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Abstract-Primary cultures of bovine cerebral endothelial cells were used as an in vitro model for the 
blood-brain barrier to study the transport and interactions of high-density lipoprotein (HDL) across 
monolayers of these cells. Transport of 1251-apoE free HDL across a monolayer of bovine cerebral 
endothelial cells occurred in a linear fashion up to a concentration of 70 pg/mL, suggesting paracellular 
transport of HDL. Bovine cerebral endothelial cells possess a high affinity binding site for HDL with 
a mean dissociation constant (Kn) of 10.8 +- 2.6 pg/mL (N = 4). Maximal binding of apoE free HDL 
to cerebral enclothelial cells proved to be temperature-dependent: at 4” a B,,, value of 42 f 9.3 ng/mg 
cell protein was found, while at 37” this value was 177 * 70.4 ng/mg cell protein. Cell association of 
iz51-HDL could be effectively displaced by HDL, not by low-density lipoprotein or acetylated low- 
density lipoprotein, and association was not coupled to degradation. The in vitro blood-brain barrier 
cell system possesses high affinity binding sites for HDL, which are probably not involved in the 
transport of HDL across cerebral endothelial cells. 
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The transport of large or hydrophilic molecules, such as 
drugs, into the central nervous system is impeded by the 
BBBB. The functional and anatomic basis of this barrier 
resides in the cerebral endothelial cells [l]. The entry of 
lipoproteins into the brain is also hindered by the BBB [2]. 
The presence of several kinds of apolipoproteins, such as 
apolipoprotein E, A-I. and their respective receptors in 
the brain, indicates that the central nervous system has 
similar mechanisms for lipid transport as peripheral tissues. 
A component of the HDL, apoA-I, was found in the 
cerebrospinal fluid in concentrations amounting to 0.4% 
of the original plasma levels, though the mRNA encoding 
for apoA-I was not detected in brain tissue, suggesting the 
need for transport of the proteins from the blood into the 
brain [3]. 

In this study we show that HDL is transported across a 
monolayer of cultured cerebral endothelial cells and that 
HDL binds selectively with high affinity to primary cultures 
of bovine cerebral endothelial cells. 

Materials and methoo!.s 

BCEC were isolated and cultured according to De Vries 
et al. [4]. Lipoproteirrs were isolated and radiolabelled 
according to Schouten et al. [5]. The specific radioactivity 
of the radiolabelled compound ranged from 200 to 400 cpm/ 
ng protein. Transport of ‘251-apoE free HDL across a 
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8 Abbreviations: BE)B, blood-brain barrier; apoA-I, 
apoprotein A-I; BCEC, bovine brain endothelial cells; 
TEER, transendothelial electrical resistance; MEM, 
minimal essential medium; AcLDL, acetylated low density 
lipoprotein. 

monolayer of cerebral endothelial cells was studied 
essentially according to Van Bree et al. [6], and cells were 
cultured on a 6.5 mm2 polycarbonate Transwell insert (pore 
size 0.3 pm) for this purpose. BCEC were cultured for 10 
days and the TEER ranged from 50 to 60 Q/cm*. Cells 
were preincubated with MEM containing 2% BSA for 2 hr, 
while cell monolayers were subsequently incubated with 
3.5,7, 35, and 70 pg/mL “‘I-apoE free HDL in MEM with 
2% BSA. Samples of 50 PL were taken from the acceptor 
compartment for 2 hr every 15 min, mixed with 80 FL 35% 
TCA, incubated for 15 min at 37”, centrifuged for 2 min at 
15,0OOrpm, and the pellets counted for radioactivity to 
determine whether iZ51-HDL was intact after transport. 

