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Purpose. Studies were conducted to evaluate whether the use of an in
vitro model of the blood-brain barrier (BBB) resulted in more accu-
rate predictions of the in vivo transport of compounds compared to
the use of a human intestinal cell line (Caco-2).

Methods. The in vitro BBB model employs bovine brain capillary
endothelial cells co-cultured with primary rat astrocytes. The Caco-2
cells originate from a human colorectal carcinoma. The rat was used
as experimental animal for the in vivo studies.

Results. Strong correlations (r = 0.93-0.95) were found between the
results generated by the in vitro model of the BBB and two different
methodologies to measure the permeability across the BBB in vivo.
In contrast, a poor correlation (r = 0.68) was obtained between
Caco-2 cell data and in vivo BBB transport. A relatively poor corre-
lation (r = 0.74) was also found between the two in vitro models.
Conclusion. The present study illustrates the limitations of the
Caco-2 model to predict BBB permeability of compounds in vivo.
The results emphasize the fact that the BBB and the intestinal mu-
cosa are two fundamentally different biologic barriers, and to be able
to make accurate predictions about the in vivo CNS penetration of
potential drug candidates, it is important that the in vitro model
possesses the main characteristics of the in vivo BBB.

KEY WORDS: blood-brain barrier; drug delivery; in vitro models; in
vivo studies; intestinal barrier.

INTRODUCTION

The BBB is situated at the cerebral capillary endothe-
lium and represents the principal route for the entry of most
solutes into the central nervous system (CNS). The cerebral
capillary endothelial cells are joined by continuous belts of
tight junctions and are devoid of fenestrations. The critical
zonularity of the tight junctions of the cerebral vasculature
sets them apart from that of capillaries of other organs in the
body and restricts the brain entry of most nontransported
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hydrophilic compounds (1). The brain microvasculature also
contains a variety of enzymes that may either inactivate or
activate compounds that traverse the brain capillary wall (2—
5). In addition, high levels of ATP-dependent transporters are
localized in the brain capillary wall like e.g. several nutrient
carrier systems and P-glycoprotein (6-10) that regulates the
influx or efflux of a variety of compounds. Consequently, the
BBB is a formidable obstacle to the effective treatment of
many neurologic disorders, and unless a BBB drug delivery
strategy is adopted many neuropharmaceuticals may exhibit
excellent activity in vitro. Their therapeutic efficacy will often
be significantly diminished when administered to appropriate
animal models, since they are unable to gain access to the
diseased site at a sufficient concentration for an appropriate
time.

Another key biologic barrier is the intestinal epithelium.
The anatomy and physiology of the gastrointestinal tract (GI)
is as complex as the processes governing the absorption and
transport of drug molecules across this important barrier. The
overall bioavailability of an orally administered drug depends
on many factors some of which are: (i) physicochemical prop-
erties of the drug molecules; (ii) susceptibility to metabolic
transformation by enzymes in the intestinal lumen, intestinal
epithelium and the liver; (iii) specificity for various transport
systems in the epithelium; (iv) specificity for the P-
glycoprotein efflux pump; and (v) the anatomic and physi-
ological state of the GI tract.

Obtaining early information about the transport charac-
teristics of potential drug candidates across these two barriers
is therefore important within the pharmaceutical industry.
However, since animal-based assays tend to be time-
consuming and require bioanalytical input or access to radio-
labeled compounds, such studies are generally performed at a
relatively late stage of development and are not particularly
suitable for dealing with the flow of compounds generated by
combinatorial chemistry and high throughput screening.

To overcome the limitations of in vivo studies, many
laboratories have developed in vitro techniques for determin-
ing the BBB permeability or intestinal permeability of poten-
tial drug candidates. In comparison to animal-based assays, in
vitro studies provide several advantages:

less compound needed for evaluation; rapid technique
and few or no animals needed; allows more compounds to be
screened; mechanism of transport can be evaluated; metabo-
lism during transport can be evaluated; early signs of cell
toxicity can be recorded; pathologic conditions can be in-
duced and molecular mechanisms evaluated; development of
structure-transport relationships can be supported; no bio-
analytical input needed since most drugs can be assayed di-
rectly in buffer.

