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The transport of L-carnitine (4-N-trimethylammon-
ium-3-hydroxybutyric acid) was studied with a pri-
mary culture of porcine brain capillary endothelial
cells (BCEC) as an in vitro model of the blood-brain
barrier. The measurements with suspended cells and
cell monolayers allowed to distinguish a polarized
transport phenomena. The part of the BCEC cells ex-
posed to the medium (apical membrane) accumulated
carnitine by a sodium-independent, saturable (K,,=28
©M) system, with k=0.018 min~*. Exposure of the baso-
lateral part revealed a presence of a facilitated diffu-
sion process. Carnitine uptake through the saturable
system was inhibited by butyrobetaine. Acylcarnitines
and choline have no effect on the carnitine accumula-
tion in suspended cells, a process diminished by phe-
nylalanine, leucine, and L system inhibitor. This
points to the possibility that carnitine enters through
the basolateral membrane using amino acid trans-
porting systems. A different, novel system is postu-
lated to operate in the apical part of the plasma mem-
brane of BCEC. o 1997 Academic Press

Carnitine  (4-N-trimethylammonium-3-hydroxybu-
tyric acid) is known to be involved in peripheral tissues,
such as the liver, kidney and muscles, in a process of
long-chain fatty acids transfer from the cytosol to the
mitochondrial matrix where these acids are further me-
tabolized. The pathway for carnitine-dependent trans-
port of fatty acids through the inner mitochondrial
membrane, the so called “carnitine shuttle”, consists of
several enzymes synthesizing acylcarnitine derivatives
on the cytosolic side of the outer mitochondrial mem-
brane and of enzymes transferring the acyl moieties to
CoASH inside mitochondria. There is also a central
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Abbreviations: BCH, 2-aminobicyclo(2,2,1)-heptane-2-carboxylic
acid; MeAIB, N-(methylamino)-isobutyric acid.
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translocation step occurring through the carnitine car-
rier transporting carnitine and its acyl derivatives
through the inner mitochondrial membrane (1).

In adult brain, where glucose is the main energetic
substrate (2), the isolated carnitine carrier (3, 4) was
postulated to deliver mitochondrial acetyl moiety to cy-
toplasm (5), supplying a substrate for acetylcholine
synthesis (6, 7), what could explain the beneficial efects
of carnitine administration to patients with neurode-
generative diseases (8). Carnitine, although in vivo is
mainly synthesized in the liver (9), accumulates in ner-
vous tissue (10, 11). The content of carnitine in brain
was observed to be lower than in peripheral tissues,
with the exception of hypothalamus (10), which is
known to have an easy access to many substances
through fenestrations. This observation may point to
the existence of some limitation in carnitine crossing
the blood-brain barrier.

The accumulation of any compound in the brain de-
pends on the selectivity of the brain capillary endothe-
lial cells connected by tight junctions and providing a
permeability barrier between blood and brain fluids
(12). The uptake of choline into brain of nonanaesthe-
sized rats was reported to be diminished by 20% in the
presence of 500 uM carnitine (13). The accumulation
of carnitine in immortalized rat brain capillary endo-
thelial cells RBE4 (14) was, however, found to be insen-
sitive to choline or hemicholinium-3, a specific inhibitor
of choline transport (15). Due to the fact, that adenovi-
rus transfection and several passages could be respon-
sible for some phenotype changes, the present study
was focused on the characteristics of carnitine accumu-
lation in the primary culture of brain endothelial cells,
in order to clarify a possible involvement of choline
transporter in carnitine accumulation.

MATERIALS AND METHODS

Materials. L-[methyl-*H]carnitine, inulin[**C]carboxylic acid and
[methyl-**C]thymidine were purchased from Amersham. Medium
M199, antibiotics and antimycotics were from Gibco, ox serum was
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obtained from PAA Laboratories. Collagen G was from Seromed.
Acylcarnitine derivatives were delivered by Serva, L-carnitine was
from Fluka. Butyrobetaine (3-carboxypropyl)trimethyl-ammonium)
was synthesized by methylation of GABA by Dr. J. Boksa in the
Institute of Pharmacology, Cracow. All other reagents were pur-
chased from Sigma.

Accumulation of carnitine. Brain endothelial capillary cells
(BCEC) were obtained from porcine brains according to the method
of Mischeck et al. (16). The cells were grown to confluence on a plastic
surface covered with collagen G (0.2 mg/ml) in 10% ox serum, 90%
medium M199, containing [methyl-**C]thymidine (1 Ci/mol), 25 mM
bicarbonate, 100 U penicillin/ml, 100 pg streptomycin/ml, 0.25 ug
fungizone/ml, pH 7.4 in a humid atmosphere of 5% CO,, at 37°C.
The cells that reached full confluence were used in experiments (usu-
ally on the 7*" or 8" day after isolation). Experiments to determine
carnitine accumulation were performed either with cells in suspen-
sion or in a monolayer, as described in (14). The unspecific binding
was subtracted from the content of inulin, administered to the same
samples.

