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Abstract

Primary endothelial cells isolated from cerebral microvessels by combined mechanical and enzymatic treatment from porcine brains were

characterized with regard to identity, purity and membrane surface characteristics. Cells were grown in culture to adherent monolayers and

characterized morphologically and histochemically by their binding for ¯uorescently-labelled lectins and monoclonal antibodies detected by

indirect immuno¯uorescence. The binding patterns of the cells were compared with the af®nity of frozen tissue sections of porcine brain

cortex for the markers. Endothelial cells in culture were characterized by the binding of von Willebrand factor, vimentin and ®bronectin

antibodies. They failed to react with anti-glial ®brillary acid protein, anti-galactocerebroside C and anti-neuro®lament 160 antibodies

characteristic for astrocytes, oligodendrocytes and neurons, respectively. Cell cultures were stained by the lectins, wheat germ agglutinin,

horse gram agglutinin and soybean agglutinin, demonstrating the presence of N-acetylglucosamine and N-acetylgalactosamine residues on

membrane surface. Binding sites for concanavalin A and peanut agglutinin characteristic for mannose and galactose could not be detected.

Cell age and differentiation had no effect on lectin and antibody staining. Cell cultures gave staining results similar to those of microvessels in

frozen tissue sections. The results of morphology, antibody and lectin staining pattern indicate that our in vitro endothelial cell culture model

retained many histological characteristics observed for capillary microvessels in vivo and appears to be suitable for studying uptake and

targeting properties of drug carrier systems with regard to the blood±brain barrier. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Brain capillaries possess particular morphological and

enzymatic features which distinguish them from blood

vessels in other organs. Their endothelial cells lack fenes-

trations, have few pinocytotic vesicles and form very tight

junctions which are responsible for the formation of the

blood±brain barrier, effectively restricting the movement

of most molecules from blood to the brain [1]. These capil-

laries are completely surrounded by astrocytes which were

assumed to contribute to the barrier properties. To overcome

the limited access of drugs to the brain tissue, several meth-

ods have been employed to enhance blood±brain barrier

penetration [2].

Due to dif®culties in investigating the structure and func-

tion of this barrier in vivo, attempts have been made to

employ in vitro models mimicking barrier characteristics.

Blood±brain barrier cell culture models based on primary

cultures and cell lines have been used for the study of drug

transport, metabolism and biological processes on the cellu-

lar level [3±5]. Cell lines can easily and reproducibly be

cultivated, but often lose typical morphological or biochem-

ical characteristics in culture [6]. In contrast, primary cell

cultures are more dif®cult to cultivate, but seem to retain

more properties of the original tissue [6].

The apparent differences between the permeability prop-

erties of cultured brain endothelial cell monolayers and the

blood±brain barrier in vivo are usually attributed to the

incomplete development of tight junctions and the absence

of natural trophic factors stimulating barrier characteristics
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[7]. Consequently, transcellular drug transport or barrier

properties of the blood±brain barrier in vivo are dif®cult

to compare with in vitro systems. Monolayers of brain capil-

lary endothelial cells enable the interactions between the

luminal surface and drug carrier systems regarding targeting

and uptake mechanisms to be examined. Cell-surface asso-

ciated molecules and receptors are important for the char-

acterization of cell culture systems with respect to identity,

purity and differentiation, but are also fundamental compo-

nents of speci®c targeting, attachment and uptake of carrier

systems for the transport of drugs across the blood±brain

barrier.

The main criterion to assess whether cultured cells are of

endothelial origin is the detection of von Willebrand factor

(vWF), a large glycoprotein of complex multimeric structure

synthesized by endothelial cells and concentrated in Weibel±

Palade bodies [8]. Several enzymes are also characteristic for

endothelial cells. Histochemical studies suggested that alka-

line phosphatase (ALP) [4] and g-glutamyl transpeptidase

(GGTP) [9] may be located primarily within cerebral capil-

laries. Furthermore, the purity of cell cultures can be deter-

mined by the exclusion of any contamination with other

cerebral cells, such as astrocytes, oligodendrocytes, neurons

and smooth muscle cells, by immuno¯uorescent staining of

their cell type speci®c markers [10].