The two in vitro models described in this study are (i) a
co-culture model of brain capillary endothelial cells and as-
trocytes for mimicking the BBB and (ii) a human colon car-
cinoma cell line (Caco-2) as a model for the intestinal epithe-
lium. Both models have been extensively used in the phar-
maceutical industry to estimate the BBB permeability or
intestinal permeability of drug candidates and have become
an integral part of many drug discovery programs that are
targeted toward the CNS and the oral route of administration.

Despite the fact that the BBB and the intestinal mucosa
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are two fundamentally different biologic barriers as regards
e.g., membrane lipids, enzymes and transporters it has been
suggested that the Caco-2 cell model is able to give accurate
predictions of BBB transport in vivo. The objective of this
study was to evaluate if the in vitro model of the blood-brain
barrier (in routine use at AstraZeneca, Sodertilje) gave more
accurate predictions of in vivo BBB transport than the Caco-2
model and furthermore, if there was a good correlation be-
tween these two in vitro models.

MATERIALS AND METHODS

Test Compounds and Formulation for BBB Studies

Radiolabeled sucrose, mannitol, vincristine, dexametha-
sone, hydrocortisone, dopamine, fenytoin, antipyrine, pro-
pranolol, diazepam, and nicotine were purchased from Am-
ersham. Radiolabeled urea, pirenzepine, caffeine and lido-
caine were purchased from NEN-Dupont. The radiochemical
purity of all labeled compounds was found to be greater than
97% as assayed by HPLC. Aliquots of radiolabeled isotopes
were added to solutions with corresponding unlabeled com-
pounds. Morphine, codeine, pindolol, acetylsalicylic acid, and
terbutaline were unlabeled; the two first compounds were
obtained from University of Uppsala and the others were
from Sigma (Stockholm, Sweden). The final concentrations of
the test compounds were between 0.01-0.1 mM.

All test compounds were dissolved in HEPES buffered
Ringer’s solution (NaCl 150mM, KCl1 5.2 mM, CaCl, 2.2 mM,
MgCl, 0.2mM, NaHCO5; 6mM, Glucose 2.8 mM, HEPES 5
mM, water for injection). All reagents were obtained from
Sigma.

In Vitro Model of the Blood-Brain Barrier

Cell Culture

The method of Dehouck et al. and Cecchelli et al. was
used (11,12). The rats were supplied by B&K Universal AB
(Stockholm, Sweden). The astrocytes were isolated according
to the method of Booher and Sensenbrenner (13) and plated
on the bottom of cell culture clusters containing six wells
each. The endothelial cells were seeded onto polycarbonate
filters (Costar, Transwell), that were placed in the wells con-
taining astrocytes.

Under these conditions the endothelial cells retain all the
usual endothelial cell markers as well as the characteristics of
the barrier which include e.g. complex tight junctions, low
rate of pinocytosis, gamma glutamyl transpeptidase, mono-
amine oxidase (2,11) and P-glycoprotein (14). Experiments
were initiated after 12 days of co-culture.

Fluorescence Microscopy

Endothelial cells grown on porous filter were fixed with
4% paraformaldehyde and permeabilized with cold aceton
(-20°C). The samples were washed with PBS and soaked in
the blocking solution: Tris-buffered saline (20mM Tris-HCI,
0.5M NaCl, pH 7) containing 5% ovalbumin and 1% heat-
inactivated normal goat serum. They were then incubated
with the mouse anti-vimentin antibody (from Zymed). After
rinsing, the cells were incubated with the secondary antibody,
Cy™3-conjugated goat anti-mouse IgG.
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For the localization of tight junction-associated protein
claudin-1, the endothelial cells were fixed with cold methanol
(-20°C) and permeabilized with 0.1% Triton X-100 in PBS.
The cells were soaked in the blocking solution and then in-
cubated with the rabbit anti-claudin-1 antibody (from
Zymed). The Alexa Fluor 568-conjugated goat anti-rabbit
IgG was used as secondary antibody.

