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Abstract
Cell culture models have been extensively used for studies of blood–brain barrier ŽBBB. function. However, several in vitro models
fail to reproduce some, if not most, of the physiological and morphological properties of in situ brain microvascular endothelial cells. We
have recently developed a dynamic, tridimensional BBB model where endothelial cells exposed to intraluminal flow form a barrier to ions
and proteins following prolonged co-culturing with glia. We have further characterized this cell culture model to determine whether these
barrier properties were due to expression of a BBB phenotype. Endothelial cells of human, bovine or rodent origin were used. When
co-cultured with glia, intraluminally grown endothelial cells developed features similar to in vivo endothelial cells, including tight
junctional contacts at interdigitating processes and a high transendothelial resistance. This in vitro BBB was characterized by the
expression of an abluminal, ouabain-sensitive NarK pump, and thus favored passage of potassium ions towards the lumen while
preventing Kq extravasation. Similarly, the in vitro BBB prevented the passage of blood–brain barrier-impermeant drugs Žsuch as
morphine, sucrose and mannitol. while allowing extraluminal accumulation of lipophylic substances such as theophylline. Finally,
expression of stereo-selective transporters for Aspartate was revealed by tracer studies. We conclude that the in vitro dynamic BBB model
may become an useful tool for the studies of BBB-function and for the testing of drug passage across the brain endothelial monolayer.
q 1997 Elsevier Science B.V.
Keywords: Ion homeostasis; Brain microvasculature; Drug delivery; Brain tumor; Drug development; Alternative testing; Cell culture; Neurodegenerative
disorder

1. Introduction
The blood–brain barrier maintains the homeostasis of
the brain microenvironment, which is crucial for neuronal
activity and function. Brain microvascular endothelial cells
ŽEC. that constitute the blood–brain barrier ŽBBB. are
responsible for the transport of metabolites, precursors and
nutrients from the blood to the brain. The same cells are
involved in the clearance of potassium and hydrogen ions
from the brain. While blood–brain barrier EC retard the
transcellular migration of most hydrophillic solutes, nutrients and sugars gain rapid access into the brain. As one
)
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may expect given the seemingly opposite properties of
these BBB cells, two different subcellular mechanisms are
responsible for the ‘barrier’ and ‘transport’ features of
blood–brain barrier EC: tight junctions and specialized
transcellular transporters, including micropinocytotic vesicles for macromolecules. The perivascular glia processes
which encompass the basal lamina of the endothelial cells
in the central nervous system influence the integrity of the
tight junctions Žor zonula occludens..
In mammals and in higher vertebrates, the sites of the
blood–brain barrier are the complex tight junctions between EC that prevent the paracellular migration of hydrophillic molecules from blood to brain and vice versa
w7,41x. Specialized transporters for sugars Že.g. glucose
w30,37,43x. and amino acids w35x have been described in
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blood–brain barrier EC and account for the transendothelial permeability of otherwise membrane-impermeant substances.
An often neglected aspect of the blood–brain barrier
relates to its capacity to act simultaneously as a barrier and
as a transporter for an ion or molecule. For example, the
BBB is virtually impermeant to intraluminal potassium
ŽK plasma , w48x.. However, brain Ži.e. abluminal. potassium
is transported to the blood by a specialized and topographically segregated NarK-ATPase w4,51x. Thus, by combining the tight junction-mediated ‘tightness’ of the BBB with
an asymmetric transporter, K CSF remains constant in spite
of K plasma variations or parenchymal wKx increases resulting
from neuronal activity.
Most of these specialized properties Žtight junctions,
micropinocytotic vesicles, transporters, ion homeostasis
mechanisms. are bestowed on endothelial cells by the
brain tissue w14,16,22,42,47x. Peripheral capillaries that
vascularize brain tissue acquire blood–brain barrier properties w47x. Several investigators have reported that BBBspecific properties are induced in EC by neighboring astrocytes Že.g. w16,22x.. Consistent with this finding, isolated
blood–brain barrier EC loose their properties after culturing in vitro.
The morphological and physiological properties of the
mammalian blood–brain barrier ŽBBB. have been characterized in detail over the years w6,8,22,23,37,42x. Due to
the importance of the BBB in the understanding of central
nervous system ŽCNS. physiology and owing to the theoretical and practical limitations of pharmacokinetic studies
in vivo, it is not surprising that several attempts have been
made to reproduce BBB properties in cultured cells
w16,17,24,25,39,44,45,49,50 x. Owing to the topographic
obstacles associated with the direct investigation of brain
microvessels in vivo, the structure and physiological properties of the BBB have been extensively studied in isolated
microvessels and in primary cultures of brain microvascular endothelial cells w13,18,22,23,29,49x. Based on our
understanding of endothelial cells in situ, an in vitro model
has to reproduce all of the following properties: Ž1. expression of tight junctions between endothelial cells and relative lack of pinocytotic vesicles, Ž2. selective Žand asymmetric. permeability to physiological ions, and Ž3. expression of blood–brain barrier-specific transporters. In addition, it is sometimes useful to immunohistochemically
localize BBB markers in EC.
Advances in molecular neurobiology are bringing closer
to understanding the etiology of chronic and acute degenerative brain disorders. A predictable result of the increased knowledge and awareness of CNS dysfunction
mechanisms is the development of pharmaceutical strategies to treat a wide spectrum of neurological disorders,
such as stroke, brain tumors, substance abuse and dementia. An equally foreseeable scenario resulting from the
rapid pace of modern neuroscience is that most of the
promising therapeutic approaches will fail the clinical chal-

