hill-type 
plot as shown in Fig. 5B. The Hill coefficient (n) was 
1.84 f 0.12 (mean f SD), suggesting that two Na+ are 
associated with transport of one taurine molecule. In the 
case of Cl-, the luminal taurine uptake exhibited a sim- 
ple hyperbolic curve as the Cl- concentration increased. 
From the Hill-type plot analysis (Fig. 5B), n was 0.798 
f 0.097, suggesting that one Cl- is involved in the trans- 
port of one taurine molecule. 

Effect of structural analogs and various amino acids 
on the uptake of [3H] tuurine 

The effects of various compounds on luminal and an- 
tiluminal uptakes of [3H]taurine are summarized in Ta- 
ble 3. Both of the luminal and antiluminal uptakes of 
[3H]taurine were strongly inhibited by B-amino acids 
(i.e. hypotaurine, p-alanine, and nipecotic acid). 
Isethionic acid, a metabolite of taurine, inhibited the lu- 
minal uptake, but not the antiluminal uptake. Taurocho- 
late, another metabolite of taurine, did not inhibit the 
luminal uptake. Glycine and a-alanine showed concen- 
tration-dependent inhibition of the luminal uptake of 
[3H]taurine. They also significantly inhibited the antilu- 
mitral uptake of [3H]taurine. The y-amino acid GABA 
also reduced both the luminal and antiluminal uptake of 
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Table 1. Effects of temperature and metabolic inhibitors on the Table 2. Effects of Na and Cl ions on the uptake of [3H]taurine 
uptake of [3H]taurine by cultured BCEC monolayers by cultured BCBC monolayers 

Uptake of [3H]taurine 
(% of control) 

A. Na+ replacement with cations in the 
presence of Cl- 

Condition 
Concn Luminal Antiluminal 
(mM) membrane membrane 

Uptake of [3H]taurine 
(% of control) 

Control 
Low temperature 

100 100 
Cation 

Lummal Antiluminal 
membrane membrane 

(4”) 0.5 + 0.2* 0.5 f 0.5* 
Ouabain 0.5 32.4 f 1.5* 48.2 f 5.7* 
DNP 1 22.6 + 1.5* 71.1 f 6.7* 
Nfl3 10 43.3 + 2.2* NDt 
KCN 1 44.2 f 0.8* ND 

BCECs were preincubated for 20 min at 37” with a metabolic 
inhibitor in the absence of o-glucose (except in the case of 
ouabain). The uptake of [3H]taurine (100 nM for the luminal 
uptake, 30 nM for the antiluminal uptake) was measured at 37’ 
or 4’ for 30 min in the presence or absence of a metabolic 
inhibitor and o-glucose. Control uptakes were 199 plJ30 mitt/ 
mg protein for the luminal membrane and 468 pL’30 min/mg 
protein for the antiluminal membrane. Each value is the mean f 
SEM of three to four experiments. DNP = 2,4-dinitrophenol. 

Control 100 + 13.8 
Choline 0 
K+ 0 
Li’ 0 
Rb+ 0 
N-Methylglucamine+ 0 
Sucrose 0.2 f 0.01 

B. Cl- replacement with anions in the 

100 f2.0 
0 

ND* 
ND 
ND 
0 
0 

presence of Na+ 

Uptake of [3H]taurine 
(% of control) 

* P c 0.05 vs control. 
t ND, not determined. 

Anion 
Luminal Antiluminal 

membrane membrane 

[3H]taurine. A neutral a-amino acid, L-leucine, and an 
acidic a-amino acid, aspartate, did not inhibit the uptake 
of [3H]tamine. Methionine, cysteine, and L-phenylala- 
nine inhibited the antiluminal uptake, whereas they did 
not affect the luminal uptake. The luminal uptake was 
enhanced by glutamate but the antiluminal uptake was 
inhibited. 