The glycocalyx of endothelial cells extending into the

capillary lumen is also assumed to be a part of the barrier

function [11]. The surface membrane glycoproteins may play

an important role in structure, function and characterization

of the blood±brain barrier and can be detected by lectin stain-

ing [12]. Lectins can be used as tools for histochemical and

morphological studies of normal and pathological cells and

tissues, e.g. in cancer therapy [13]. Furthermore, the interac-

tion of drug carriers with cell membranes can be enhanced by

lectin coating of the particles [14].

It was the aim of this study to establish an in vitro cell

culture model of blood±brain barrier to characterize sites for

active targeting of micro- and nanoparticulate systems.

Therefore, primary capillary endothelial cells were isolated

by combined mechanical and enzymatic techniques from

porcine brains. Cell cultures were characterized by: (i),

staining with monoclonal antibodies directed against

surface antigens or cytoskeleton elements of different cere-

bral cell types; and (ii), ¯uorescein isothiocyanate (FITC)-

labelled lectins to reveal exposed carbohydrate residues on

plasma membranes. Staining patterns of frozen brain tissue

sections were used as controls.

2. Materials and methods

2.1. Isolation of capillary endothelial cells from porcine

brain

Primary capillary endothelial cells were isolated from

brains removed from freshly slaughtered pigs according to

the method of Bowman [15] and Mischek [16] with minor

modi®cations. Brie¯y, the grey matter of two fresh porcine

brains was aseptically minced and collected in M199

(Gibco, Eggenstein, Germany) supplemented with 2% peni-

cillin/streptomycin (10.000 E/10.000 mg/ml; Gibco) to a

®nal volume of 100 ml/brain. After digestion in 1% (w/v)

dispase II from Bacillus polymyxa (Boehringer Mannheim,

Mannheim, Germany) for 3 h at 378C, cerebral microvessels

were collected by centrifugation (5800 £ g, 10 min, 48C)

with a 15% dextran (MW, 71 000; Sigma, Deisenhofen,

Germany) solution. The pellet of crude capillaries was

resuspended in M199 and digested with 0.1% collagenase/

dispase II (from Vibrio alginolyticus/Bacillus polymyxa;

Boehringer Mannheim) for 3±5 h at 378C. Cells were sedi-

mented at 1000 £ g for 10 min. To separate red blood cells,

cell debris and fat, the pellet was centrifuged on a discon-

tinuous Percoll-gradient prepared from 1.07 and 1.03 g/cm3

solutions (Pharmacia, Freiburg, Germany) at 1300 £ g for

10 min. Endothelial cells, mainly present in cell clusters at

the gradient interface, were aspirated, washed in M199 and

resuspended in M199 supplemented with 10% foetal calf

serum (FCS; Biozol, Eching, Germany), 2% penicillin/

streptomycin solution and 2 mM glutamine (Gibco) for

cultivation.

2.2. Culture of endothelial cells

Cell viability was determined by the Trypan-Blue exclu-

sion test [17] and propidium iodide staining [18]. For anti-

body and lectin staining experiments, endothelial cells from

one brain were seeded on 250 cm2 of 12-well cell culture

multidishes (Nunc, Wiesbaden, Germany), coated with 0.2

mg/ml rat tail collagen type I (Serva, Heidelberg, Germany).

Cells were cultured in M199 supplemented with 10% FCS,

2 mM glutamine, 2% penicillin/streptomycin solution at

378C, 10% CO2 and 98% relative humidity. Cell cultures

were used for experiments after 2, 4 and 6 days of incuba-

tion. Contaminating cell debris and non-adherent single

cells were removed by washing with medium 48 h after

seeding. Afterwards, the medium was changed every 2±3

days. Attachment, proliferation and morphology of the cells

were observed through an inverse phase contrast micro-

scope (Nikon) with a £ 100 magni®cation.

2.3. Preparation of frozen tissue sections

Brains, removed from freshly slaughtered pigs, were

snap-frozen in isopentane at 2708C for 5±10 min. Pieces

of the cerebral cortex were cut into 20 mm thick sections

using the microtome 1207 (Leitz, Wetzlar, Germany),

placed on microscope slides and stored at 2708C until use.