lenge since most of the drugs acting on the CNS are
effectively excluded by the blood–brain barrier. At least
two approaches have been used to overcome this predicament: the development of strategies aimed at the opening
of the BBB w34x or the design of substances suitable for
targeted CNS delivery w5,27,38x. It is thus not surprising
that several attempts have been made towards the development of an in vitro Žor theoretical w45x. model of the BBB
w2,17,27,38,44x.
We have recently developed a new in vitro model of the
BBB characterized by a tridimensional, pronectin-coated
hollow fiber structure that enables co-culturing of EC with
glia w21,46x. Endothelial cells in vivo are continuously
exposed to shear stress generated by the flow of blood
across their apical surfaces. In the hollow fiber apparatus,
EC are seeded intraluminally and are exposed to flow.
Under these conditions, these endothelial cells develop a
morphology that closely resembles the endothelial phenotype in situ w36x, demonstrating that endothelial cells grown
with flow develop greater differentiation than after conventional culture. More recently, we reported the induction of
BBB properties in endothelial cells grown in hollow fibers
in the presence of extraluminally seeded glia; this induction of a BBB-specific phenotype included low permeability to intraluminal potassium, negligible extravasation of
proteins, and the expression of a glucose transporter. In
addition, culturing of EC with glia affected the overall
morphology of the cells and induced the expression of
BBB-specific ion channels w20,21,46x.
We designed the experiments reported herein to further
test the BBB nature of endothelial cells cultured with glia
in hollow fibers. In particular, we wanted to answer the
following questions. Ž1. Does the in vitro blood–brain
barrier express interendothelial tight junctions; is this in
vitro BBB characterized by a high transendothelial resistance? Ž2. Are asymmetric, ouabain-sensitive potassium
transporters expressed in these cultured endothelial cells?
Ž3. Can this in vitro model be used for pharmacological
testing of the BBB permeability properties of novel drugs?
Finally, we have extended our original experiments performed with bovine aortic EC and rat glioma cells by
using a variety of different tissue sources, including human
microvascular endothelial cells and cultures of human
astrocytes.

2. Materials and methods
2.1. Cell sources
Rat brain microvascular endothelial cells ŽRBMEC.
were isolated as previously described w18x. RBMEC were
cultured in medium containing: DMEM with 1 grl glucose
ŽBioWhittaker., 15% plasma derived equine serum ŽAtlanta
biologicals., 4% fetal bovine serum ŽHyClone., non-essential amino acids ŽBioWhittaker., L-glutamine 2 mM, MEM
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essential vitamin mixture ŽBioWhittaker., Na pyruvate 1
mM ŽBioWhittaker., endothelial mitogen ŽECGF. 10
mgr100 ml ŽBiomedical Technologies., heparin 5 mgr100
ml ŽSigma. and PSF consisting of penicillin 100 Urml,
streptomycin 100 mgrml, and fungizone 0.25 mgrml
ŽBioWhittaker..
Bovine aortic endothelial cells ŽBAEC. were obtained
from Dr. H. Sage at the University of Washington and
grown in the medium described below. C6 Ža rat glial
tumor line. was purchased from ATCC ŽRockville, MD.
and grown under the same conditions. Rat brain astrocytes
ŽRBA. were isolated according to Refs. w19,33x with some
modifications. Briefly, 21-day-old fetuses were removed
from the uterus and the cortices were dissected out in cold
Hanks’ BSS without Ca2q or Mg 2q. After trituration the
tissue was incubated for 15 min at 378C in a Trypsin–
Hanks’ mixture containing trypsin Ž2.5 mgrml.. After
several centrifugation steps and a final trituration to break
up all aggregates, the cells were filtered through a 74-mm
nitex mesh and plated in flasks coated with poly-D-lysine
Ž200 mgrflask.. Cells were grown in DMEMq 10% FBS
supplemented with 1.8 grl glucose, 2 mM glutamine, 10
mM HEPES, MEM essential vitamin mixture, non-essential amino acids 100 mM each, 1 mM Na pyruvate, and
PSF. After 24 h, the flasks were placed on a rotary shaker
for up to 5 h to release unattached cells and microglia
which were decanted and fresh medium added. This procedure was repeated every 3 days until cells reached confluence Ž5–10 days..
Human brain endothelial cells and human fetal astrocytes were isolated and cultured as described w31,33x.
Mouse astrocytes were obtained from Dr. M. Pekny ŽUniversity of Gothenburg, Sweden. and cultured as described
w40x.
Endothelial cells were characterized by specific uptake
of Ac-LDL ŽDiI-Ac-LDL.. For immunocytochemical staining the cells were fixed in 4% paraformaldehyde for 1 h
Žat 48C.. After several washes the cells were placed in a
blocking buffer containing 3% goat serum, 1.5–3% BSA,
and 0.1% Triton in 0.1 M TBS, pH 7.4, for 1 h to prevent
non-specific binding. Primary antibodies were diluted in
the same buffer and allowed to react from 1 h to overnight.
MRC OX-42 antibody ŽBioproducts-Harlan. and glial fibrillary acidic protein ŽGFAP, Dako. were used to visualize
microglia and astrocytes respectively. After several washes
cells were placed in a fluorescent secondary antibody
Žanti-mouse IgG2a for OX-42 and anti-rabbit IgG for
GFAP. for 1 to 3 h.
2.2. Hollow fiber apparatus
Cells were co-cultured using hollow fiber tubes Žthe
‘capillary vessels’. inside a sealed chamber Žthe ‘extraluminal space’. accessible by ports ŽCELLMAX w
QUAD, Cellco, Germantown, MD; see Refs. w28,36,46x..
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The cartridgerhollow fiber culturing system consists of
artificial capillaries made from polypropylene and coated
with ProNectine F ŽProtein Polymer Technologies. in a
clear plastic chamber connected by gas permeable tubing
to a source of growth medium allowing exchange of O 2
and CO 2 . A pulsatile pump forces medium through the
lumen of the artificial capillaries allowing diffusion of
nutrients out to the extraluminal space Žecs. through the
0.5-mm trans-capillary pores at a controllable rate.
Metabolic products are similarly removed from the cartridge. The entire apparatus resided in a water-jacketed
incubator with 5% CO 2 and could be sterilely sampled by
moving it inside a laminar flow hood.
EC were seeded intraluminally and allowed to establish
themselves for 0 to 15 days before C6 or astrocytes were
introduced into the ecs surrounding the capillaries. EC
were grown to confluence in 75-cm2 flasks, removed with
trypsin and resuspended in DMEM containing 1% FBS
and PSF. Amounts seeded ranged from 10 = 10 6 to 20 =
10 6 in two loadings. Flow rate was adjusted to 1 dynercm2 .
2.3. Morphology
2.3.1. Light microscopy
For microscopic examination, cells were fixed by intracapillary perfusion with PBS q 4% paraformaldehyde, at
room temperature. Capillaries were then dissected free
from the cartridge plastic support and postfixed at 48C for
24 h. Samples were subsequently cryoprotected and frozen
on dry ice. Thin Ž20 mm. sections were cut on sliding
microtome and processed for GFAP immunoreactivity as
previously described w40x.
2.3.2. Electron microscopy
Capillary samples were fixed by intracapillary perfusion
with 2% paraformaldehyde in a 0.1 M phosphate buffer
ŽPB, pH s 7.2. solution. The preparations were then postfixed in the same solution in the cold for 2–7 days. Hand
wafer samples Ž0.5 mm thick. were processed as follows:
rinsed three times in 0.1 PB, post-fixed in 1% OsO4 for 1
h, rinsed three times in PB, dehydrated through ascending
grades of ethanolic alcohol solutions, infiltrated with
propylene oxide and medcast resin. The samples were
embedded in medcast resin and cured in a 608C oven for
24–48 h. Semi-thin sections Ž1 mm. were cut in the
transverse and longitudinal planes using glass knives. Ultra-thin sections Ž90 nm. using a diamond knife ŽDiatome.
were made on selected blocks in both planes. Ultra-thin
section were stained with uranyl acetate and lead, then
viewed using a Philips 300 or 410 electron microscope.
Selected fields were photographed at instrumental magnifications of 10 000–30 000 = . Photographic enlargements were made at 2.5 = and the prints analyzed for
substructural detail.
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2.4. Electrical resistance
A significant hardware modification of the existing
Cellco system was performed. A metal electrode was
inserted in the extraluminal space and sealed to the downstream ports by dental cement. A second electrode was
placed within the inflow path for intraluminal perfusion.
Thus, the extraluminal electrode Ž V1 . is electrically continuous with the ecs, while the luminal electrode Ž V2 . is
immersed in the intraluminal portion of the dynamic in
vitro-BBB ŽDIV-BBB. apparatus. The theoretical assumptions used for the development of the system to be used for
trans-endothelial resistance measurements are similar to
those described elsewhere w12x. Briefly, a voltage waveform is applied to V1 and the corresponding voltage deflections are measured in V2 . The parameters we measured are
the capillary resistance to current flowing perpendicular to
the capillary wall, R m Ž Vrcm2 .. The electrical signals
collected by V2 , as well as the analog output to V1 are
delivered, acquired, timed, and analyzed by a DArAD
board interfaced to a PC.
2.5. Permeability measurements
A known concentration of the drug under investigation
was dissolved directly into the media bottle and perfused
intraluminally at a rate of 4 mlrmin. Samples were taken
from the extracapillary space or the lumen as indicated in
Fig. 2. Alternatively, a concentrated bolus of the drug was
injected directly into the lumen and the diffusion into the