The specimens were visualized with a Leica DMR fluo-
rescence.

Transport Experiments

The compounds were dissolved in buffered Ringer’s so-
lution. The experiments were carried out at pH = 7.4 and 37°
C. At the initiation of the transport experiments, buffered
Ringer’s solution was added to wells of a 6-well plate without
astrocytes. One insert, containing a confluent monolayer of
brain capillary endothelial cells, was subsequently placed in
this 6-well plate. The drug solution was added to the cell
monolayer. The plate was then placed on an orbital shaker
and at 10, 15, 20, 30, 45, and 60 min after the addition of the
drug, the insert was moved to other wells of the plate to
minimize back diffusion of compound to the upper compart-
ment. Three inserts with cells and three without cells, were
assayed for each test compound. The samples were analyzed
by HPLC or liquid scintillation spectroscopy.

Data Analysis and Calculation

The cleared volume was calculated, as described by Si-
flinger-Birnboim et al. (15), by dividing the amount of com-
pound in the receiver compartment by the drug concentration
in the donor compartment at each time point. The average
cumulative volume cleared was plotted vs. time and the slope
was estimated by linear regression analysis (EXCEL 5.0) to
give the mean and standard deviation of the estimate. The
slope of the clearance curve with inserts alone and inserts
with cells is equal to PSf and PSt respectively, where PS = the
permeability surface area product. The units of PS and S are
in microliters/minute and square centimeters, respectively.
The PS-value for the endothelial monolayer (PSe) was com-
puted as follows:

1/PSe = 1/PSt — 1/PSf

To generate the endothelial permeability coefficient, Pe (cm/
min), the PSe-value was divided by the surface area of the
insert. Pe-values were calculated for 20 compounds.

Caco-2 Cell Model

Test Compounds and Formulations for Caco-2 Studies

All data concerning the Caco-2 cells were obtained from
a study published by Yazdanian et al. (16). In their study, drug
solutions were prepared in Hank’s balanced salt solution (pH
= 7.4) at final concentrations between 0.01 to 0.1 mM. All
experiments were performed at 37°C.

Cell Culture

In short, the Caco-2 cells were seeded at a density of
80 000 cells/cm? on polycarbonate filters in 6 well plates (Cos-
tar, Transwell, Costar Europe Ltd., Badhoevedoxp, Nether-
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lands). Cell culture inserts were coated with rat-tail collagen
type L. The cells were allowed to grow and differentiate for up
to 25 days. They were used between passage 23 to 50.

Transport Experiments

To initiate transport experiments, the apical side of the
cell monolayer received 1.5 ml of drug solution. The plates
were then placed on an orbital shaker. The amount of solute
in the receiver chamber was determined by either moving the
inserts to new wells containing fresh medium or by taking
samples from the receiver chamber and replacing it with fresh
medium. The samples were assayed by HPLC or liquid scin-
tillation spectroscopy.

Data Analysis and Calculation

The apparent permeability coefficient (Papp) was deter-
mined according to the equation:

Papp = J/AC,

where J is the rate of appearance of the drug in the receiver
chamber, C, is the initial concentration of the solute in the
donor chamber and A, the surface area of the filter.

In Vivo Methods

The in vivo data used in this study were obtained from
the literature.