2.4. Antibody staining

The antibody lyophilisate of the neural cell typing set

(Boehringer Mannheim) was reconstituted in bidistilled

water to a ®nal concentration of 10 mg/ml. The rabbit
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anti-human vWF antibody (Dako Diagnostika GmbH,

Hamburg, Germany) was diluted at 1:200 for use. An af®-

nity puri®ed anti-mouse-Ig antibody, F(ab 0)2 fragment, from

sheep (Boehringer Mannheim) conjugated with 5(6)-

carboxy-¯uorescein-N-hydroxysuccinimide ester (FLUOS)

was used as a secondary antibody for indirect immuno¯uor-

escence in a concentration of 20 mg/ml in phosphate-

buffered saline (PBS; pH 7.4) supplemented with 0.5%

bovine serum albumin (BSA; Sigma).

Methanol precooled to 2208C was used for ®xation of

frozen tissue sections. Samples to be stained with anti-

galactocerebroside C (GalC) were ®xed by incubation in

5% (v/v) acetic acid in ethanol for 10 min at 2208C.

After repeated washings with PBS, non-speci®c binding

was blocked by incubation with 1% (w/v) BSA in PBS at

378C for 30 min. Unbound albumin was removed by PBS

washings, and sections were incubated with the primary

antibodies at room temperature for 1 h. Thereafter, the slides

were rinsed three times with PBS and incubated with the

FITC-labelled secondary antibody for 30 min in the dark.

They were rinsed again, embedded in PBS/glycerol (2 1 1)

and examined under a Zeiss ¯uorescent microscope with an

excitatory wavelength of 485 nm and an emission wave-

length of 510 nm (BP 485, FT 510 ®lterset 17, Zeiss,

Germany) using £312 and £500 magni®cations. Micro-

scopic photographs were taken using a Contac RTS II

camera (Germany) and Fuji 100 ASA ®lms. Endothelial

monolayers were rinsed three times with PBS, ®xed with

methanol and stained with the antibodies as described above

for tissue sections. Negative controls were similarly

prepared using PBS instead of a primary antibody.

2.5. Lectin histochemistry

FITC-labelled wheat germ agglutinin (WGA), soybean

agglutinin (SBA), and Dolichos bi¯orus (horse gram) agglu-

tinin (DBA) were obtained from Sigma, and peanut agglu-

tinin (PNA) and concanavalin A (Con A) were obtained

from ICN (Eschwege, Germany). Lectins were diluted in

PBS (pH 7.2) supplemented with 0.1 mM of calcium chlor-

ide, magnesium chloride and manganese chloride (lectin

buffer) to a ®nal concentration of 100 mg/ml.

Endothelial cell monolayers were washed twice with

lectin buffer and incubated with lectin solutions for 30

min at room temperature under light exclusion. To remove

excess lectin, cells were rinsed three times with lectin buffer

and examined immediately under the Zeiss ¯uorescence

microscope as described for antibody staining. Cryostat

tissue sections were ®xed in 4% formaldehyde in PBS over-

night, rinsed with lectin buffer and stained as described for

cell monolayers. Afterwards, they were dehydrated in a

graded series of ethanol, embedded in Corbit±balsam and

examined by ¯uorescence microscopy as described above.

Speci®city of lectin binding was veri®ed by competitive

inhibition with the appropriate saccharides (Merck, Darm-

stadt, Germany) prior to incubation. One hundred microli-

ters of a 0.4 M sugar solution was incubated with 100 ml

lectin solution for 48 h at room temperature before adding to

the cells or slides. For perforation of plasma membranes,

cell cultures were ®xed in 4% formaldehyde in PBS for 10

min at 08C, rinsed and treated with 1% Triton X-100

(Gibco) on ice for 5 min. After repeated washings with

PBS, lectin staining was performed as described above.

To remove terminal sialic acid residues, samples were

digested with neuraminidase (Clostridium perfringens,

Boehringer Mannheim), 0.025 U/ml, in 0.2 M citrate±

maleate buffer containing 0.9 mM calcium chloride for 24

h at 378C prior to incubation with lectins.