extracapillary space was monitored over time while maintaining a 4 mlrmin intraluminal perfusion rate. After
appropriate dilution factors were taken into account, no
significant differences in the permeability values were
obtained when using these different approaches. The analysis of the samples was performed by HPLC w52x Žtheophylline and 8-SPT. or by detection of radioactive tracers.
The permeabilityrsurface product was calculated by
graphical integration of the concentration of the drug in the
lumen and in the extracapillary space over variable time
periods Ž30–100 min.. Permeability for a compound x
was calculated by integrating the area under the ecs and
lumen data points according to the following formula
describing p Žpermeability.:
K ) w x x ecs ,final y w x x ecs ,ts0

H0™t w x x

lumen y

H0™t w x x

ecs

where K is a constant used to normalize rate of efflux flux
for luminal surface and lumen r ecs volume ratios; w x xecs,
w x
final and x lumen are the extracapillary space and lumen
concentrations of x.

3. Results
Since the results presented in this study were obtained
by using different cell types and different combinations of
intraluminal and extraluminal co-cultures, we will first

Fig. 1. Cellular growth in hollow fibers was monitored by determination of glucose consumption. Comparison of glucose consumption in RBMEC Ž n s 4.
and BAEC Ž n s 6. grown adjacent to rat astrocytes and a rat glioma cell line, respectively. Note that both RBMEC and BAEC follow a typical growth
pattern characterized by a high initial glucose consumption followed by a decline to a steady-state utilization. The inset shows an enlarged detail of the
pattern of BAEC growth in the first week after inoculation and prior to seeding of extracapillary C6 cells. Addition of extracapillary glia Žindicated by
dashed lines. resulted in a progressive increase in metabolic activity. Note that rat glioma C6 cells displayed a significantly higher Ž; 10 = . glucose
consumption.
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present data dealing with the growth properties of cells
seeded in the hollow fiber apparatus. A schematic representation of the latter is shown in Fig. 2. The properties of
native brain endothelial cells or BAEC grown in the
presence of glia are described below in separate sections
dealing with measurements of potassium permeability,
transendothelial electrical resistance, and passage of drugs
across these endothelial monolayers.
3.1. Cellular growth in hollow fiber capillaries
Endothelial and glial cells were loaded in the hollow
fiber apparatus as described in Section 2 and in Refs.
w21,46x. The hollow fiber apparatus does not allow for
direct evaluation of cells growth: we thus evaluated the
rate of cellular growth by measurements of glucose consumption andror lactate production ŽFig. 1.. In most experiments Žbut see Fig. 4., endothelial cells were first
seeded intraluminally, followed by an inoculation of glia in
the extracapillary space in the following week Žecs, see
Fig. 2.. We successfully cultured intraluminally bovine
aortic endothelial cells, human brain microvascular en-
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dothelial cells and rat brain microvascular EC. Regardless
of the source of endothelial cells, intraluminal growth in
the presence of flow was characterized by an initial peak
followed by a sharp decline in glucose consumption. Addition of glia caused an increase in the metabolic rate, as
judged by an increase in glucose consumption ŽFig. 1A..
As expected, glial cells of tumoral origin Žrat glioma, C6.
grew at a much faster rate than primary cultures of rat
brain astrocytes.
Taken together, these results demonstrated the hollow
fiber apparatus can be successfully used to grow and
co-culture a variety of endothelial and glial cells. The
growth characteristics of glia seeded in the ecs were
comparable to those observed in situ or under bidimensional conditions, inasmuch as cells of tumoral origin grew
faster than their non-tumoral counterparts.
3.2. Morphological appearance of endothelial and glial
cells grown in the hollow fiber apparatus
Fixed transverse sections of capillaries were obtained
and cut on a cryostat. The microscopic appearance of the

Fig. 2. A: schematic representation of the hollow fiber apparatus showing the location of the ports used to sample media and to inoculate cells. The arrow
indicates the direction of flow. A photomicrograph of a transverse section of an individual capillary is shown in B. Note that the extracapillary glia grew
close to the extraluminal surface and formed several cell layers. In contrast, intraluminal growth of endothelial cells is characterized by a monolayer
structure. Lu, lumen; ecs, extracapillary space; ec, endothelial cells; g refers to rat glioma cells ŽC6..
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sections revealed that intraluminally seeded endothelial
cells formed a monolayer structure ŽFig. 2, ec. as previously reported by Ott et al. w36x. Extraluminal glia, in
contrast, developed extensive multilayer growth Žecs in
Fig. 2.. Interestingly, we consistently observed that glia

formed cellular elongations within the capillary wall, suggesting that actual contiguity between extra- and intraluminal cells may be established.
Two cartridges were processed for electron microscopy
following co-culture of BAEC and rat glioma cells and

Fig. 3. Electron microscopic investigation of cellular growth in the hollow fiber apparatus. BAEC were grown in the presence of extraluminal rat glia for
21 days. At this time point, a blood–brain barrier to potassium was present Žsee text.. A: intraluminal endothelial cells form a monolayer characterized by
interdigitation of EC processes and tight junctions Žasterisk.. The inset shows a series of tight junctional contacts between two adjacent cells. Note the
electron-dense material deposits on the artificial capillary Žac. indicated by the arrow. B: another example of intimate contact between neighboring
endothelial cells. The tight junctions together with the characteristic geometry of these cell-to-cell interactions are the substrate of the barrier properties of
these cells. A tight junction Žzonula occludens. is indicated by the asterisk. C: in contrast to intaluminal endothelial cells, extraluminal glia do not grow in
monolayer structures, nor do glia form tight junctions; thus, the observed barrier properties in hollow fibers are not due to an astrocytic barrier. Note the
large extracellular spaces between cell bodies Žindicated by x. and the elongations Žarrows. growing into the transcapillary openings. N, nucleus. D:
another example of extraluminal growth; C6 glioma cells.

K.A. Stanness et al.r Brain Research 771 (1997) 329–342

335

induction of a BBB to potassium Žsee below.. Electron
microscopy analysis of ultra-thin sections demonstrated the
expression of several BBB endothelium-specific features,
including tight junctions Žindicated by asterisks in Fig. 3..
These EC formed typical structures characterized by interdigitations where sometimes several contiguous tight junctions could be seen Žsee inset in Fig. 3A.. The abluminal
side of the membrane was characterized by electron-dense
material, presumably reflecting the existence of a basal
lamina-like structure onto the surface of the capillary
Žarrows in Fig. 3B.. The overall ‘tightness’ of the endothelium lining the capillary lumen closely resembled the
general structure of BBB endothelial cells.
Glial cells appeared densely packed at the light microscopic level Že.g. Fig. 2D.. However, electron microscopy
revealed that extraluminal growth was characterized by
large cell-free gaps Žstars in Fig. 3C,D.. As previously
noted, these glia grew elongations within the transcapillary
pores Žarrows..

Fig. 4. Endothelial cells grown in hollow fibers with glia form a barrier
characterized by high electrical resistance. Human endothelial cells were
co-cultured with human fetal astrocytes, but glial cells were seeded first.
Endothelial cells were added as indicated by the vertical bar. Note that
the TER did not change significantly during extraluminal astrocytic
growth. When EC were added intraluminally, a progressive increase of
TER was observed Ž ns 3; P - 0.05.. Initial resistance was 37.5 V rcm2 .
Final resistance values ranged from 583 to 1100 V rcm2 after 5 weeks in
culture. The inset shows the results from an experiment where endothelial
cells ŽBAEC. were grown intraluminally prior to inoculation of extraluminal astrocytes Žprimary culture.. Note that no increase in TER was
observed until the co-culture was established Žeach data point represents
the mean of two experiments; final resistances were 721 and 838 V rcm2
after 3 weeks of co-culture..

