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This compound, on the contrary to peripheral tissues
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Transport of carnitine was studied with immortal-
zed rat brain endothelial cells (RBE4), an in vitro

odel of the blood–brain barrier. The experiments on
ptake and efflux through the luminal membrane ex-
luded any involvement of choline and amino acids
ransporters, as well as that of glycoprotein P. Acetyl-,
ctanoylcarnitine, and betaine were without any ef-
ect; the only compound decreasing both processes
as butyrobetaine. An exposure of the abluminal
embrane resulted in a 40% inhibition of carnitine
ptake by the substrates of neutral amino acid trans-
orter L, while its efflux through the basolateral mem-
rane, occurring in a form of free carnitine, was
ensitive to SH group reagent, mersalyl, and was di-
inished by butyrobetaine. These features of carni-

ine transport did not fully correspond to the known
haracteristics of the proteins transporting carnitine
n other tissues (OCTN2 and CT1); however, they did
ot exclude an involvement of a transporter belonging
o the same superfamily. Moreover, such a protein in
rain endothelium would fulfill a regulatory role in
he transport of carnitine through the blood–brain
arrier. © 2000 Academic Press

The brain capillary endothelial cells connected by
ight junctions provide a nonpermeable barrier for ions
nd polarized molecules between blood and brain flu-
ds, the so-called blood–brain barrier. The accumula-
ion of any compound in the brain depends on the
electivity of these cells, a phenomenon ascribed to the
resence of several specialized transporting systems
1). One of the substances which accumulates in the
rain is carnitine (4-trimethylamino-3-hydroxybutyrate).

Abbreviations used: BCH, 2-aminobicyclo(2,2,1)-heptane-2-car-
oxylic acid; PBS, phosphate-buffered saline; SDS, sodium dodecyl
ulfate.

1 To whom correspondence should be addressed. Fax: 0-4822-
225342. E-mail: knal@nencki.gov.pl.
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here it is engaged in a transfer of acyl moieties into
itochondria for the process of b-oxidation, in case of

erebral cortical neurons was reported to fulfill a dif-
erent role, namely an export of acetyl moiety from

itochondria to cytoplasm, thus promoting a synthesis
f acetylcholine (2, 3). As reported elsewhere, carnitine
ccumulates in brain capillary endothelial cells (4, 5);
oreover, an asymmetry of carnitine uptake was re-

orted in case of a primary culture of porcine cells.
Recently, cDNA encoding a carnitine transporter

CT1) was isolated from rat intestine (6). Carnitine
ransport, measured after expression of CT1 in Xeno-
us oocytes, was observed to be inhibited by short- and
edium-chain acylcarnitines, as well as by betaine and

utyrobetaine (6). Since the last compound was also
bserved to decrease carnitine uptake through the lu-
inal membrane of the porcine capillary endothelial

ells (5), the present study was focused on the possible
nfluence of the compounds affecting the activity of
T1 on the transport of carnitine in a pure line of

mmortalized rat brain endothelial cells, RBE4 (7).
oreover, since carnitine is known to be a substrate of

arnitine acyltransferases (8), revealing their activity
lso in RBE4 cells (4), the experiments were carried
ut to define the form of carnitine released through the
bluminal membrane, in order estimate a possible reg-
latory role of the blood–brain barrier in carnitine
ransport to the brain.

ATERIALS AND METHODS

Materials. RBE4 cells from rat brain microvessel endothelial
ells were immortalized by transfection with the plasmid pE1A-neo,
ontaining the adenovirus E1A gene, as described in (7). Tissue
lastics were from Corning. Minimum essential medium (Alpha me-
ium), Ham’s F-10 nutrient mixture, fetal bovine serum,
-glutamine, gentamycin, geneticin, and collagen G were provided
y Gibco, basic fibroblast growth factor by Boehringer. L-[Methyl-
H]carnitine was purchased from Amersham. L-acylcarnitines were
elivered by Serva, L-carnitine was provided by Fluka. Butyrobe-
aine ((3-carboxypropyl)trimethyl-ammonium) was synthesized by
ethylation of g-aminobutyric acid by Dr. J. Boksa in the Institute of
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Pharmacology, Cracow, Poland. Aluminium silica gel 60 (sheets) was
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rom Merck. Ultima Gold (Packard) was used as a scintillation cock-
ail. All other reagents were from Sigma.