3. Results

3.1. Light microscopy of primary capillary endothelial cells

Immediately after seeding, capillary endothelial cells

from porcine brains associated with cell clusters which

attached to the collagen-coated surfaces within 12±24 h

(Fig. 1A). The viability of the isolated cells was determined

to be approximately 90%. After 3±4 days in culture, elon-

gated cells grew out in colonies (Fig. 1B) and reached

con¯uence within 6±8 days postseeding. With increasing

cultivation time, cell clusters disappeared and morphologi-

cally homogeneous growth could be observed. The typical

morphology of a con¯uent endothelial cell monolayer is

shown in Fig. 1C. Con¯uence was reached after cessation

of cell division, and cell death occurred after 10±12 days in

culture.

3.2. Antibody staining

Cellular heterogeneity of the CNS is a problem for the

isolation of a well-de®ned population of capillary endothe-

lial cells. To characterize cell monolayers from pig brain

endothelial cells with respect to identity and purity, a panel

of six monoclonal antibodies for indirect immuno¯uores-

cent labelling technique was used. The speci®city of anti-

body binding was demonstrated by the staining of frozen

porcine cortical brain sections and is shown in Table 1.

Negative controls incubated with PBS instead of a primary

antibody showed no ¯uorescence (data not shown).

3.2.1. Antibody staining of frozen tissue sections

Anti-NF160 antibodies directed against a 160 kDa neuro-

®lament gave a slightly different staining pattern for white

and grey matter due to their different compositions (Fig.

2A). With this staining, two types of neuronal processes

could be distinguished in the cortical sections due to their

structural properties: short processes with extensive arbor-

izations and long, low branched processes. Whereas the

®laments of the grey matter displayed a disordered network,

in the white matter, the processes were more parallel and

well-ordered in orientation. Neuro®lament staining could

not be observed in blood vessels.
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Astrocytes, characterized by the presence of glial ®bril-

lary acidic protein (GFAP), a 50 kDa intermediate ®lament

(Fig. 2B), showed extensive ¯uorescence of their star-like

perikaryons with the exception of the nucleus. Astrocytes of

the grey matter displayed small cell bodies with a few, short,

highly branched cytoplasmatic processes. In contrast, astro-

cytes of the white matter were characterized by many long,

but poorly rami®ed processes. No staining could be

observed in blood vessels, indicating the absence of

GFAP in endothelial cells. To detect the localization of

oligodendrocytes, antibodies against galactocerebroside

(anti-GalC), a surface membrane glycolipid, were used

(Fig. 2C). Both grey and white matter contained similar

small, roughly globular cells with non-¯uorescent nuclei.

In contrast to astrocytes, only a few, low branched processes

were seen. Cerebral microvessels were not stained by the

anti-GalC antibody.

Since the occurrence of the intermediate ®lament, vimen-

tin, is not restricted to the endothelial cells of the blood

vessels, an intensive ¯uorescence of different cerebral cell

types could be observed (Fig. 2D). White and grey matter

showed comparable staining patterns. The entire outer

surface of the vessel basement membrane was covered with

foot processes from astrocytes. In all cells, vimentin staining

was restricted to the cytoplasma, with exclusion of the

nucleus. Indirect immuno¯uorescent staining with anti-®bro-

nectin antibodies revealed the presence of ®bronectin in grey

and white matter with a similar pattern as indicated by ®bril-

lary structures (Fig. 2E). Under the chosen conditions, differ-

ent cell types could not be morphologically distinguished.

Fluorescent blood vessels stained by the anti-vWF anti-

body were detected in macro- and microvascular vessels in

cortical sections (Fig. 2F). Immuno¯uorescence staining

revealed a punctiform distribution, indicating the accumula-

tion of vWF in vesicular cytoplasmatic structures. Using the

monoclonal rabbit anti-human vWF antibody, the ¯uores-

cence intensity was signi®cantly weaker compared with all

other antibody staining described above. A human anti-

Factor VIIIC antibody (Boehringer Mannheim) did not

interact with cortical structures and gave no detectable

¯uorescence signal (data not shown).