3.3. Transendothelial electrical resistance measurements
in hollow fibers
One of the most difficult blood–brain barrier characteristics to reproduce in vitro is the high electrical resistance
across microvascular endothelial cells. Our previous results
obtained by estimates of transendothelial potassium fluxes
w46x, together with the finding that intraluminal EC formed
numerous tight junctions Žsee above. suggested that the
DIV-BBB could reproduce the high electrical resistance
estimated for in situ BBB EC w11,12x. To this end we
developed an ‘on-line’ electrical resistance measurement

Fig. 5. Asymmetry of the in vitro BBB: potassium fluxes from the intraluminal to the extraluminal space are prevented, while efflux in the opposite
direction is possible. High potassium concentrations were added either extraluminally ŽA. or intraluminally ŽB. and wKxecs Žtriangles. and wKx lumen Žcircles.
levels were monitored over time. The rate of potassium efflux was the same in cultures of BAEC alone Žopen symbols. or following co-culture of EC with
glia Žfilled symbols.. B: time course of potassium accumulation Ž18 mM applied intraluminally. in the extracapillary space in cultures of BAEC alone Ž`.
or BAECq C6 Ž'..

336

K.A. Stanness et al.r Brain Research 771 (1997) 329–342

device capable of monitoring trans-endothelial resistance
ŽTER. changes in hollow fiber-cultured endothelial monolayers grown in the presence or absence of glia.
Endothelial cells grown intraluminally in the absence of
glia did not develop high TER. In three experiments
ŽBAEC. the TER measured after 7 days of intraluminal
growth was 27.5 " 32 Vrcm2 . Similarly, the transcapillary resistance of cultures obtained following extracapillary growth of glia alone Žeither C6 or human astrocytes.
remained low Ž) 50 Vrcm2 .. Dramatic increases in TER
were observed after co-culturing of extracapillary glia with
intraluminal EC Že.g. Fig. 4.. The inset shows the TER
changes observed in a culture of BAECq astrocytes; in
this example, EC were first seeded intraluminally and
allowed to grow for 4 days. Note that no significant
increase in TER was observed during this period of time.
When glia were added to the culture Žas indicated by the
vertical line., the TER values increased dramatically. After
co-culturing of astrocytes and BAEC for 3–4 weeks TER
values stabilized at 736 " 38 Vrcm2 Ž n s 4.. The inset in
Fig. 4 shows the averaged data from two separate cultures;
electrical resistance was measured on-line for 7 days at 1-h
intervals.
To rule out that prolonged growth of extraluminal glia
was responsible for the changes in TER observed, we
reversed the inoculation procedure and extraluminal glia
were grown for 2 weeks prior to inoculation of EC intraluminally ŽFig. 4, n s 3.. Note that no significant increase in
TER was observed during the first 2 weeks of growth, and
that a rapid increase in TER was achieved after introduction of EC.
3.4. Asymmetry of potassium moÕements across the in
Õitro blood–brain barrier
In our previous study w46x, we demonstrated that endothelial cell co-cultured with glia in the hollow fiber
apparatus develop a barrier to intraluminal potassium. We
further investigated the dynamics of potassium movement
across the in vitro blood–brain barrier by measuring the
rate of potassium efflux from the extracapillary space ŽFig.
5.. Elevated concentrations of wKxecs Ž15–60 mM. were
applied while measuring wKxecs and wKx lumen Žtriangles and
circles, respectively.. The experiments were performed
prior to or following induction of blood–brain barrier
properties by BAECrC6 co-culturing. Thus, the open
symbols refer to data from cartridges where only BAEC
were grown, while the filled symbols refer to data from
BAECrC6 co-cultures. Note that under both experimental
conditions, efflux of wKxecs occurred at similar rates Ž1.46
" 0.21 and 1.26 " 0.16 mMrmin in BAEC and BAECq
C6, respectively; n s 4.. In contrast, when high concentrations of potassium were applied intraluminally, 0.11 "
0.006 mMrmin were allowed across the endothelial cell
monolayer Žsee Fig. 5B and Ref. w46x.. Passage of potassium from the ecs to the lumen depended on wKxecs and

Fig. 6. Effects of ion transport inhibitors on potassium efflux from the
extracapillary space. A: ouabain Žat 100 mM. reduces the rate of potassium efflux following extraluminal application in a co-culture of endothelial and glial cells ŽA1; mean of three experiments.. A2: the effects of
ouabain were not observed in cultures of endothelial cells alone Žopen
circles; the dotted line represents the time course of wKxecs decay in
ouabain-free media.. B: in endothelial cultures, in contrast, furosemide
exerted a significant Ž P - 0.05, ns6. effect and wKxecs clearance was
increased during the first 45 min. Furosemide failed to exert any significant effect on wKxecs clearance in ECrglia co-cultures.

was significantly reduced at lower wKxecs Ž0.2 mMrmin at
wKxecs s 16 mM; 0.28 mMrmin at 20 mM; 1.26 mMrmin
at wKxecs s 60 mM; n s 3..
The pharmacological properties of potassium efflux
from the extracapillary space were investigated by preincubation of the extraluminal portion of the hollow fiber
apparatus with 100 mM ouabain ŽFig. 6.. Ouabain significantly decreased potassium efflux in cultures where a BBB
to potassium was established by prolonged Ž) 2 weeks.
co-culturing of EC and glia. Ouabain effects were not
observed in cultures with EC alone.
Further characterization of transendothelial ion fluxes in
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Fig. 7. Correlation of TER increases and development of a barrier to intraluminal potassium. Human astrocytes were grown in the extracapillary space
prior to inoculation of intraluminal EC. Permeability to intraluminal potassium was tested prior to and following co-culture; in the inset, open circles refer
to ecs potassium accumulation in glial cultures, while filled triangles report results obtained from the same cartridge, but 1 week following co-culturing
with intraluminal human brain EC. In the same experiment, TER values were measured in four cartridges: note the increase in transendothelial resistance
following co-culturing.