Control 100 f 13.8 100 f2.0 
Bi 48.3 * 4.0 30.5 * 5.0 
SCN- 30.1 f 2.7 8.8 k 0.6 
NOs- Q.Q+ 0.3 ND* 
so,r- 1.2+ 0.2 ND 
Gluconate- 1.3* 0.1 0 

The uptake of [3H]taurine (100 nM for the luminal uptake, 20 

Effect of organic anions on the uptake of [3H] taurine 

The effects of organic anions on the uptake of 
[3H]taurine were studied, and the results are summarized 
in Table 4. Organic anions (i.e. probenecid, BCG, PAH, 
and DIDS) had no effect on the luminal uptake of 
[3H]taurine, but except for probenecid they significantly 
stimulated the antiluminal uptake of [3H]taurine. Sali- 
cylic acid and benzylpenicillin slightly inhibited the lu- 
minal uptake, but the other drugs did not. The antilumi- 
nal uptake was increased significantly by valproic acid 
and tended to be enhanced by salicylic acid. 

nM for the antiluminal uptake) was measured at 37” for 30 min. 
“Cation” indicates that Na” in the incubation solution was 
replaced by another cation or sucrose. “Anion” indicates that 
Cl- in the incubation solution was replaced by another anion. In 
the case of SOd2-, NaCl and KC1 were replaced with 71 mM 
NaaS04 and 2 mM K2S04, respectively. Control uptakes were 
229 f 31.6 plJ30 min/mg protein for the luminal membrane 
and 706 f 14.2 pIJ30 min/mg protein for the antiluminal mem- 
brane. Each value is the mean or mean f SEM of four experi- 
ments. 

* ND, not determined. 

Effect of p-alanine or GABA on the uptake of 
[3H] &urine 

Figure 6A shows the Lineweaver-Burk plots for the 
luminal uptake rate of [3H]taurine, demonstrating inhi- 
bition of p-alanine or GABA at a concentration of 25 or 
250 pM, respectively. Figure 6B shows the Lineweaver- 
Burk plot for the antiluminal uptake rate of t3H]taurine, 
revealing the inhibition by $-alanine at a concentration 
of 50 pM. The result demonstrates that p-alanine com- 
petitively inhibited both the luminal and antiluminal up- 
take of [3H]taurine. The inhibitory constants (Ki) of 
fi-alanine were 28.6 cl_M for the luminal uptake and 18.9 
@I for the antiluminal uptake. GABA also competi- 
tively inhibited the luminal uptake of [3H]taurine with a 
Ki of 470 pM. 

ion replacement on the brain uptake of [3H]taurine are 
shown in Fig. 7. The uptake of [3H]taurine (30 nM) was 
36.6 f 3.10 p.LJmin/g brain. It was reduced significantly 
by unlabeled taurine and &alanine to the extent of 3.8 f 
1 .l and 11.4 f 1.6% (N = 4, mean f SEM) of the control, 
respectively, but not by L-phenylalanine. Furthermore, 
the replacement of NaCl with N-methylglucamine Cl or 
sodium gluconate or sucrose almost completely abol- 
ished the uptake of [3H]taurine. 

In vivo capillary depletion study 

Table 5 shows the apparent distribution volume (pUg 
brain) of [3H]taurine and [14C]sucrose in the rat brain 
parenchyma and capillary fractions. The parenchyma 
distribution volume for [3H]taurine was about 2.2 times 
larger than that for [‘4C]sucrose, suggesting that taurine 
permeates into brain across the BBB. 

Effect of amino acids and ion replacement on the in 
vivo brain uptake of [3H] taurine 

The in vivo brain uptake determined by rat brain per- 
fusion for [3H]&rrine and the effects of amino acids and 

DISCUSSION 

The cell/medium ratios obtained by the luminal and 
the antiluminal uptake of [3H]taurine were 3100 and 
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Fig. 4. Effects of Na’ and Cl- gradients on the luminai uptake 
of [3H]taurine by ATP-depleted cultured BCEC monolayers. 
Preincubation of cells (8 hr) and uptake studies were performed 
with 10 mM HEPEWKOH buffer, pH 7.4, in the presence of 10 
mM NaNa and in the absence of o-glucose. To study uptake in 
the presence of maximum driving forces, cells were preincu- 
bated with 141 mM potassium gluconate followed by uptake in 
the presence of 141 mM NaCl (0). The effect of the Na+ gra- 
dient was studied in the presence of 141 mM NaCl with cells 
preincubated with 141 mM N-methylglucamine Cl (0). The 
effect of the Cl- gradient was studied in the presence of 141 
mM NaCl with cells preincubated with 141 mM sodium glu- 
conate (A). To produce a situation of no Na’ or Cl- gradient, 
cells were preincubated with 141 mM NaCI, and the uptake was 
studied in the presence of 141 mM NaCl(0). For the study in 
the absence of NaCl, cells were preincubated with 141 mM 
potassium gluconate, and the uptake was studied in the presence 
of 141 mM potassium gluconate (X). All the uptake media 
contained 100 nM [3H]taurine. Each point is the mean + SEM 
of three to four experiments. The SEM is shown by bars 

(smaller than the symbol in some cases). 