3.2.2. Antibody staining of cultured endothelial cells

After 2, 4 and 6 days, endothelial cell monolayers did not

display any af®nity for anti-GFAP, anti-GalC and anti-

neuro®lament 160 (NF 160) antibodies (data not shown).

They showed ¯uorescence intensities which were not signif-

icantly different from the control values. Therefore, contam-

ination with astrocytes, oligodendrocytes and neurons could

be excluded. Cells stained histochemically positive for
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Fig. 1. Phase contrast micrographs of primary endothelial cell cultures isolated from porcine brain microvessels: (A), 2; (B), 4; and (C), 6 days after seeding

(100 £ ).

Table 1

Origin, major sugar speci®cities of the lectins and the binding inhibitors used in this study

Cell type NF 160 GFAP GalC Vimentin Fibronectin vWF

Neurons 1 2 2 2 2 2

Astrocytes 2 1 2 1 2 2

Oligodendrocytes 2 2 1 2 2 2

Fibroblasts 2 2 2 1 1 2

Endothelial cells 2 2 2 1 1 1



vimentin, demonstrating a typical intracellular ®lamentous

network staining with exclusion of the nucleus (Fig. 3A).

Staining with anti-®bronectin antibodies revealed an adhe-

sive web of ®bronectin, mainly underlying the endothelial

cells and binding them to their substrate (Fig. 3B). Fluores-

cently-labelled ®brils are primarily accumulated in the

region of cell clusters, an area of extensive growth and

cell migration. Positive immunostaining for vWF antigen

was present diffusely in the cytoplasma of cultured cells,

although the staining intensity was signi®cantly weaker

compared with the other antibody reactions (Fig. 3C). The

observed staining patterns for the different antibodies were

independent of the age and differentiation of the cells.

3.3. Lectin staining

Five different FITC-labelled lectins were selected to char-

acterize the distribution of carbohydrate residues on cell

surfaces of cultured endothelial cells from porcine brain

capillaries. In vitro cell culture data were compared with

the lectin staining pattern on the surface of cerebrovascular

vessels in vivo by incubation of ®xed sections of pig brain

slides with lectins. The origin, carbohydrate speci®city and

inhibitory monosaccharides of the lectins are listed in Table

2. The speci®city of lectin binding obtained was veri®ed by

competitive inhibition with appropriate sugars. Incubations

with FITC-lectins inhibited by the competing sugars failed

to demonstrate lectin binding on endothelial cells. Using the

lectins at concentrations of 0.1 and 0.5 mg/ml revealed simi-

lar results.

3.3.1. Lectin staining of tissue sections

Visualization of the lectins bound to the cortex cryosec-

tions provided a variety of staining patterns that were speci-
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®c for each lectin. WGA was the most effective lectin to

label cortex sections from porcine brains (Fig. 4A). Since

binding sites for WGA appeared to be evenly and strongly

distributed on both grey and white matter, the ¯uorescence

of single structures such as blood vessels could not be distin-

guished. SBA (Fig. 4D) and DBA (Fig. 4E) showed inten-

sive vessel staining with moderate (SBA) or no (DBA)

staining of other cerebral structures. Binding of PNA (Fig.

4B) and Con A (Fig. 4C) could not be observed under our

experimental conditions. Neuraminidase digestion did not

alter the binding patterns of WGA, SBA and Con A. Using

DBA, the background ¯uorescence increased by the

removal of terminal sialic acid residues. Pretreatment of

the slides with neuraminidase results in exposure of PNA-

binding sites (data not shown).

3.3.2. Lectin staining of cultured cells

The surface lectin staining pattern of the in vitro endothe-

lial cell monolayers was determined after 2, 4 and 6 days in

culture. None of these staining patterns changed with

increasing culture duration. To allow the staining of intra-

cellular structures like nuclei, golgi complex or cytoplas-

matic vesicles, the monolayers were ®xed and the plasma

membrane perforated by 1% Triton X-100 treatment.

When applied to un®xed cells, SBA extensively stained

the monolayers and appeared to be especially associated

with intercellular contacts (Fig. 5A). Pretreatment with

Triton X-100 resulted in an increase of ¯uorescence in the

cytoplasmatic region without nuclear staining (Fig. 5B).