Calculation of kinetic data. When the accumulation of carnitine
was measured as a function of time, the obtained graphs were fitted
to the first order rate equation, y=Ilimit*(1-Exp(-k*t)), where y and
limit denominate the amount of product at a given and infinite time
t, respectively. The results obtained in two iterations, with p<0.05
were taken into account.

RESULTS

Any compound capable of crossing the blood-brain
barrier should be transported into the capillary endo-
thelial cells, in addition having the possibility of being
further transferred into the intracerebral fluid. In or-
der to cross the plasma membrane, an ionized, low mo-
lecular weight compound can be transported either by
a facilitated diffusion, or in an uphill transport, coupled
to a process in which other molecules (mainly Na*)
move down their free energy gradient (18). Therefore,
when studying the transport of carnitine in BCEC cells,
it seemed crucial to clarify whether carnitine accumu-
lation, if any, is coupled with a [Na*] gradient and
whether some of the known transporters could be in-
volved in this process.

As shown in Fig.1A, the BCEC cells accumulate car-
nitine. The amount of this compound taken up by the
cells in suspension, when measured as a function of
time, resulted in a curved graph, that could be fitted
to the first-order rate kinetics with the velocity con-
stant of k = 0.018 = 0.0004 min~*. The accumulation
was inhibited by 36% after preincubation with ouabain,
a well established inhibitor of Na,K-ATPase (19). A
decrease of carnitine accumulation was observed to be
more pronounced (70% inhibition) in the presence of
amiloride and furosemide, the compounds known to
block the Na-channel and Na/K/2Cl transporter, re-
spectively (20). On the contrary, when the uptake of
carnitine was followed in cells grown in monolayer, no
[Na*] gradient dependence was detected - neither of
the sodium transport inhibitors revealed any effect
(Fig.1B).

When looking for a system that might be responsible
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FIG. 1. Time dependence of carnitine accumulation in NB-2a
cells. BCEC cells were incubated under conditions described in the
Materials and Methods section. The accumulation of carnitine was
measured either in suspension (A) or in a cell monolayer (B) in the
absence of any additions (squares) or after 30 min preincubation with
0.5 mM ouabain (triangles), 100 M amiloride and 1 mM furosemide
(diamonds), or all inhibitors (circles). Curve fitting was performed
as given in the Materials and Methods section.

for carnitine binding and transport in BCEC cells, one
has to take into consideration the transporting systems
that have been described to be present in the blood-
brain barrier. Choline is structuraly related to carni-
tine, since, in comparison with this compound, is lack-
ing a carboxyl group. The overall uptake of choline by
brain (13) was reported to be diminished by concentra-
tion of carnitine exceeding 10 times those found in
plasma under physiological conditions, i.e. being 10-80
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FIG. 2. Effect of choline on accumulation of carnitine in BCEC
cells. Cells were incubated in the presence of L-[methyl-*H]carnitine
for the indicated times either without any additions (squares) or with
choline at 10 M (triangles) and 1 mM (circles) concentrations. The
samples treated with 1 uM hemicholinium-3 (diamonds) were prein-
cubated for 1 h, according to (15). The results represent means+=SD
from 9 independent experiments.

uM in most mammals (21). As presented in Figure 2,
choline was observed to have no effect on carnitine ac-
cumulation when applied at a saturating concentration
of the high affinity system (22, 23). Carnitine uptake
was not changed in the presence of hemicholinium-3,
an inhibitor of this system (15). The higher concentra-
tion of choline, exceeding saturation of the low affinity
system (22), decreased carnitine accumulation mea-
sured after longer times, but did not, however, affect
the initial velocity of carnitine uptake.

Taking into account the chemical structure of carni-
tine, a possible involvement of systems transporting
the other, structurally related compounds, as amino
acids and betaines has been studied in more detail. As
presented in Table 1, butyrobetaine, leucine, BCH, and
phenylalanine decreased carnitine accumulation by 40-
50%, as measured in suspended cells. Betaine, itself,
although structurally similar to butyrobetaine does not
inhibit carnitine uptake, neither did carnitine acyl de-
rivatives of different chain lengths. MeAIB - an analog
of alanine and a known substrate of an A system trans-
porting amino acids did not reveal any effect either.
The effect of substances influencing carnitine accumu-
lation was studied further in a monolayer system. Only
butyrobetaine was observed to decrease carnitine accu-
mulation through the part of cellular membrane ex-
posed to the incubation medium.

Accumulation of carnitine, measured as a function
of its concentration, did not reach saturation even at
such high concentrations as 5 mM (Fig. 3A, inset). The
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straight line illustrating accumulation of carnitine as
a function of its concentration might be interpreted as
a diffusion process, with a diffusion constant of 44 = 3
mmol/min/mM/mol thymidine. Taking into account
this value, the diffusion component was subtracted
from the total uptake measured at the lower concentra-
tion ranges. The differences obtained in such a way
could be fitted to the Michaelis-Menten equation with
K of 33 = 4 uM (Fig. 3A). A further Kinetics analysis
was performed with the monolayer of BCEC cells. As
visualized in Fig. 3B, this uptake was also observed to
increase with carnitine concentration and the values
of carnitine accumulation can be fitted to the Michaelis-
Menten equation with K, of 28 + 6 M. This result, as
well as the unsuccessful attempts to fit the calculated
function from Fig. 3A to the equations describing two
systems, could suggest that the saturable component
of carnitine accumulation is responsible for uptake of
this compound through the apical membrane, whilst
the process of carnitine accumulation through the baso-
lateral part of plasma membrane occurs due to a facili-
tated diffusion.

