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Abstract O Given that the cerebral microvasculature within the brain
constitutes the rate-limiting barrier to drug entry, primary cultures of
cerebral capillary endothelial cells would appear to offer a potentially
useful model system for predicting drug delivery to the central nervous
system. In the present study, the predictive capabilities of two potential
models of the in vivo blood—brain barrier (BBB) to the passive diffusion
of polar permeants were assessed. A comparison of the logarithms
of the in vitro transmonolayer permeability coefficients (Pmonolayer) for
several polar permeants varying in lipophilicity (from this study and
literature data) with the well-established relationship between the
logarithms of the in vivo BBB permeability coefficients (log Pggg) and
permeant lipophilicity as measured by the logarithm of the octanol/
water partition coefficient (log PCoctanolwater) demonstrated that in vitro
permeation across these monolayers is largely insensitive to polar
permeant lipophilicity as a result of the predominance of the
paracellular component in the transmonolayer flux. Conversely, kinetic
studies of uptake of the same compounds into monolayers yielded
transfer rate constants (kp) reflecting membrane permeability coef-
ficients ranging over several orders of magnitude, similar to the
variation in permeant lipophilicity. Furthermore, a linear relationship
could be demonstrated between the logarithms of k, and in vivo BBB
log P (slope = 1.42 + 0.35; r = 0.92). In conclusion, this preliminary
investigation suggests that monitoring the kinetics of cell uptake into
cerebral capillary endothelial cell monolayers may be superior to
transmonolayer flux measurements for predicting the passive diffusion
of polar permeants across the BBB in vivo.

Introduction

An in vitro model of the blood—brain barrier (BBB) that
could mimic its in vivo barrier properties and thus allow
one to predict the outcome of in vivo experiments would
be extremely useful. Assuming the rate-limiting barrier to
drug uptake to be the cerebral microvasculature, primary
cultures of cerebral capillary endothelial cells offer a
potentially useful model system for predicting drug delivery
to the CNS.12 Indeed, recent studies have led several
investigators to conclude that primary cultures of cere-
brovascular endothelial cells exhibit a barrier function that
correlates with BBB function in vivo.3~® In vivo, the BBB
permeability depends on permeant lipophilicity in a man-
ner consistent with predominantly transcellular diffusion
even for permeants as polar as sucrose, which has a log
octanol/water partition coefficient (log PCoctanoiwater) Of
approximately —4.% The present study confirms, however,
that transmonolayer permeabilities across primary cultures
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of BBB endothelial cells, a popular in vitro model of the
BBB, fail to display the expected dependence on permeant
lipophilicity for polar permeants having log PCoctanolwater
< 0. This paper therefore explores the utility of monolayer
uptake Kkinetics as an alternative to transmonolayer flux
measurements in an attempt to identify a more reliable
model of the BBB for predicting permeability coefficients
of polar permeants.

Materials and Methods

Reagents—[1-3H]Sucrose (20 Ci/mmol) was obtained from NEN
Research Products, DuPont, Wilmington, DE. [**C(U)]Sucrose (600
mCi/mmol) and [*Clurea (59 mCi/mmol) were obtained from
Moravek Biochemicals, Brea, CA. [1-3H]Mannitol (15 Ci/mmol),
[2-3H]glycerol (30 Ci/mmol), and [1-1*C]acetamide (55 mCi/mmol)
were obtained from American Radiolabeled Chemicals Inc., St.
Louis, MO. All radiolabeled compounds were purchased >98%
pure and were used without further purification. 3'-Azido-3'-
deoxythymidine (zidovudine, 98% purity) was obtained from
Aldrich Chemical Co., Milwaukee, WI. All other reagents were of
analytical grade. Culture media consisted of minimum essential
media (MEM)/F-12 Ham'’s nutrient mixture 1:1 (HyClone Labo-
ratories, Logan, Utah) supplemented with 10 mM HEPES/13 mM
sodium bicarbonate (pH 7.4), 100 ug/mL penicillin G (Sigma
Chemical Co., St. Louis, MO), 100 ug/mL streptomycin (Sigma),
100 ug/mL heparin (170 units/mg), and 10% plasma-derived horse
serum (HyClone Laboratories).

Isolation and Culture of Cerebrovascular Endothelial
Cells—Capillary segments were isolated from bovine cerebral gray
matter (Dale T. Smith & Sons Meat Packing Company, Draper,
UT) by a two-step enzymatic dispersion treatment followed by
centrifugation over preestablished 50% Percoll density gradients
as described previously.! Sequential filtering of the preparation
through 500 um and 95 um nylon mesh filters yielded a relatively
purified and homogeneous capillary suspension containing 5—20
individual endothelial cells per cluster. The isolated microvessels
were cultured immediately or stored at —70 °C in culture medium
to which had been added DMSO (10% v/v). Microvessels were
seeded onto various surfaces at approximately 50 000 cells/cm? and
cultured at 37 °C under 95% humidity and 5% CO,/95% air.
Culture media were changed every other day.