gliarendothelial co-cultures were performed by applying
Žintraluminally. the KqrClyrNaq co-transport inhibitor
furosemide w3x. Furosemide was applied intraluminally at a
concentration of 2 mM ŽFig. 6B.. In cultures containing

only intraluminal endothelial cells, furosemide accelerated
the rate of extraluminal potassium clearance from the
extracapillary space Ž0.19 " 0.05 mMrmin in control;
0.32 " 0.04 mMrmin after furosemide; n s 4.. This ef-

Fig. 8. Pharmacokinetic properties of the in vitro BBB. Drugs were applied intraluminally and microliter extraluminalrintraluminal amounts were sampled
at the intervals indicated. A1, A2: stereospecificity of aspartate transport. Note the lack of extraluminal D-Asp accumulation in the extracapillary space and
the passage of L-Asp under identical experimental conditions Žsame cartridge in A1 and A2.. B: the BBB-impermeant molecule sucrose did not accumulate
significantly in the extracapillary space following a prolonged intraluminal perfusion. C: cumulative results from the experiments performed on various
substances injected in the lumen and sampled extraluminally. The permeability values were obtained by graphical integration of the signals.

338

K.A. Stanness et al.r Brain Research 771 (1997) 329–342

fect, however, was not observed in gliarendothelial cocultures after establishment of a BBB Ž0.194 " 0.036 and
0.199 " 0.0047 in control or furosemide, respectively..
3.5. Correlation of potassium measurements with TER
In a series of experiments, changes in intraluminal
potassium permeability were compared to the development
of a high transendothelial electrical resistance. To this end,
cells were challenged with high intraluminal potassium
Ž16–18 mM. while monitoring wKxecs . Prior to the exposure
to high potassium, a reading of transcapillary resistance
was taken. Fig. 7 shows the cumulative result of a typical
experiment. Human endothelial cells were seeded intraluminally following extraluminal growth of human astrocytes. The permeability to wKxlumen in cultures containing
glia but not EC was extremely high Žinset.; at the same
time point Ž9 days of extraluminal growth, asterisk in Fig.
6., TER was - 100 Vrcm2 Ž n s 4.. Following inoculation and growth of intaluminal EC, both potassium permeability and TER underwent profound changes. TER values
increased progressively to ) 1000 Vrcm2 while potassium permeability was significantly decreased.
3.6. Pharmacological studies
One of the main goals of in vitro modeling of the
blood–brain barrier is to develop a system suitable for ex
situ testing of transendothelial permeability. We have thus
attempted to correlate in vitro BBB permeability values to
the octanol: water partition coefficient. The compounds
tested were injected intraluminally and sampled extraluminally prior to either radiolabel quantification ŽL- and Dw 3 HxAsp; w 14 Cxsucrose; w 14 Cxmannitol; w 3 Hxmorphine. or
HPLC analysis Ž8-SPT and theophylline.. The results of
these experiments are shown in Fig. 8. Note that there is
an excellent correlation between the oilrwater partition
coefficient and the tendency of the drugs to accumulate
into the extracapillary space. The only significant exception to this finding was observed when comparing the
permeability values of two stereoisomers of aspartic acid,
L-Asp and D-Asp. While the biologically active substrate
L-Asp was rapidly accumulated into the extracapillary
space, the D-isomer did not show any appreciable passage
from the lumen.

4. Discussion
The use of cultured vascular endothelial cells as a
model of vascular permeability has been well established
and has yielded to significant advancements in the understanding of microvascular physiology. However, serious
limitations associated with the use of cultured brain endothelial cells has hampered the development of a reliable
model of the blood–brain barrier. For example, it has been