DISCUSSION

There are reports indicating that the localization of
transport systems was different on the brain and blood
sides of the blood-brain barrier (24). Our experiments
on carnitine transport in the primary culture of BCEC
cells demonstrate that additional phenomena were de-
tected when cells were detached from the surface, they
were cultured on. There were substantial differences

TABLE 1

Effect of Various Compounds on the Initial Velocity
of Carnitine Accumulation in BCEC Cells

Carnitine accumulation
(% of control)

Cell Cell

Addition suspension monolayer
None 100 100
Betaine 93 = 8 (21) 93 = 10 (16)
Butyrobetaine 64 + 4 (19) 69 = 13 (12)
Acetylcarnitine 102 + 3 (13) nd
Octanoylcarnitine 114 + 15 (6) nd
Palmitoylcarnitine 105 = 7 (8) nd
MeAIB 113 = 10 (5) 102 = 9 (4)
Leucine 59 + 6 (7) 110 = 12 (3)
BCH 55 = 6 (12) 103 = 15 (15)
Phenylalanine 44 + 6 (15) 134 + 15 (15)

Note. The uptake measurements were performed either in suspen-
sion or with a monolayer, as described in the Materials and Methods
section. All listed compounds were added at a 1 mM concentration.
The number of measurements performed is indicated in parentheses.
nd, not determined.
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FIG. 3. Concentration dependence of carnitine accumulation in
BCEC cells. The cells were incubated in the presence of various
concentrations of L-[methyl-*H]carnitine either in suspension (A) or
in monolayer (B). The velocities were estimated from the initial rates,
measured over 10 min. (A) Analysis of total carnitine accumulation
(squares) into diffusion (triangles) and carrier-mediated transport
(circles). The diffusion constant was estimated from the velocities
measured at high substrate concentrations (inset). (B) Accumulation
of carnitine in BCEC monolayers. The results of A and B represent
means = SD from three separate experiments.

observed in the sodium gradient dependence, Kinetics
mechanism and parameters, as well as an influence of
different substances affecting carnitine transport fol-
lowed in both experimental systems. Carnitine accu-
mulation was demonstrated to be Na-independent in
the monolayers. On the contrary, when the other side
of the cell monolayer was exposed after suspension of
BCEC cells, the sodium transport inhibitors partially
diminished accumulation of carnitine, pointing to the
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existence of a different transporting system, dependent
on a [Na*] concentration gradient. It should be empha-
sized, that the contribution of ouabain-sensitive carni-
tine accumulation did not exceed 30% of the total up-
take, indicating the fact that the main accumulation
process is Na-independent, a situation different from
those reported for the carnitine carriers in neurones
(17), fibroblasts (25), and kidney (26). It is worth men-
tioning that a similar asymmetry was reported for the
amino acids transporting systems, in case of which the
sodium-dependent systems are restricted to the ablu-
minal side of brain capillary endothelium (27).

Carnitine, with its ionized trimethylamino- (posi-
tively charged) and carboxyl- (negatively charged)
groups can be treated as a neutral y-amino acid and,
due to the fact that some amino acids inhibited its up-
take by 40%, an involvement of amino acid trans-
porting system seems to be quite probable. Leucine,
BCH and also phenylalanine (27, 29) are the known
substrates of system L, a system assumed to be present
in both membranes of endothelial cells, however,
known to be Na-independent. Functioning of systems
A and B®", that transport several amino acids in a Na-
dependent way, was ascribed to the abluminal mem-
brane (29). These two systems were distinguished due
to their different sensitivity towards MeAIB (29). Since
the carnitine accumulation was observed to be MeAIB
insensitive, the involvement of the B®* can be postu-
lated in the mechanism of carnitine accumulation in
BCEC cells through the basolateral membrane.

In the monolayer, the only compound affecting carni-
tine accumulation was butyrobetaine, pointing to the
necessity of trimethylammonium- and carboxyl func-
tional groups for transport. The hydroxyl group of car-
nitine molecule appeared to be less important, since
choline was without any effect. Such an observation
was also reported for the endothelial cells from rat
brain (14), indicating the similarity of observed phe-
nomena in the cells in primary culture and the immor-
talized cell line. Contrary to observations on the carni-
tine transporter from kidney (26), various acylcarni-
tines did not affect carnitine accumulation in BCEC
cells. Therefore, it can be concluded that a novel trans-
porting system, Na-independent and sensitive to butyr-
obetaine, is responsible for carnitine accumulation in
BCEC cells through the apical membrane. The novel
system described herewith would be responsible for an
increase of carnitine content in the brain, especially
that its affinity toward carnitine is comparable with
physiological carnitine concentration in blood.
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