Association and degradation of ‘*‘I-apoE free HDL with 
BCEC were performed as described for AcLDL [4]. Total 
binding of ‘251-apoE free HDL was measured after cells 
had been incubated for 2 hr at 4” with various amounts of 
‘*‘I-apoE free HDL ranging from 0.6 pgg/mL to 60 pg/mL. 
Non-specific binding was determined in parallel by 
incubation of lZI-apoE free HDL in the presence of a lo- 
fold excess of unlabelled apoE free HDL with a minimum 
of 60 pg/mL. To determine the receptor binding kinetics, 
BCEC were incubated with 5 pgg/mL L251-apoE free HDL 
for 10, 30,60, 120, and 180 mitt, respectively, at 37” in the 
absence or presence of the inhibitor of lvsosomal enzvme 
activity, chlbroquine (100 FM). Degradation of apoE free 
i2’I-HDL was determined in the oresence or absence of 
chloroquine as described by Van’Berkel et al. [7]. As a 
control, degradation of 5 pg/mL “‘1-HDL in medium at 
37” was determined at indicated time intervals. 

Results and discussion 

Maximal binding (B,,) of ‘r51-apoE free HDL to BCEC 
was 42 2 9.3 ng/mg cell protein with an apparent affinity 
coefficient (Ko) of 10.8 2 2.6 fig of ‘*‘I-HDL/mL (N = 4) 
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Table 1. The apparent affinities and maximal binding of 
‘*‘I-HDL to bovine cerebral endothelial cells after a 2 hr 
incubation at 4” and 37”, respectively* 

Temperature Km (pg/mL) &, (ng/mg) 

4” (N = 4) 10.8 + 2.6 42 + 9.3 
37” (N = 3) 8.7 t 3.0 177 2 70.4 

* Data are expressed as the mean 2 SEM. 
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Fig. 1. Transport of various concentrations of “‘1-HDL 
across a monolayer of BCEC. Transport of 3.5 (A), 7 (O), 
35 (A), and 70 (0) pg/mL *ZSI-HDL across monolayers of 

BCEC in time at 37” (N = 4). 

(Table l), which is in the same range as reported for 
passaged cerebral endothelial cells [8]. The mean 
dissociation constant (KM) (N = 3) and the mean B,, after 
2 hr at 37” is shown in Table 1. The difference in values of 
maximal binding of HDL to BCEC obtained after a 2 hr 
incubation at 37” and at 4” suggests that maximal binding 
is dependent on temperature. Similar effects of temperature 
on the maximal binding of apoE free HDL to cells were 
described by Kagami et al. [9]. It was suggested that the 
tertiary structure of HDL, important for an optimal 
interaction with its receptor, is temperature-dependent. 

The in oitro cell association of apoE free HDL with 
bovine cerebral endothelial cells increased in a monophasic 
manner (r = 0.991) with time up to 45 ng/mg of cell protein 
after 3 hr. Cell association was not affected by the presence 
of chloroquine (Fig. 1). Degradation products of ‘*‘I-apoE 
free HDL of BCEC at 37” were measured, a very low level 
of degradation being determined after 3 hr (Fig. 2). 
Degradation of iZ51-HDL in medium after 3 hr served as a 
control, with very low levels being determined. Degradation 
of ‘251-HDL by BCEC proved to occur at the same level 
as control incubations, even up to a concentration of iz51- 
HDL of 70pg/mL (data not shown). The degradation of 
“‘I-HDL by BCEC in the presence of chloroquine was not 
different from control level, indicating that the association 
of HDL with BCEC is not coupled to apoprotein 
degradation. In addition, BCEC incubated with fluorescent 
(DiI)-labelled HDL showed no uptake of the fluorescent- 
labelled compound, since the fluorescence appeared to be 
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Fig. 2. Time course of the cell association of ‘2SI-HDL. 
Cells were incubated for indicated times with 5 pgg/mL of 
‘“I-HDL and cell association determined in the absence 
(0) or presence (0) of chloroquine (100 @I). Control 
levels of degradation were determined (A). Data are from 

one typical experiment out of three. 

located at the endothelial cell membranes during a 2 hr 
incubation at 37” (data not shown). 