1800 pL/mg protein at 5 hr, respectively (Fig. 1). Be- 
cause the volume of the endothelial cell was estimated to 
be approximately 10 pLJmg protein 181 and no metabo- 
lism of taurine was observed in the cells (Fig. 2), taurine 
accumulation in the cells is about 2W300 times more 
than would be expected from the cell volume. Such an 
extensive accumulation of [3H]taurine in BCECs was 
thought to be caused by the specific active transport 
across both the luminal and antiluminal membranes. 
Therefore, this study was designed to examine precisely 
the mechanisms of the luminal and antiluminal mem- 
brane transport of taurine. 

The most important finding in the present study is that 
a specific active carrier-mediated transport system that is 
dependent on sodium and chloride ions functions in the 
luminal and antiluminal membranes of BCECs. The 
characteristics of the transporter can be summarized as 
follows. Significant temperature and metabolic energy 
dependencies were observed (Table 1). An energy re- 
quirement for the accumulation of [3H]taurine was ob- 
vious, because DNP, sodium aside, and potassium cya- 
nide significantly reduced the initial uptake rates. Oua- 
bain, an inhibitor of (Na+, K+)-ATPase, which localizes 
in the antiluminal membrane [23], also reduced both the 
luminal and antiluminal uptake of [3H]taurine. It may act 
by reducing the sodium gradient and the membrane po- 
tential. The luminal and antiluminal uptakes of taurine 
each involved a single saturable process (Fig. 3). Based 
on the values of J,,,,/K, (rnLJ30 min/mg protein), taurine 
seems to be transported with similar efficiency in the 
luminal (0.36) and antiluminal (0.21) membranes, al- 

[N&l or [Cl’] (mM) 

1.5 , I 
B 

1.0 - 

7 0.5 - 

2 E 0.0 - 
2 
+ -0.5 - 

Y -1.0 - 

-1.5 - 

-2.0 ’ 
0.0 0.5 1.0 1.5 2.0 2.5 

Log [Na*] or [Cl- ] 

Fig. 5. Na’ and Cl- dependences of luminal uptake of [3H]tau- 
tine bv cultured BCEC monolavers (A). Uutake of f3Hltaurine - ,, 1 - _ 

was measured in 10 mM HEPEWKOH buffer, pH 7.4, contain- 
ing 4 mM KCI, 2.8 mM CaCI,, 1 mM MgSO,, 10 mM D- 

glucose, 10 mM HEPES, and various concentrations of Na” 
obtained by replacement of NaCl with choline chloride to study 
Na+ dependence (0) or of Cl- obtained by replacement of NaCl 
with sodium gluconate to study Cl- dependence (0). An initial 
uptake rate of 100 nM [3H]taurine was measured at 37’ for 30 
min. Each point is the mean & SEM of three to four experi- 
ments. Panel B shows a Hill plot analysis of the data in panel A. 
J. initial uptake rate; J,, maximal uptake rate. Lines were 
drawn by linear regression analysis. The slope gives the Hill 

coefficient, n. 

though several different transport features were observed 
between the two membranes, as discussed later. The K, 
values obtained, 12.1 f 0.5 pM for the luminal uptake 
and 13.6 f 2.4 p.M for the antiluminal uptake, were 
reasonable for carrier-mediated entry of taurine into the 
endothelial cells, because the plasma and brain intersti- 
tial fluid concentrations of taurine are about 100 ph4 [24] 
and 10 p.M [25], respectively. Furthermore, taking the 
transport efficiencies in both membranes and physiolog- 
ical concentrations of taurine together, it is expected that 
in vivo net transport of taurine occurs in the direction 
from blood to brain. 