Accumulation of carnitine. RBE4 cells were grown to confluence
t 37°C in a humid atmosphere of 5% CO2 in the medium described
n (4). For the uptake experiments the culture medium was removed
nd cells were washed with phosphate-buffered saline (PBS). The
ells were subsequently incubated at 37°C as a monolayer in PBS
upplemented with 5 mM glucose. The reaction was started by ad-
ition of 50 mM L-[methyl-14C]carnitine (15 Ci/mol) and terminated
y removal of the incubation medium. Subsequently, the monolayer
as washed three times with ice cold PBS, the cells were collected in
BS with a cell scraper, and spun down at 5,800 g for 10 min at 4°C.
or the experiments performed with cells in suspension, the cellular
onolayer was collected with a cell scraper in PBS with 5 mM

lucose before incubation. The reaction was started with radioactive
arnitine and terminated by spinning down at 5,800 g for 10 min at
°C, followed by three PBS washes and centrifugation. For measure-
ent of the total carnitine accumulation, cells were dissolved by

ncubating overnight in 0.1 M NaOH, 2% Na2CO3, 1% sodium dode-
yl sulfate (SDS) at 40°C and taken for radioactivity counting. The
esults were calculated as the amount of carnitine referred to the
rotein content (4, 5). The unspecific binding was subtracted as the
zero time uptake”. For estimation of carnitine and its derivatives
ccumulated in cell monolayer, the reaction was performed in the
ame way, with the exception of carnitine specific radioactivity,
ncreased to 150 Ci/mol. The cellular pellet after termination of the
eaction was treated with 10% trichloroacetic acid and the further
rocedure of carnitine and its acyl derivatives separation was per-
ormed by thin layer chromatography according to (9).

Carnitine efflux. The measurements of carnitine efflux through the
pical membrane followed the technique applied by Estrada et al. (10).
he cells were treated as for the uptake experiments in a monolayer
nd incubated for 1 h in the presence of 50 mM L-[methyl-14C]carnitine
150 Ci/mol). At the end of the incubation period, the 6-well plates were
ut on ice for 10 min, the incubation medium was subsequently re-
oved, the cell monolayer was washed 3 times with cold PBS, and

overed with PBS (1 ml per well) with the additions indicated in the
gure legends. The plates were transferred to 37°C. Aliquots (100 ml) of
he medium were taken at indicated times for radioactivity counting
nd immediately the same volume of PBS with the indicated com-
ounds was added. For the measurements of carnitine efflux through
he basolateral membrane the cells were grown on the filters
Transwell-Clear, 0.4 mM pore size) covered with collagen. The cells
ere incubated with the radioactive carnitine as in case of efflux exper-

ments through the apical membrane, the filters were subsequently
ransferred to another wells with PBS containing additions indicated in
he figure legends. Aliquots of the medium from the lower compartment
ere taken for radioactivity counting after indicated time and the

ample volume was compensated with the same buffer. For determina-
ion of the carnitine form found in the lower compartment, its content
as lyophilized and subjected to chromatographic analysis, as de-

cribed by Huth et al. (9).

ESULTS

Carnitine accumulation in RBE4 cells was studied as
function in time. As presented in Fig. 1, this process

akes place when the cells are grown in a monolayer
panels A and C). The exposure of basolateral mem-
rane in case of suspended cells did not significantly
ncrease the accumulation of carnitine (panels B and
). Betaine slightly decreased the process studied in

ell monolayer, without affecting, however, the initial
elocity (Fig. 1A). On the contrary, butyrobetaine re-
434
ealed an inhibitory effect already at short times both,
n the monolayer and suspension of RBE4 cells, reach-
ng 40% inhibition at longer times (Figs. 1A and 1B). It
as observed previously that certain neutral amino
cids decreased the accumulation of carnitine in the
rimary culture of porcine capillary endothelial cells
5). Similarly, leucine, phenylalanine and 2-amino-
icyclo(2,2,1)-heptane-2-carboxylic acid (BCH) de-
reased carnitine accumulation upon exposure of the
asolateral membrane, without any effect on the cells
rown in monolayer (Figs. 1C and 1D). A similar asym-
etric sensitivity was observed when the influence of

cylcarnitines was analyzed in more detail (Fig. 2).
hort chain derivative (acetylcarnitine), as well as the
edium chain acylcarnitine (octanoylcarnitine), did

ot affect the accumulation of carnitine in cell mono-
ayer, whilst their inhibitory effect was detected in the
uspension of RBE4 cells—a phenomenon observed,
owever, only after longer times (Fig. 2).
Many compounds, when transported due to a facili-

ated diffusion, can be also transported outside the
ells by the same transporting protein. As presented in
ig. 3, carnitine can be released by the RBE4 cells
hen this compound is missing in external medium.
CH did not influence the efflux of carnitine through

he apical membrane (Fig. 3A), while an inhibitory
ffect of butyrobetaine was already observed at the