Transport of ‘*‘I-apoE free HDL across a monolayer of 
BCEC revealed that transport occurred in a linear fashion 
at the concentrations studied (r = 0.995; N = 4). Two hours 
after the administration of 70 pg/mL ‘*‘I-HDL, 124 ng of 
“‘1-HDL (0.177% of the dose) had passed the cell 
monolayer (Fig. 1). In oitro clearance values ranged 
from 0.00392 + 0.0007 ,uL/min (mean 5 SEM) to 0.0084 ? 
0.00095 pL/min (mean + SEM). A concentration-depen- 
dent increase in the transport of iZ51-HDL was observed 
but no saturation of transport could be determined, 
indicating a non-receptor mediated transport. Transport of 
12SI-apoE free HDL across a confluent monolayer of BCEC 
showed in time linear transport. The amounts of transported 
HDL were two- to three-fold higher than values obtained 
in studies performed in our laboratory using particles of 
equal size to HDL, e.g. the fluorescein dextran of 150 kDa, 
with a size of approximately 8 nm [6]. This difference found 
in transport may be explained by the more lipophilic 
composition of the apoE free HDL particle as compared 
to the more hydrophilic particle FD150. Since transport 
was linear with increasing concentrations of HDL, it may 
be assumed that HDL transport across a monolayer of 
BCEC in uitro occurs via the paracellular route and is not 
receptor-mediated. The transport values of HDL found in 
this study are comparable to those found in the in uiuo 
situation, indicating that our in vitro model resembles the 
transport of HDL across the BBB in uiuo [3]. Recently, 
apoA-I expression has been shown in porcine brain 
endothelial cell cultures [lo]. 

Thus, HDL is transported across the BBB in vitro 
without degradation. The interaction of HDL with cerebral 
endothelial cells may indicate the need of the neuronal 
tissue for HDL, suggesting that HDL is important for 
cholesterol metabolism in the central nervous system. 

REFERENCES 

1. Bradbury MWB, The blood-brain barrier: transport 
across the cerebral endothelium. Circ Res 57: 213-222, 
1985. 



Short communication 273 

2. Pitas RE, Boyles JK, Lee SH, Hui D and Weisgraber blood-brain barrier. J Pharmacol Exper Ther 241: 
KH, Lipoproteins and their receptors in the central 1233-1239, 1988. 
nervous system. J Biol Chem 262: 14352-14360, 1987. 7. Van Berkel ThJC, De Rijke YB and Kruijt JK, 

3. Roheim PS, Carey M, Forte T and Vega GL, Different fate of in uiuo of oxidatively modified 
Apolipoproteins in human cerebrospinal fluid. Proc low density lipoprotein and acetylated low density 

Nat1 Acad Sci USA 76: 4646-4649, 1979. lipoprotein in rats. J Biol Chem 266: 2282-2289, 1991. 

4. De Vries HE, Kuiper J, De Boer AG, Van Berkel 8. Martin-Nizard F, Meresse S, Cecchelli R, Fruchart JC 

ThJC and Breimer DD, Characterization of the and Delbart C, Interactions of high-density lipoprotein 

scavenger receptor on bovine cerebral endothelial cells 
3 with brain capillary endothelial cells. Biochim Biophys 
Acra 1005: 201-208, 1989. 

in vitro. J Neurochem 61: 1813-1821, 1993. 
5. Schouten D, Kleinherenbrink-Stins M, Brouwer A, 

9. Kagami A, Fidge N, Suzuki N and Nestel P, 

Knook DL and Van Berkel ThJC, Interaction in uiuo 
Characteristics of the binding of high density 
lipoprotein, by intact cells and membrane preparations 

and in uirro of apolipoprotein E-free high density 
lipoprotein with parenchymal, endothelial, and Kupffer 

of rat intestinal mucosa. Biochim Siophys Acta 795: 
17%190, 1984. 

cells from rat liver. Biochem J 256: 61.5-621, 1988. 10. Mockel B, Zinke H, Flach R, Weil3 B, Weiler-Giittler 
6. Van Bree JBMM, De Boer AG, Danhof M, Ginsel H and Gassen HG, Expression of apolipoprotein A-l 

LA and Breimer DD, Characterization of an in vitro in porcine brain endothelium in uitro. J Neurochem 
62: 788-798, 1994. 