Transmonolayer Flux Measurements—Microvessels were
seeded onto fibronectin-coated Biocoat (Becton Dickinson) cell
culture inserts (fibrillar collagen matrix, 10.5 mm diameter, A =
0.9 cm?, 1.0 um pore size, 1.6 x 10° pores/cm?) and cultured as
described above. Confluent monolayers were obtained within 9—10
days as determined visually via an inverted microscope. To provide
clearance for a magnetic stir bar between the bottom of the plate
well (six-well companion plate) and the microporous membrane
of the insert, a 2 mm thick shim (60.0 mm diameter) was placed
around the top of the well. Culture media (9.6 mL) was placed in
the plate well (receiver chamber), and 0.9 mL was added to the
insert (donor chamber) to maintain hydrodynamic stability. The
system was allowed to equilibrate for 15 min at 37 °C in an air
incubator with continuous magnetic stirring. To initiate an experi-
ment, the media in the insert was replaced with an equivalent
volume of media containing [3H]- or [**C]-labeled and/or nonra-
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diolabeled solute(s). At selected time points, samples (100 uL) were
removed from the receiver chamber and immediately replaced with
an equal volume of media. After the experiment, the donor
concentration was analyzed to verify its constancy (i.e., >97% of
initial concentration) throughout the experiment.

In some cases, transmonolayer flux measurements were also
conducted using a vertical diffusion chamber system (Corning
Costar Corp., Cambridge, MA) and Snapwell inserts (Corning
Costar Corp.). Brain microvessels were seeded onto the cell culture
inserts, which were thinly coated with rat tail collagen (type 1)
cross-linked with ammonia fumes? and cultured as described
above. The two-piece cell culture devices consisted of 12 mm
diameter, 0.4 um polycarbonate (108 pores/cm?) or polyester (10°
pores/cm?2) microporous membranes assembled in detachable rings.
Confluent monolayers were typically obtained in 12—14 days, at
which point the Snapwell insert ring was removed from the upper
assembly and placed between the two halves of the diffusion
chamber, thus minimizing cell monolayer disruption. Equal
volumes (5 mL) of transendothelial assay buffer (122 mM NaCl,
25 mM NaHCOs, 10 mM b-glucose, 3 mM KCI, 1.2 mM MgSOs,,
0.4 mM NaHPQO4, 1.4 mM CaCl,, and 10 mM HEPES adjusted to
pH 7.4 with NaOH)! were placed in both the donor (side facing
the monolayer) and receiver sides. The chamber temperatures
were maintained at 37 °C with a water-heated metal block. Both
chambers were mixed using a 5% CO,/95% O, airlift. After 15 min
of equilibration, the donor chamber was spiked with 0.5 mL buffer
containing [3H]- or [**C]-labeled and/or nonradiolabeled solute(s).
An equal volume of assay buffer was simultaneously added to the
receiver chamber. Aliquots (100 uL) of the receiver solution were
removed at various times along with equal volumes from the donor
solution to maintain constant hydrostatic pressure.

Apparent permeability—area products (PappA) were obtained
from the slopes of linear plots of permeant flux into the receiver
compartment versus time, AMg/At, where AMg (= ACRrVR) is the
change in permeant mass over a given time interval,At, using the
following relation:

PaopA = (AMR/AD/(Cp, — Cg) = (ACRVR/ADIC, (1)

where Cr was the concentration in the receiver and Cp was the
donor concentration. Constant donor concentrations and sink
conditions, respectively, were maintained (i.e., Cp — Cgr =~ Cp) by
ensuring that less than 10% mass transfer occurred over the time
of the assay and by using large buffer volumes (V) in the receiver
chamber.

Monolayer permeability—area products, PmonolayerA, Were de-
termined from the following relationship:

1P, A=1/P A + 1UPjreeriA

app monolayer insert (2)