difficult to reproduce in cultured cells the high electrical
resistance normally found across BBB endothelial cells in
situ; furthermore, cultured brain endothelial cells lose some
of their specific markers following in vitro culturing w16x.
One approach used to mimic the growth environment of in
vivo brain EC has been the use of gliarendothelial co-cultures w9,16,17x. Alternatively, investigators have attempted
to imitate the physiological environment of microvascular
endothelial cells by exposing the cells to flow w36x. We
here report the characteristics of an in vitro blood–brain
barrier model characterized by both intraluminal flow and
co-culture of endothelial cells with glia.
The model system used for these studies results from a
modification of a traditional cell culture system normally
used for extensive culturing of non-EC cells. Cell culture
on hollow fibers was first described by Knazek et al. w28x
and has since then been extensively exploited. Ott et al.
w36x used a hollow fiber cell culture apparatus for studies
of flow-mediated effects on endothelial cells growth. We
have further developed this system by allowing combinations of intra- and extraluminal growth to study the effects
of glia on endothelial cells. The dynamic, in vitro BBB
model ŽDIV-BBB w46x. is constituted of a plastic support
containing a variable number of artificial capillaries ŽAC,
300 mm cross diameter with a lumen of approximately 75
mm.. These capillaries bear 0.5-mm trans-capillary pores
that allow free diffusion of solutes from the extraluminal
compartment to the intraluminal space and vice versa. The
capillaries are intraluminally perfused at various shear
stress rates by pulsatile flow. In a previous study we have
shown that induction of BBB-like characteristics occurs
following prolonged co-culture of glia and bovine aortic
endothelial cells w46x. In addition, electrophysiological investigations have shown that glia can induced the expression of BBB-specific ion channel proteins in non-BBB
endothelial cells w20,21x. Several questions, however, remained unanswered following these initial studies and
were addressed by the experiments described herein.
4.1. Both peripheral and CNS endothelial cells form a
BBB-like structure when co-cultured with glia
We have successfully grown a variety of cells in hollow
fibers, including EC of human, rodent and bovine origin.
Since it is known that BBB properties of brain microvascular EC are lost following prolonged culturing in vitro, we
attempted to maintain these BBB properties in culture by
adding glia to the extraluminal compartments. Under these
conditions, and with intraluminal flow, both non-brain and
brain microvascular EC developed a high transendothelial
electrical resistance, a barrier to intraluminal Žbut not
extraluminal. potassium and a selective permeability to a
variety of substances characterized by different hydrophilicity. The most parsimonious explanation for these
results is that in the presence of glia, peripheral EC are
induced to express BBB properties; our data also suggest
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that these properties are maintained in native BBB EC in
vivo Žand can be preserved in vitro. by neighboring glia.
Our experiments have not directly assessed whether diffusible factors or direct interaction of the two cell types are
necessary, but previous studies have suggested that the
latter is required w21,46x.
Interestingly, the pattern of endothelial cells growth in
the intraluminal portion of the hollow fibers was characterized by an initial rapid expansion followed by a quasi
static growth and was independent from the source of
endothelial cells. In contrast, under bidimensional ‘petri
dish’ culturing conditions, differences between growth patterns of BAEC, human EC and rat brain microvascular
cells are commonly observed. It thus appears that EC
growth rate depends heavily on the presence of flow, in
agreement with what previously reported by Ott et al. w36x.
The data presented herein may suggest that any combination of glia and endothelial cells may prove sufficient to
reproduce blood–brain barrier properties. This, however,
does not seem to be true since, for example, human
umbilical cord EC failed to develop blood–brain barrier
properties when co-cultured with extraluminal C6 cells
Žnot shown.. Furthermore, we have recently shown that
astrocytes from GFAP-deficient mice fail to induce BBB
properties in BAEC ŽPekny, Stanness and Janigro, submitted.. Thus, while BBB properties could be induced in both
peripheral and CNS endothelial cells in vitro, these phenomena are restricted to certain subpopulations of endothelia, and require co-presence of astroglia expressing the
astrocyte-specific intermediate filament GFAP.
4.2. Endothelial nature of the in Õitro BBB
Since co-culturing of extraluminal glia was a mandatory
condition for the induction of BBB properties in our
system, we performed a number of experiments to rule out
that the restricted passage to ions and larger molecules was
not due to a non-specific ‘plugging’ of transcapillary pores
by glia. We thus attempted to induce a barrier to potassium
by culturing glial cells in the absence of intraluminal
endothelium. No restricted passage was observed under
these conditions, nor did extraluminal glia significantly
affect the transcapillary resistance. Similarly, electron microscopy revealed that while intraluminally grown EC
formed numerous tight junction, extraluminal glia grew in
a random tridimensional network and allowed for extensive extracellular space formation. Interestingly, these glia
formed intracapillary extensions suggesting that an interaction between the two contiguously grown cells types may
have occurred.
Due to the size of the capillary lumen, light microscopy
of the endothelial cell layer appeared similar to the continuous endothelium of large precapillary vessels. However,
the subcellular morphological characteristics of intraluminal endothelial growth closely resembled the pattern of
cellular differentiation observed at the BBB in situ. These