FIG. 1. Effect of betaines and amino acids on accumulation of
arnitine in RBE4 cells. The uptake of 50 mM carnitine was mea-
ured either in cell monolayer (A, C) or in suspension of the cells (B,
), as described under Materials and Methods. The accumulation of

arnitine was followed in the absence of any additions (squares) or
pon simultaneous addition of the following compounds at 1 mM
oncentration: butyrobetaine (triangles), betaine (diamonds), phe-
ylalanine (open diamonds), leucine (open triangles), BCH (open
quares). The results are means 6 SD from 3 independent experi-
ents, in which the measurements were performed in triplicates.
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hortest times (Fig. 3B). Neither hemicholinium-3, a
nown inhibitor of choline transporter (Fig. 3C) (11),
or vincristine (Fig. 3D), inhibiting the glycoprotein P,
nown to remove from the cells many hydrophobic

FIG. 2. Effect of acylcarnitines of various chain length on accu-
ulation of carnitine in RBE4 cells. The uptake of 50 mM carnitine
as measured either in cell monolayer (A) or in suspension of the

ells (B), as described under Materials and Methods. The accumula-
ion of carnitine was followed in the absence of any additions
squares) or in the presence of either 1 mM acetylcarnitine (trian-
les) or 1 mM octanoylcarnitine (diamonds). The results are means 6
D from 3 independent experiments, in which the measurements
ere performed in duplicates.

FIG. 3. Carnitine release from the RBE4 cells. The cells, grown
n a monolayer, were loaded with 50 mM carnitine for 1 h and the
fflux of radioactivity was subsequently followed as a function of
ime, as described in detail under Materials and Methods, according
o Estrada et al. (10). The release was measured without any addi-
ions (squares) or upon addition of the following compounds (dia-
onds): 1 mM BCH (A), 1 mM butyrobetaine (B), 2 mM hemi-

holinium-3 (C), 50 mM vincristine (D). The results are means 6 SD
rom 3 independent experiments, in which the measurements were
erformed in triplicates.
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ompounds (12), affected the measured release of car-
itine, thus excluding a possible involvement of these
wo proteins in the process of carnitine efflux through
n apical membrane.
Carnitine, when accumulated in endothelial cells,

ecomes a substrate of several carnitine acyltrans-
erases (8). In case of RBE4 cells it is accumulated

ainly as free carnitine and the long-chain acylcar-
itines, while the other forms of acylcarnitines did not
xceed 25–30% (Fig. 4A). In order to define if carnitine
an be released through the basolateral membrane, the
ells were grown on the filter insert. An appearance of
he radioactive compound in the lower compartment
eemed to prove such a possibility. Moreover, a de-
ailed chromatographic analysis (Fig. 4B) demon-
trated that the main form found in the lower compart-
ent is free carnitine, the low amounts of detected

cetylcarnitine and laurylcarnitine did not exceed sig-
ificantly the background detection of radioactivity. An
ttempt was further undertaken to define a system
esponsible for carnitine release through the basolat-
ral membrane. The compounds expected to affect this
rocess were added to a lower compartment, after a
revious loading of the cells with radioactive carnitine.
s presented in Fig. 5, the carnitine efflux was de-

ected to be diminished in the presence of butyro-
etaine (Fig. 5A) and an SH group regent, mersalyl
Fig. 5B).

ISCUSSION

Brain microcapillary endothelial cells accumulate
arnitine mainly through the apical membrane, since

FIG. 4. Analysis of the forms of carnitine accumulated and re-
eased by RBE4 cells. RBE4 cells were incubated for 1 h with 50 mM
arnitine, either in a monolayer (A) or grown on the filter inserts (B).
stimation of the amounts of carnitine and its derivatives was per-