The ¯uorescence intensity of DBA was comparable with

SBA staining (Fig. 5C). No difference between ®xed and

un®xed monolayers could be detected. The most intense

staining of plasma membranes was observed with WGA

(Fig. 6A). Additionally, after longer incubation periods

(45 min), in all cells, the ¯uorescence appeared to be loca-

lized in discrete cytoplasmatic vesicles, as indicated by an

intense perinuclear punctate ¯uorescent pattern suggesting a

vesicular uptake mechanism for the WGA (Fig. 6B). After

®xing the monolayer, the ¯uorescence intensity increased

and cell nuclei became labelled (Fig. 6C). Whereas un®xed

endothelial cells failed in binding Con A (Fig. 5D), after

detergent treatment, binding sites for this lectin were detect-

able in the cytoplasma, but not in the nucleus of the cells

(Fig. 5E). Independent of the pretreatment, PNA showed no

af®nity to the cultured endothelial cells (Fig. 5F). Using

endothelial cell monolayers, neuraminidase treatment was

not possible since cells were destroyed by the enzymatic

treatment during incubation.
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Fig. 3. Staining of endothelial cell monolayers from porcine brain with antibodies of the neural cell typing set (Boehringer Mannheim): (A,B), 312.5 £ ; (C),

500£. Monolayers stained positive for: (A), anti-vimentin; (B), anti-®bronectin; and (C), anti-vWF.

Table 2

Speci®city of the monoclonal antibodies used in this study

Lectin Source Carbohydrate speci®city Inhibitor

WGA Triticum vulgaris (wheat) GlcNAc, NANA N-acetylglucosamine

SBA Glycine max (soybean) a-D-GalNAc; b-D-GalNAc, Gal N-acetylgalactosamine

DBA Dolichos bi¯orus (horse gram) a-D-GalNAc, Gal N-acetylgalactosamine

PNA Arachis hypogaea (peanut) b-D-Gal-D-GalNAc; b-D-GalNAc, Gal Galactose

Con A Canavalia ensiformis (jack bean) a-Man, a-Glc Mannose



4. Discussion

The expression of characteristic blood brain±barrier

surface markers offers the opportunity to selectively target

drugs and carriers to the brain. We screened an in vitro

porcine endothelial cell culture as a model system for the

blood brain±barrier for speci®c recognition signals on the

plasma membranes. We were especially interested in the

binding of different antibodies and lectins to the surface of

these cells. Therefore, techniques characterizing transcellu-

lar transport mechanisms (e.g. transendothelial electrical

resistance [7]) or the evidence of intracellular components,

such as ALP, GGTP [16], were not taken into consideration.

These studies are currently under investigation. Cell culture

data were compared with the results from cortical sections

from pig brains and gave corresponding results. All staining

experiments were run in triplicate using three separate

cultures of endothelial cells from porcine brains and gave

corresponding and reproducible results.

Since the endothelial monolayer did not display any af®-

nity for antibodies directed against GFAP, NF 160 and

GalC, contamination with astrocytes, neurons and oligoden-

drocytes could be excluded. Contaminating cells were

removed by the different enzymatic digestion steps and by

mechanical dispersion. Furthermore, the culture conditions

chosen for the cultivation of endothelial cells were not suita-

ble for the attachment, survival and growth of some of these

cells [19]. To con®rm that the cultured cells were of

endothelial origin, they were stained by indirect immuno-

¯uorescence for vWF. Antibody staining was detectable, but

the intensities were signi®cantly lower than those for all

other antigens used in our experiments, presumably depend-
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SBA;� (E) DBA. No de®nite af®nity to endothelium could be observed for: (B) PNA; and (C) Con A (312.5 £ ).



ing on the choice of species, ®xation conditions and the

preparation of the endothelial cells. Several authors

hypothesized that the expression of vWF in culture seems

to depend on the capillary isolation procedure as well as the

species of the laboratory animal and the selected antibody.

Mischek et al. [16] reported the presence of the glycoprotein

in brain capillaries in vivo, but no reaction of porcine

endothelial cells to vWF in vitro. Since all endothelial

cells express vWF, vWF-antibodies are not suitable for

the speci®c targeting of brain capillaries [20]. Additionally,

after systemic application, the disturbance of physiological

functions by blocking vWF with an antibody could not be

excluded and limits the use of this marker for targeting.