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EC formed extensive tight junctions and grew as flat and
thin Ž- 1 mm. monolayers. Cytoplasm vesicles were observed at a density similar to that described in vivo. Both
simple and complex interdigitations were seen between
neighboring cells and tight junctional densities were frequently observed. Interestingly, EC cultured on hollow
fibers made a matrix that by electron microscopic analysis
resembled the basement membrane of EC in vivo.
4.3. Potassium transport across the in Õitro BBB
Passage of potassium ions from the blood to the brain is
negligible under physiological conditions; thus, DwKx plasma
does not alter DwKxCSF ŽCSF s cerebrospinal fluid.. However, efflux of Kq from the brain to the blood is possible
due to the strategic abluminal location of the endothelial
NarK ATPase. Hence, excess Kq accumulation in the
brain Že.g. during epileptic seizures. can be regulated by
potassium clearance into the blood w15x. While the mechanisms responsible for the blood–brain barrier properties of
EC are well understood, little is known on the role that
BBB EC play in clearance of potassium from the brain.
Simultaneous measurements of interstitialrintraluminal wKx
changes with potassium-sensitive electrodes and monitoring, in vivo, of BBB electrical resistance are extremely
difficult to perform in vivo, and are confounded by a
number of variables, including blood pressure changes,
direct damage to the capillaries, etc. It is thus almost
imperative that these studies be performed by using a
simplified model in vitro.
To this end we have measured bi-directional fluxes of
potassium ions across the DIV-BBB to test the hypothesis
that together with tight junctionrhigh electrical resistance
expression, these EC were characterized by an asymmetric
transporter for potassium ions. The presence of an extraluminal NarK-ATPase was tested in our experiments by
using both cultures of BAEC alone and co-cultures of EC
and glia. Only the latter displayed an ouabain-sensitive
potassium efflux, suggesting that the presence of glia
directly induced this marker of BBB physiology. In contrast, we found that the expression of a luminal
furosemide-sensitive transporter was inhibited by the coculturing process. This was assessed indirectly by measuring the efflux of potassium from the extracapillary space
during intraluminal application of furosemide.
We hypothesize that the accelerated efflux of wKxecs
following furosemide was due to a diminished reuptake of
potassium from the lumen into the extracapillary space.
This mechanism has been described in several endothelial
cell types, but its expression in the mature mammalian
blood–brain barrier is controversial w3,4x. It therefore appears that the co-culturing of glia with EC induced in the
latter some of the ion transport mechanism normally exhibited at the BBB level, including the expression of cation
channels w21x and an ouabain-sensitive NarK pump. At the
same time, a decreased functional expression of a trans-
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porter not normally associated with blood–brain barrier
function occurred.
4.4. Drug passage across the DIV-BBB
Drug and solute transport into the brain from the blood
is limited by EC membrane permeability, intracellular
metabolism and the lack of a major paracellular ‘leak’
route. Owing to the absence of transcellular ‘pores’ or
fenestrations, extravasation of drugs into the CNS depends
largely on the lipid solubility of the drug and on the
presence of drug transporters. The development of new
drug delivery systems to bypass the BBB, as well as the
design of drugs that do not cross the blood–brain barrier
depends heavily on the availability of a biological model
of the blood–brain barrier that allows for a careful yet
rapid quantification of drug accumulation in the CNS
following systemic administration. Several investigators
have developed in vitro Žor mathematical w45x. models of
trans-BBB drug passage w2,10,17,25,26,32,29x. One of the
limitations of the available in vitro models has been the
capability to simultaneously reproduce the permeability
properties of EC membrane and the expression of transport
systems. This is particularly important when dealing with
pharmacokinetic or pharmacodistribution studies where
both lipophilicity and co-transportrfacilitated transport become important.
When the DIV-BBB was exposed to intraluminal substances known to permeate reluctantly through the in vivo
BBB Žsuch as morphine, sucrose or mannitol., the calculated transendothelial permeability values were consistent
with those reported from in vivo studies. For example, a
permeability ratio of ) 100 between theophylline and
sucrose has been reported in vivo: similar results were
obtained in the DIV-BBB Ž ptheo s 1.88 = 10y6 cmrs;
psucrose s 8.8 = 10y8 cmrs.. We did, however, notice that
the absolute values of P derived from our study are higher
than those reported in vivo. pmorphine in our system was
5 = 10y8 cmrs against a reported value of 5 = 10y6 w1x.
This is surprising, since one would expect that the values
obtained in vitro should be lower than those observed in
vivo in intact animals. There are several possible explanations for this discrepancy. Firstly, the studies performed in
vivo are difficult to cross reference because of the different
techniques used Žbrain uptake, single pass, etc.. or for the
different formulae used to quantify passage of a given
substance into the brain. Secondly, it is known that the
cerebral blood flow has a significant effect on the distribution of drugs in the CNS. In our system, flow was maintained constant throughout the experiment but it is difficult
to compare the contribution of capillary flow and shear
stress in vivo where the capillary diameter is of the order
of a few microns to our model system Ždiameter ) 50
mm.. Finally, owing to the kinetic properties of transcellular transport, it is important to remember that the time
allowed for drug perfusion Žor the intervals used for