As suggested by the effect of ouabain, one of the 
driving forces for [3H]taurine transport was Na+, be- 
cause various other cations were unable to substitute for 
Na” (Table 2A). Cl- was also required for efficient 
[3H]taurine transport (Table 2B). The stoichiometry 
among taurine, Na” and Cl- in the luminal uptake of 



1790 I. TAMAI et al. 

Table 3. Effects of amino acids and structural analogues on the 
uptake of [3H]taurine by cultured BCEC monolayers 

Table 4. Effect of organic anions on the uptake of [3H]taurine 
by cultured BCBC monolayers 

Uptake of [3H]taurine Uptake of [3H]tatnine 
(S of control) (% of control) 

Inhibitor 
Concn 
(mM) 

Luminal 
membrane 

Antiluminal 
membrane Inhibitor 

Concn 
(mM) 

Luminal 
membrane 

Antiluminal 
membrane 

Hypotaurine 
Taurocyamine 
PAlatrine 
a-Alanine 

GABA 
Glycine 

Nipecotic acid 
Taurocholate 
Isethionic acid 
Cysteine 
Methionine 
L-Cystine 
L-Cysteic acid 
L-Phenylalanine 
t,-Leucine 
L-Glutamate 
t,-Aspartate 

0.5 
0.5 
0.5 
0.5 
5.0 
0.5 
0.5 
5.0 
5.0 
0.5 
5.0 
5.0 
5.0 
0.2 
5.0 
5.0 
5.0 
5.0 
5.0 

100 
1.1 +0.1* 

11.8k l.l* 
5.8 + 0.2* 

69.8 f 3.8* 
60.5 * 2.4* 
67.5 k 1.5* 
82.1 f 1.5* 
55.9 It 1.7* 
30.1 f 1.1* 
82.1 + 7.9 
70.1+ 3.2* 
77.0 k 4.9 
81.2k8.6 
88.7 k 5.1 
84.0 + 3.7 
97.2 + 9.0 
83.3 f 6.4 

136 *9.4* 
112 k2.9 

100 
1.5% 0.31 

NDt 
8.5 z!z 0.5* 

56.0+ 3.7* 
ND 

25.4+ 3.0* 
76.0+ 5.5* 

ND 
38.6+ 3.-i’* 

ND 
98.7f 11.3 
10.1 + 1.5* 
59.9 + 5.4* 

101 zk 7.9 
88.6& 7.9 
62.2 + 7.4* 

100 + 14.5 
67.4+ 1.8* 
86.0 Y!Z 6.7 

The uptake of [3H]taurine (100 nM for the luminal uptake, 20 
nM for the antiluminal uptake) was measured at 37’ for 30 min 
in the presence of each compound. Control uptakes were: 145 + 
15.0 w30 min/mg protein for the luminal membrane and 706 
f 14.2 pL/30 min/mg protein for the antiluminal membrane. 
Each value is the mean + SEM of three to four experiments. 

* P < 0.05 vs control. 
t ND, not determined. 

[3H]taurine (Fig. 5) suggests that one taurine molecule is 
associated with two sodium ions and one chloride ion, 
implying a transporter of net positive charge. The result 
obtained in this study is similar to those reported for 
taurine transport in rat renal brush-border membrane 
vesicles [26] and rabbit jejunal brush-border membrane 
vesicles [27], where the stoichiometries were 1:2:1 and 
1:3:1 for taurine, Na+ and Cl-, respectively. Further- 
more, the same stoichiometry was observed for GABA 
[28] in synaptic plasma membrane vesicles. Some anions 
other than Cl- can partly drive the uptake of taurine. The 
order in which the anions stimulated taurine uptake was 
Cl- > Br- > SCN- > NO,- > S04’- = gluconate, whereas 
the membrane permeability was in the order of SCN > 
Cl- > N03- > SO,+- > gluconate [29,30]. Therefore, the 
effect of Cl- on taurine transport cannot simply be as- 
cribed to the alteration of membrane potential difference, 
but should involve a specific effect on the taurine trans- 
porter. Bf was the next most preferred anion, and this 
anion dependence was very similar to that reported in 
taurine transport in human placental brush-border mem- 
brane vesicles [31]. 