ormed, as described under Materials and Methods, by thin-layer
hromatography according to Huth et al. (9). (A) Represents the
nalysis of carnitine derivatives accumulated in the cells. (B) The
nalysis of medium below the filters after 1 h efflux. Arrows indicate
he positions of following carnitine derivatives: a, free carnitine; b,
cetylcarnitine; c, propionylcarnitine; d, long-chain acylcarnitines; e,
aurylcarnitine.
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he exposure of the basolateral membrane after sus-
ending the cells did not increase dramatically the
otal uptake. Due to the fact that carnitine transport
hrough the basolateral membrane was observed to be
ecreased by leucine, phenylalanine and BCH, an in-
olvement of amino acid transporter, specific toward
eutral amino acids (13), could be postulated, al-
hough, it is worth emphasizing, that this particular
rocess of carnitine accumulation most probably does
ot have any physiological meaning. On the contrary,
he process of carnitine transport through the apical
embrane seems to be more specific, since, out of many

ompounds studied, only g-butyrobetaine inhibited the
ccumulation of carnitine. A lack of any effect of cho-
ine and g-aminobutyric acid (not shown) would lead to
he conclusion that the carboxyl- and trimethylamino-
roups are more important for the transport phenom-
non than the hydroxyl one. It seems, as well, that the
ength of carboxyl chain is a crucial parameter of the
ransported compound; betaine, shorter from butyro-
etaine by two carbons, did not reveal any effect on
arnitine accumulation.

Carnitine transport to various tissues has been char-
cterized functionally, the common features seem to be
a-dependence and inhibition by several compounds, in-

luding D-carnitine, g-butyrobetaine, acetylcarnitine (9,
4–22). Although the accumulation of carnitine in brain
icrocapillary endothelial cells was observed to be sen-

itive to ouabain, only when the cells were in suspension
4, 5), it can not be excluded, however, that the Na1,

1-ATPase present in the apical membrane is less sen-
itive to ouabain, a phenomenon ascribed to the presence
f a1 isoform of this subunit of the enzyme (23, 24).
oreover, an asymmetric localization of the Na1, K1-
TPase in the blood–brain barrier has been observed

FIG. 5. Efflux of carnitine through the basolateral membrane of
BE4 cells. The cells were grown on filter inserts and loaded for 1 h
ith 50 mM carnitine, as described under Materials and Methods.
he filters were subsequently transferred to another compartments
nd the appearance of carnitine in the lower compartments was
ollowed. The measurements were performed in the absence
squares) or presence of the following additions: 1 mM butyrobetaine
circles), 0.1 mM mersalyl (diamonds). The results are means 6 SD
rom 3 independent experiments, in which the measurements were
erformed in triplicates.
436
eported after expression in Xenopus laevis oocytes of
ize-fractionated rat renal–cortex mRNA a process ob-
erved to be strongly inhibited by acetylcarnitine and
utyrobetaine (26). Recently, the sequences of two pro-
eins capable of transporting carnitine were obtained by
olecular cloning. One of them, OCTN2, belongs to the

amily of sodium ion-dependent organic cation transport-
rs (27), the other one, carnitine transporter (CT1) from
at intestine, after phylogenetic analysis, seems to be
ocated in the midpoint between organic anion transport-
rs and organic cation transporters (6). Carnitine trans-
ort catalyzed by both of these proteins was not only
nhibited by butyrobetaine, but also strongly diminished
y acetylcarnitine (6, 27), moreover, the activity of CT1
as reported to be strongly decreased by betaine (28).
ur observations, demonstrating a lack of any effect of

hort- and medium-chain acylcarnitines and betaine on
arnitine accumulation in the brain capillary endothelial
ells. It would indicate an involvement of a protein dif-
erent from OCTN2 and CT1, a suggestion supported by
very low expression of these proteins in brain (27, 28).
he sequence analysis of OCTN2 resulted in finding of a
ucleotide binding motif similar to the one of ABC trans-
orters (27). However, the inhibitor of the glycoprotein P,
elonging to the ABC transporters, did not affect carni-
ine release. Taking all this together, the presence in
rain endothelium of a protein not identical to OCTN2
nd CT1, but belonging to the same multispecific organic
on transporter superfamily (6, 29) may be postulated,
specially that our attempts to purify a protein bound to
ctivated thiol-Sepharose resin and subsequently eluted
ith carnitine, resulted in obtaining of a polypeptide of
bout 50 kDa (not shown), i.e., similar to the molecular
eight of organic ion transporters. It seems that the
rotein responsible for the transport of carnitine through
he blood–brain barrier is characterized by a rather strict
ubstrate specificity. This, and the fact that carnitine
rosses the monolayer of endothelial cells and is released
n its free form, points to the putative carnitine trans-
orter studied herewith as responsible for the regulation
f carnitine accessibility to the brain.
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