integration of the plasma and ecs concentrations. bears a
significant effect on the values of p obtained. The values
reported in Fig. 8C refer to experiments performed and
analyzed in a 15-min interval following intraluminal application of the drug at 1 mlrmin: we have found a strong
dependency of the p-value calculated at different time
intervals. Thus, after prolonged exposure the permeability
to sucrose increased from 2 = 10y7 cmrs at t s 10 min to
5 = 10y6 cmrs at t s 60 min, when the p-value reached a
steady state. Thus, when extrapolating data from the DIVBBB to in vivo studies, one must keep in mind that the
time of exposure to the drug may play a role in determining the absolute permeability values. The relationship between lipophilicity and permeability in the DIV-BBB was
similar to that reported by others in vivo w1x.
A further similarity between the selective drug permeability of the in vivo BBB and the in vitro model has been
found when comparing the permeability of non-BBB permeant aminoacids that are transported across the BBB by a
stereospecific transporter. We found that the biologically
active L-isomer of aspartic acid was transported across the
DIV-BBB at a significantly higher Ž) 100. rate than its
D-isomer counterpart. This is an important finding, because
it suggests that this in vitro BBB model may be suitable
for the study of permeation of drugs that are normally
accumulated in the CNS in virtue of a BBB-specific
transporter.
Although the currently available models of in vitro
permeability resemble intact endothelial cells in several
ways, it has been thus far impossible to faithfully reproduce all of the numerous properties of the in situ EC
blood–brain barrier. It is thus important to delimit the
scope of each individual model and define exactly the
features of the BBB that any given model attempts to
reproduce. The DIV-BBB may, for example, become an
useful tool for the investigation of long-term effects of
drugs or toxins on BBB formation. By using the same
model, one can study the dynamics of transendothelial
potassium clearance; albeit owing to the aneuronal nature
of the DIV-BBB, this approach is limited by the fact that
excess potassium must be exogenously applied. Alternatively, the DIV-BBB can be used to study the intimate
interactions of astrocytes and endothelial cells or the postnatal development of the blood–brain barrier. It has to be
borne in mind, however, that further studies are required to
fully account for the different permeability values found
between the model and the in situ BBB. In addition, our
experiments have thus far concentrated on the study of the
physiological properties of the in vitro blood–brain barrier:
further experiments are required to fully characterize this
system in terms of expression of BBB-specific markers or
intracellular enzymes typically encountered in differentiated EC in situ., etc.
In conclusion, we have described the morphological
characterization of a novel model of the blood–brain barrier that takes advantage of a state-of-the-art cell culturing
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technique, the hollow fiber apparatus. This approach allows for cellular growth under quasi-physiological conditions: these are an essential feature for a successful differentiation of non-BBB EC in vitro or for the maintenance
of BBB properties in cultured brain microvascular endothelial cells. Our studies strongly support the hypothesis
that glia–endothelial interactions are a fundamental step in
the induction of a viable BBB.
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