Single-Pass Uptake

The relative permeabilities to moderate and rapid pen-
etrating compounds across the BBB can be determined in the
rat by the brain uptake index (BUI) technique (17-21). A
0.2-ml bolus of buffered saline containing known concentra-
tions of the test substance and a reference substance is in-
jected rapidly (<1s) into the carotid artery. After 5-15 s the
rat is decapitated and the brain analyzed for tracer contents.
The penetration of the reference substance into the brain is so
rapid that it is determined by the rate of blood flow. Thus, if
the reference substance is with *H and the test substance with
14C labeled, the BUI is given by the following:

brain "*C/brain *H x 100
Injected '*C/injected *°H

Brain uptake index=BUI =

If all the reference substance is extracted during a single pass
of blood through the brain, BUI can be related to cerebro-
vascular PS by the Renkin-Crone equation (22).

Multiple-Pass Uptake

With the brain perfusion technique and the intravenous
administration technique, solute uptake into the brain can be
extended beyond that of a single-pass technique. Thus, these
methods are more sensitive in determining the permeability
for poor penetrating compounds. With the intravenous ad-
ministration technique (23-25), a solute is injected or infused
intravenously and the plasma concentration is monitored un-
til a specific time (from 10 s to several hours) at which the
brain content is determined. The cerebrovascular permeabil-
ity—surface area product (PS) can be obtained from:

PS = —vFin(Il - K,,/vF)

Lundquist ef al.

where K, is the unidirectional transfer coefficient for influx
(ml/s per g), F is regional cerebral blood-flow (ml/s per g), P
is capillary permeability (cm/s), S is the surface area of per-
fused capillaries (cm?/g) and v is the fractional distribution
volume of tracer in blood (ml/ml).

With the brain perfusion technique (26), the right cere-
bral hemisphere of an anesthetized rat is perfused by retro-
grade infusion of fluid into the right external carotid artery.
After perfusion for up to 5 min with blood or a saline, the
animal is decapitated and the ipsilateral brain removed. The
calculation of cerebrovascular PS is equivalent to that of the
intravenous administration technique with the exception that
perfusion fluid concentration is used instead of arterial con-
centration in plasma.

Before a correlation was made with in vitro data, the PS
products were converted into Pe in vivo values (Pe;, ,..,) by
dividing PS by an estimated value of the surface area () of
perfused capillaries equal to 100 cm?/g of brain (27).

RESULTS AND DISCUSSION

Figure 1 illustrates the typical phenotype of confluent
bovine endothelial cells co-cultured for 12 days with astro-
cytes as described earlier. It can be seen that the cells form a
confluent monolayer of nonoverlapping and contact inhibited

Fig. 1. Confluent monolayer of bovine brain capillary endothelial
cells demonstrates homogeneity in phenotype (A). Bar, 50 pm . Bo-
vine brain capillary ECs grown on filters were fixed and stained for
tight junction protein claudin-1 (B). Bar, 100pm.
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Table I. Permeability Values Obtained in Vivo (BUIL PS) and on in Vitro Models (BBB
model : Pe; Caco-2 model : Papp). Each BUI or PS value is referred

P, x 107° BUI PS P,pp x 107

Compound MW (cm/s) (%) (ml/g/min) (cm/s)
Acetylsalicylic acid 180 9.0 1.8 (17) 9.09
Antipyrin 188 179.2 68 (17) 1.0 (23)
Caffeine 194 229.7 90 (17) 1.2 (24) 30.8
Codeine 299 171.7 26 (17) 0.2 (24)
Dexamethasone 392 19.2 12.2
Diazepam 285 227.7 1.2 (21) 334
Dopamine 153 22.5 3.85(18) 9.33
Hydrocortisone 362 29.7 1.4 (19) 0.0084 (19) 14.0
Lidocaine 234 293.3 0.76 (26)
Mannitol 182 13.0 1.94 (18) 0.00125 (25) 0.38
Morphine 285 333 2.6 (17) 0.03 (24)
Nicotine 162 289.3 131 (17) 19.4
Phenytoin 252 106.7 31 (17) 0.3 (24) 26.7
Pindolol 248 44.0 16.7
Pirenzepine 351 11.8 0.44
Propranolol 259 294.3 75 (20) 0.67 (24) 21.8
Sucrose 342 83 1.4 (18) 0.0003 (25) 1.71
Terbutaline 225 10.7 0.47
Urea 60 63.5 2.4 (18) 0.004 (25) 456
Vincristine 825 8.0 0.006 (24)