To clarify whether the stimulation of taurine transport 
by Na+ and Cl- is caused by their binding to the carrier 
protein or whether it is caused by cotransport of the ions 
with taurine, the effect of gradients of these two ions on 
the taurine transport was examined by using ATP-de- 
pleted BCECs. The use of ATE-depleted cells makes it 
possible to manipulate intracellular conditions [32]. The 
uptake of [3H]taurine in the presence of both Na” and 

Control 100 f7.7 1OOf 2.8 
Probenecicl 1 111 k7.8 106 f 12.9 
BCG 0.1 104 k6.4 134f 3.8* 
PAH 10 88.9 k 5.1 142 f 14.7* 
DIDS 0.1 95.1 z!z 2.5 157 f 14.7* 
Valproic acid 10 91.3 2 3.9 126f 7.9* 
Salicylic acid 10 71.6+5.9* 131 * 13.5 
Sulbenicillin 10 86.7 k 2.6 NW 
Benzylpenicillin 10 78.0 + 3.9* ND 
Ampicillin 10 87.8 k 5.6 ND 

The uptake of [3H]tatuine (100 nM for the luminal uptake, 20 
nM for the antiluminal uptake) was measured at 37’ for 30 min 
in the presence of each compound. Control uptakes were: 213 + 
16.3 pIf30 min/mg protein for the luminal membrane and 
567 f 16.1 pIJ30 min/mg protein for the antiluminal mem- 
brane. Abbreviations: BCG, btomcresol green; PAH, p-amino- 
hippuric acid; and DIDS, 4,4’-diisothiocyanostilbene-2,2’-dis- 
ulfonic acid. Each value is the mean + SEM of three to four 
experiments. 

* P < 0.05 vs control. 
t ND, not determined. 

Cl- gradients exhibited a significant overshoot phenom- 
enon. In the presence of only a Na+ or Cl- gradient, a 
slight overshoot of uptake was seen (Fig. 4). These re- 
sults indicate that taurine is co-transported with both Na” 
and Cl-. Therefore, the energy for the intracellular ac- 
cumulation of taurine is thought to come from the Na+ 
and Cl- gradient. 

The taurine transporter showed specificity similar to 
those in other tissues (Table 3 and Fig. 6). The taurine 
transporter in BCECs appears to be highly selective for 
B-amino acids, which are zwitterionic compounds hav- 
ing positive and negative charges separated by an ali- 
phatic backbone of two carbon atoms. GABA and gly- 
tine also possess positive and negative charges separated 
by three and one carbon atoms, respectively, but they 
had less effect on taurine transport than B-alanine had. 
These results suggest that the affinity to the taurine 
transporter depends on the number of carbon atoms be- 
tween positive and negative charges. In fact, the Ki value 
of GABA (470 @I) determined in this study was 17 
times larger than that of B-alanine (28.6 @I) (Fig. 6), 
showing that the affinity of GABA for the taurine trans- 
port carrier is lower than that of B-alanine. Nipecotic 
acid, which is a B-amino acid possessing a bulky struc- 
ture, also inhibited [3H]taurine uptake, but its inhibitory 
potency was less than those of aliphatic B-amino acids. 
These results suggest that aliphatic B-amino acids are 
likely to be better substrates for the taurine transport 
system. 

It would be interesting to know whether or not the 
luminal and antiluminal carriers for taurine have identi- 
cal characteristics. Some differences were observed in 
the inhibitory effects of cysteine, methionine, and phe- 
nylalanine on the uptake of [3H]taurine between the lu- 
minal and the antiluminal membranes (Table 3). It is 
interesting that glutamate slightly stimulated the luminal 
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Fig. 6. Lineweaver-Burk plots of luminal (A) and antiluminal (B) uptake rates of [3H]taurine by cultured BCEC 
monolayers. The initial uptake rate of [3H]taurine (2-100 pM for luminal uptake or 2-25 pM for antiluminal 
uptake) was measured at 37’ for 30 min in the absence (0) and presence of 25 p.M (for the luminal uptake) or 
50 pM (for the antiluminal uptake) unlabeled Baianine (0) or 250 pM unlabeled GABA (A). B-Alanine or 
GABA was added at the initiation of [‘H]taurine uptake. Each point is the mean * SEM of three to four 

experiments. 

uptake of [3H]taurine, but significantly inhibited the an- 
tiluminal uptake. Because the antiluminal uptake of 
[3H]glutamate was not inhibited by taurine (data not 
shown), the inhibitory effect by glutamate may be non- 
specific. However, these effects suggest that the luminal 
transport carrier is different from the antiluminal one 
with respect to substrate specificity. 