Endothelial cells and ®broblasts produce the cellular,

non-soluble, oligomeric form of ®bronectin, which is

mainly localized on the cell surface and mediates in vitro

adhesion of the cells to their substrate. However, FCS is also

a rich source of ®bronectin. The contribution of serum ®bro-

nectin to the staining intensity vis-aÁ-vis ®bronectin

produced by the cells, needs further investigation. Ultra-

structural studies revealed that endothelial cells, ®broblasts,

embryonic neurons and epithelial cells express vimentin

elements [21,22], as one of the major parts of their cytoske-

leton. Since both vimentin and ®bronectin are present on

different types of cells, they are not suitable potential

addresses for selective brain targeting. Additionally, due

to its intracellular localization, vimentin is not accessible

for interactions with carrier systems.

Several microscopic studies have demonstrated lectin

binding to the peripheral, non-cerebral endothelium [23]

of the intestinal mucosa, pancreas [24], bone marrow sinu-

soidals [25] and the fenestrated vessels of glomeruli [26].

The special morphology and permeability of cerebral

endothelia are unlike those of the peripheral organs which
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Fig. 5. Lectin staining of endothelial cell monolayers: (A,B,D±F) 312.5 £ ; (C) 500 £ . (A) SBA; (B) SBA with Triton X-100 pretreatment; (C) DBA, (D) Con

A; (E) Con A with Triton X-100 pretreatment; (F) PNA.



facilitate a controlled transport of substances into the brain

[1]. An increase in cerebrovascular permeability was found

to be associated with an alteration in surface charge in vivo

[27]. Vorbrodt et al. [12] observed changes in lectin receptor

distribution within vessel walls correlated with blood±brain

barrier damage, raising the question of the role of membrane

glycoproteins in barrier function. Similar observations were

reported by Szumanska et al. [28] and Mann et al. [29].

In this study, due to the intensity of ¯uorescence label-

ling, capillary endothelial cells from porcine brains with

lectins yielded the following rank order: WGA . SBA�
DBA. No speci®c af®nity could be demonstrated for Con

A and PNA. Therefore, the monolayers displayed lectin-

binding patterns compatible with accessible a-D-N-acety-

lated glycoproteins (SBA, DBA), whereas b-D-N-acety-

lated sugars (PNA) were found to be less abundant. The

staining pattern observed with Con A strongly suggests

the absence of mannose containing glycoproteins. In accor-

dance with Fatehi et al. [11], lectin staining was independent

of age and differentiation of the endothelial cells. However,

an in vivo study by Vorbrodt et al. [12] found a remodelling

of the surface glycoprotein layer during blood±brain barrier

maturation between the 12th and 24th day of life in mice,

coinciding with a decrease in blood±brain barrier perme-

ability. Changes in the ultrastructural localization of lectin

binding sites in the developing brain microvasculature in

vivo were also described by Nico et al. [30].

According to previous observations for rat brain sections

[31] and human endothelial cell cultures, PNA neither

displayed an af®nity for microvessels in vivo nor for

endothelial cells in vitro. PNA receptors seemed to be asso-

ciated more with arterioles than with capillaries [11].

Furthermore, the major difference between non-cerebral

and cerebral endothelia was that PNA binding could not

be observed on the cerebral endothelium of rats [31].

Whereas isolated canine capillaries showed weak SBA

binding, both isolated endothelial cells from bovine brains

[32] and in our study from pig brains showed intense stain-

ing. SBA and PNA ¯uorescence were intensi®ed by neur-

aminidase digestion, resulting in the removal of sialic acid

residues and following exposure of D-gal(1-3)D-gal-NAc

sequences. Similar results were obtained with choroid

plexus endothelium [24] and cultivated rat capillary

endothelial cells [11].

DBA binding of our monolayers correlated with the

observations of Fatehi et al. [11] and Nag et al. [31] in

vivo using dogs and rats. In vivo, WGA revealed binding

to the endothelium of all types of blood vessels. Further-

more, cell nuclei were stained by WGA, illustrating the

localization of N-acetylglucosamine residues in the nucleus.