cells with no contaminating pericytes present (Fig.1A). Im-
munofluorescent staining of the tight-junction integral pro-
tein claudin-1, shows preferential cortical membrane localiza-
tion (Fig.1B). The continuous network of labeled claudin-1
demonstrates that the tight junctions are complex and well
developed. This together with previously published results
(11,12,14) show that this is a highly differentiated BBB model
which possesses many of the characteristics of the in vivo
BBB.

The Caco-2 cell data were obtained from one single study
(16) since culturing conditions, passage number and days in
culture can influence the permeability and metabolism char-
acteristics of the cell line as demonstrated by Artursson ef al.
(28).

The permeability (Pe) of the in vitro BBB to 20 com-
pounds with molecular weights between 60 and 825 have been
measured and is presented in Table I. To evaluate the rela-
tionship between in vitro and in vivo BBB permeability, all
available BUI or Pe in vivo values in this study were corre-
lated with the corresponding in vitro BBB data and as can be
seen in Fig. 2A and 2B, excellent relationships were obtained
(r = 093 and r = 0.95, respectively). To compare the pre-
dictive powers of the two in vitro models and to exclude the
possibility of protein binding influencing the results, perme-
ability data (Pe and Papp in respective model) from a set of 10
compounds were correlated with corresponding BUI values
only (Fig.3A and 3B). As evidenced by Fig. 3, it can be seen
that the data generated by the in vitro BBB model shows a
superior relationship with in vivo BBB drug transport com-
pared to the results obtained with the Caco-2 model. The
correlation between BUI and in vitro BBB data was r = 0.93
but only r = 0.68 between BUI and Caco-2 data for the same
set of 10 compounds. Finally, a correlation including 15 com-
pounds was made between the two in vitro models. As shown
in Fig.4 the correlation between the two models is relatively
poor (r = 0.74). It can also be noted that the compounds have

different rankorder in the two in vitro models. Furthermore,
it is interesting to note that a number of compounds such as
dexamethasone, hydrocortisone, pindolol and acetylsalicylic
acid show high permeability in the Caco-2 model. Also, in
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Fig. 2. In vitro BBB permeability as a function of BUI (brain uptake
index) (A) and in vivo BBB permeability (B). All parameters were

normalized for molecular weight.



980

Lundquist ef al.

A, glycoprotein being differently expressed at these two barriers,

Caffeined

In [BUI x VMW
In vivo

In 1P x VMW] (cris) , L .
in vitro BBB model model should possess the main characteristics of the BBB in

R=083 or that saturation of this efflux mechanism takes place at the
I Nicotine level of the intestinal epithelium. Since the metabolic prop-
71 Propranolol s erties of the brain endothelial cells and Caco-2 cells also dif-
fer, this could serve as an alternative explanation for the dif-
ference in transport.

CONCLUSION

The results in this study emphasize the fact that the

blood-brain barrier and the intestinal mucosa are two funda-
mentally different biologic barriers. To accurately predict in
8 5 vivo CNS penetration of potential drug candidates, an in vitro

vivo. This is evidenced by the present study that illustrates the
B limitations of the Caco-2 cell model to predict in vivo BBB

6 Phenytoin «

In [BUE x YMW]
invive
o

Dopamine Hydrocortisone
»

R=0.68 JNicatine permeability of compounds. Strong correlations (r = 0.93-

Proprancidi Caffeine 0.98) were however, found between the results generated by
the in vitro model of the BBB and two different methodolo-
gies to measure permeability across the BBB in vivo.
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