where permeability—area values for the collagen-coated insert
(PinsertA) were measured independently. Monolayer permeability
coefficients, Pmonolayer, Were then obtained by dividing PmonolayerA
by the surface area of the insert (i.e., A = 0.9 cm?, Biocoat system;
A = 1.13 cm?, Snapwell system). Pmonolayer includes contributions
from both paracellular and transcellular flux of solute across the
cell monolayer (i-e-x Pmonolayer = Pparacellule\r + Ptra\nscellular)-
Monolayer Uptake Experiments—Rat tail collagen (type I)
was attached to tissue culture dishes (35 x 10 mm?) with a cross-
linking reagent, 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide-
metho-p-toluenesulfonate (Aldrich) to provide a uniform and
durable surface for cell attachment and growth that would
withstand multiple media changes and the wash procedure.” Brain
microvessels were seeded onto the treated dishes, and confluent
monolayers were obtained 8—10 days after initial plating. Uptake
was initiated by the addition of fresh culture media containing
[3H]- and/or [*4C]-labeled or nonradiolabeled compounds (sucrose,
mannitol, urea, and zidovudine at donor concentrations of 1 x 1076,
2.1 x 1077,5.1 x 1075 and 5.4 x 1073 M, respectively). At selected
times, uptake was terminated by the rapid (~1 s) removal of
uptake solution using a pipettor followed by a series of washes
(50 mL per wash) with ice-cold Dulbecco’s phosphate-buffered
saline solution (pH 7.4). Dishes were immersed repeatedly (4
times) in wash solution and gently agitated (5 s per wash).
(Validation experiments using urea and zidovudine detected no
change in cellular content after the first wash.) Cells were
solubilized with 1 N NaOH (15 min at room temperature) and

neutralized with an equivalent volume of 1 N HCI, and aliquots
were analyzed for both permeant and protein content.

The mmoles solute per mg protein (M(t)) in each monolayer
versus time (one monolayer per time point) were recorded. M(t)
includes potential contributions from both intracellular (Mmonolayer-
(t)) and any residual extracellular or surface bound permeant (M;)
remaining after the washing procedure. Assuming that intracel-
lular uptake is due to simple passive diffusion, the mass of
permeant in the monolayer can be described by the following
equation:

M(t) = Mmonulayer(t) + Mi = CDVmonuIayer(l - e_kpt) + Mi (3)

where the monolayer volume per mg protein is Vimonotayer, Kp is the
apparent first-order rate constant governing cell uptake (ko=
P membraneAmonolayer/Vmonolayer), and Cp is the donor concentration of
permeant. Experimental uptake versus time profiles were fit by
nonlinear least-squares regression analysis to obtain estimates of
Vmonolayer, kp, and M;.

Values of k, for metabolizable compounds (i.e., glycerol and
acetamide) were obtained from initial rates of cell uptake at
glycerol donor concentrations of 2.9 x 1077 and 1.0 x 103 M and
acetamide donor concentrations of 0.9 x 1076 to 1.6 x 1075 M.
Intracellular concentrations of permeant (Cmonolayer(t)) were cal-
culated by dividing the intracellular mass (mmole/mg protein) by
Vimonolayer (7.2 uL/mg protein, determined above from the nonme-
tabolized permeants). Plots of concentration vs time for these
permeants were fit to eq 4 by linear least-squares regression

c k.Cot + C; @)

monolayer(t) =

analysis to obtain the first-order rate constants for simple passive
diffusion, k,. Values of k, for urea were also determined by this
method over a concentration range of nearly 4 orders of magnitude
(2 x 1075 to 0.1 M) to compare the two kinetic methods and to
examine the concentration dependence of the cellular uptake of
urea.

Analytical Methods—Samples containing [3H]- and/or [**C]-
radionuclides were diluted with liquid scintillation cocktail (Opti-
Fluor) and analyzed with a Beckman LS 1801 scintillation counter.
Samples containing zidovudine were quantified with a modular
reversed-phase HPLC system (Supelcosil LC-18-S analytical
column) with UV detection at 254 nm. The mobile phase consisted
of 15% acetonitrile in phosphate buffer (pH = 7.4, | = 0.02). Protein
content for each monolayer was determined by the Lowry method.8

Statistical and Regression Analyses—Statistical significance
was determined using either a one-tailed or two-tailed Student's
t test for unpaired data. Values were determined to be significantly
different when P < 0.05. Nonlinear least-squares regression
analysis was performed using a computer and commercially
available software (SCIENTIST, MicroMath, Salt Lake City, UT).

Results And Discussion

Isolation and Culture of Cerebrovascular Endo-
thelial Cells—The isolation and culture of cerebral mi-
crovascular endothelial cells have led to the development
of in vitro models designed to rapidly and conveniently
examine various aspects of BBB function.2°~11 Primary
cultures of these cells retain many characteristics of their
cerebral counterparts, including specific BBB and endo-
thelial “markers”, the absence of fenestrae, few micro-
pinocytotic vesicles, an abundance of mitochondria, and
well-developed junctional complexes.1212-14