Apart from WGA, in several studies, strong staining of

vessels was also observed for Ricinus communis agglutinin I

(RCA-I) and Ulex europaeus I (UEA-I) [11,31,33,34]. In

contrast to WGA, which strongly stained many cells in

cortical sections, RCA-I strongly stained vessels and capil-

laries with little or no staining of other cortical cells. There-

fore, RCA-I has been proposed to be the preferable marker

for endothelial cells. In our study, Con A failed to stain

endothelial cells both in vivo and in vitro, although several

authors reported intense vessel staining of Con A [11,33].

This may probably be due to different ®xation procedures or

species-dependent effects.

Together with previously published data, lectins for the

characterization of porcine capillary endothelium can be

categorized in three groups: (i), WGA, UEA-I and RCA-I

with the highest af®nity for endothelium could be used to

D. Fischer, T. Kissel / European Journal of Pharmaceutics and Biopharmaceutics 52 (2001) 1±11 9

Fig. 6. WGA staining of capillary endothelial cells (321.5 £ ). (A) Endothelial cells showed intensive ¯uorescence after FITC±WGA treatment. (B) Forty-®ve

minute incubations resulted in granular vesicular perinuclear structures, suggesting an endocytic uptake mechanism. (C) After ®xation of the monolayers,

¯uorescence increased and cell nuclei became labelled.



determine the endothelial origin of cells; whereas (ii), SBA

and DBA showed weaker staining; and (iii), PNA and Con

A binding did not occur on cerebral endothelium.

Plant lectins demonstrated some potential to mediate

cytoadhesion and cytoinvasion of drugs and drug carrier

systems in the gastrointestinal tract [35] and airway epithe-

lium [36]. Based on genetic engineering techniques, natural

lectins can be speci®cally modi®ed to increase yield and

purity, to enhance binding and uptake and to reduce cyto-

toxicity. Broadwell et al. [37] reported absorptive mediated

uptake and transcytosis for horse radish peroxidase (HRP)±

WGA in rat endothelium. After endocytosis, the conjugate

and its metabolites accumulated in endosomes, golgi

complex and the cytoplasma of pericytes. In our experi-

ments, WGA-mediated ¯uorescence was also found to be

localized in cytoplasmatic perinuclear vesicles, presumably

indicating an endocytic uptake mechanism. WGA was

found to enhance the uptake of HIV-1 gp120, usually slowly

crossing the blood±brain barrier, into different peripheral

tissues, but the greatest percentage increase occurred for

the brain without disrupting the barrier function [38]. Five

other lectins tested had little or no effect on brain uptake,

suggesting a key role for sugars in binding WGA. Addition-

ally, compared with RCA-I and UEA-I, WGA demonstrated

a favourable toxicity pro®le. Based on our experiments,

WGA seems to be the most promising ligand for a targeting

or the enhancement of uptake of substances to the brain.

Covalently or electrostatically attached to the surface of

particulate drug carriers, WGA seems to be a promising

ligand to trigger the interaction with cells forming the

blood±brain barrier.

5. Conclusion

The selected antibodies were suitable for the characteri-

zation of the identity and purity of the cells, but not as

ligands for active targeting due to the intracellular localiza-

tion of their targets or the negative side-effects on physio-

logical functions. Some of the lectins were also identi®ed as

useful tools to determine the identity and purity of the cells,

and additionally, the suitability for drug targeting. WGA

seems to be a very promising candidate due to its high

af®nity for the cerebral capillary endothelium compared

with other lectins tested for active targeting and its low

cytotoxicity. Whereas SBA and DBA showed only weak

staining, PNA and Con A binding could not be observed.

Additionally, WGA was found to mediate endocytosis and

transcytosis of substances. Our ®ndings were in good agree-

ment with data published for other endothelial cell culture

systems of the blood±brain barrier. The results compared

with cortical brain sections also demonstrated that charac-

teristics of the brain capillary endothelium were preserved

in our cell culture model, indicating its suitability for study-

ing the uptake and targeting properties of drug carrier

systems with regard to the blood±brain barrier.
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