To demonstrate that the taurine transport system ob- 

Fig. 7. Effects of amino acids and ion replacement on the in vivo 
brain uptake rate of [3H]taurine in rats. In vivo brain uptake rate 
of [3H]taurine (30 nM) was measured at 37’ for 30 set by 
perfusing 4.98 mUmin of bicarbonate-buffered physiological 
saline (pH 7.4) containing 142 mM NaCl, 28 mM NaHC03, 4.2 
mM KH,PO,, 1.7 mM CaSO,, 1 .O mM MgSO,, 6.0 mM o-glu- 
cose, and an indicated amino acid oxygenated for 3 min with 
95% Oa and 5% CO> IV-methylglucamine Cl means that NaCl 
and NaHCO, were replaced with N-methylglucamine Cl and 
KHCO,, respectively. Na gluconate means that NaCl was re- 
placed with sodium gluconate. Sucrose means that NaCl and 
NaHCO, were replaced by sucrose and KHCO,, respectively. 
Each value is the mean * SEM of four experiments. Key:* 

significantly different from the control (P c 0.05). 

served in the cultured cells functions physiologically, we 
utilized an in situ brain perfusion technique. The in vivo 
brain uptake of [3H]taurine (37 pL’min/g brain) was 
much smaller than those of L-phenylalanine (3010 pL/ 
mitt/g brain, data not shown) and L-leucine (630 pU 
min/g brain) [33]. However, uptake of [3H]taurine was 
inhibited by unlabeled taurine and fi-alanine and was not 
reduced by L-phenylalanine (Fig. 7). These observations 
suggest that taurine uptake by brain endothelial cells 
occurs via a carrier-mediated mechanism that is different 
from the L-system. Furthermore, the uptake of [3H]tau- 
rine was abolished completely by replacement of sodium 
or chloride with N-methylglucamine or gluconate, re- 
spectively, and by replacement of both sodium and chlo- 
ride ions with sucrose. In contrast, the brain uptake value 
of [3H]L-phenylalanine, of which influx into the brain is 
sodium independent [34], was not inhibited by substitu- 
tion of sodium and chloride ions for sucrose (data not 
shown), showing that the sodium and chloride ion de- 
pendencies were specific. Therefore, the characteristics 
of [3H]taurine transport, including substrate specificities 
and the driving forces, observed in vivo are retained in 
the primary cultured cells. 

Table 5. Apparent distribution volume of [3H]taurine and 
[r4C]sucrose in the rat brain hemisphere at 10 min 

Apparent distribution volume 
(Wg brain) 

Compound Parenchyma Capillary 

[3H]Taurine 18.9 k 1.04* 0.69 f 0.191 
[‘4C]Sucrose 8.66 Z!I 2.33 0.27 f 0.053 

After a IO-min infusion of [3H]taurine (70 pCi/mL) or 
[‘4C]sucrose (14 pCi/mL) into the carotid artery at a rate of 50 
pIJmin, the brain was isolated and treated by the capillary 
depletion technique. The result was expressed as the apparent 
distribution volume obtained. Each value is the mean + SEM of 
three experiments. 

* P c 0.05 vs [W]sucrose. 
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In conclusion, the results obtained in the present study 
indicate that carrier-mediated transport of taurine driven 
by inwardly directed Na” and Cl- gradients occurs in 
both the luminal and antiluminal membranes of primary 
cultured BCECs, which is in accordance with the char- 
acteristic of taurine transport observed in various tissues. 
These transport systems observed in in vitro primary 
cultured BCECs were confirmed to function in a phys- 
iological condition. Furthermore, the capillary depletion 
study indicated that taurine may penetrate into the brain 
from the vascular space across the BBB. From the trans- 
port parameters obtained in the present study and phys- 
iological conditions, net direction of taurine transport 
was suggested to be from the blood to the brain. 
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