Bovine cerebral microvessels were isolated and charac-
terized as described previously.’®> When seeded onto col-
lagen-coated microporous surfaces, these cells showed
excellent attachment and growth, with confluent mono-
layers forming within 8—10 days. Monolayers completely
covered the insert, including along the edges, when exam-
ined microscopically and exhibited the characteristic spindle-
shaped morphology described in the literature.>3 Further-
more, the permeability coefficients of polar permeants
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Table 1—Physicochemical Properties and Permeability Coefficients (mean + SD) for the Transmonolayer Flux of Various Polar Solutes

Papp Plnsert Pmono\ayer
permeant MW PCoctanoliwater (cm/min x 10%) (cm/min x 10%) (cm/min x 10%) av 10g Prmonolayer
sucrose 342 2.1 %1042 1.70 £ 0.46° 2.29 +£0.05¢ 6.6 —-2.56
1.37 +0.24f 3.10 2.4
1.099h 5.989n 1.3
mannitol 182 3.4 x1073b 1.50 £0.27¢ 3.03 £ 0.46° 3.0 -2.52
glycerol 92 1.1x10°2¢ 3.59+£0.97¢ 5.01 £0.18¢° 13 -1.9
urea 60 2.6 x1072¢ 3.47 +0.51f 6.03f 8.2 -2.25
2.839h 10.569h 3.9
acetamide 59 8.9 x1072¢ 3.31+0.31¢ 4.82 +0.59¢ 11 -1.96
zidovudine 267 1.14 2.90 +£0.20¢ 3.84 +£0.26° 12 -2.02
3.9290 8.149h 7.6

aRef 32. P Ref 33. ¢ Ref 34. ¢ Ref 35. € Biocoat system (n = 3 or 4 for Py, except for zidovudine where n = 2; n = 2 for all Pipse Values). f Vertical diffusion
chamber system (Snapwell, polyester membrane); n = 3 unless otherwise specified. 9 Vertical diffusion chamber system (Snapwell, polycarbonate membrane).

h Single determinations.

frequently used as paracellular markers (e.g., sucrose and
mannitol) were comparable to those reported in the litera-
ture_1,16,17

To establish that the in vitro culture system is a useful
model system for predicting in vivo BBB permeability
coefficients for passively diffusing polar permeants, it is
essential that the in vitro model exhibit comparable barrier
properties and similar selectivity to permeant structure
(e.g., lipophilicity) as that observed in vivo. As demon-
strated below, monolayers of cultured endothelial cells are
too leaky and therefore provide neither the barrier proper-
ties nor the selectivity to polar permeant structure found
in vivo.

Transmonolayer Flux Measurements—To evaluate
the reliability of transmonolayer flux measurements for
predicting in vivo brain uptake rates of passively diffusing
polar permeants, several model permeants, listed in Table
1, were selected for transmonolayer experiments. The
compounds chosen had molecular weights <400 daltons
and varied in lipophilicity as measured by PCgctanoliwater DY
nearly 4 orders-of-magnitude. With the exception of zi-
dovudine, the permeants employed, namely, sucrose, man-
nitol, glycerol, urea, and acetamide, have been used in
numerous cerebrovascular permeability studies in vivo or
in situ in which their transfer across the BBB was shown
to occur via simple passive diffusion.181° Zidovudine has
also been shown to cross monolayers of bovine capillary
endothelial cells primarily via passive diffusion,?° although
there is substantial evidence that its in vivo brain efflux
is at least partially carrier-mediated.?°=2% Zidovudine's
stability in endothelial cell homogenate made it a useful
model permeant for this study, and its inclusion extended
the range of lipophilicity explored, as measured by
PCoctanoliwater, t0 4 orders-of-magnitude (~1074 to 1).

Plots of % of permeant in the receiver compartment (100-
Cr/Cp) versus time for two representative permeants,
mannitol and acetamide, in control (collagen-coated insert
only) and transmonolayer flux experiments are shown in
Figure 1. In all experiments, sink conditions were main-
tained, and consequently, linear profiles were observed, as
demonstrated in Figure 1. As shown in Figure 1, fluxes
across inserts containing monolayers were significantly (P
< 0.05) smaller than those across inserts without mono-
layers, indicating the presence of additional barrier func-
tion due to the monolayers. Least-squares regression
analyses of the permeability data were performed to obtain
permeability coefficients for the inserts (Pinsert) and for the
monolayer/insert combinations (Papp), as displayed in Table
1. Transmonolayer permeability coefficients (Pmonolayer), @lS0
shown in Table 1, were then obtained using eq 2 and the
surface area of the insert.

10g Prmonolayer Values generated in Table 1 are plotted in
Figure 2 versus log PCoctanolwater Tor each of the six per-
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Figure 1—Representative transmonolayer flux (100-Cr/Cp) profiles of mannitol
(squares) and acetamide (triangles) across cell culture inserts with (filled
symbols) and without (open symbols) confluent monolayers attached. Each
time point represents the mean + SD of 2 or 3 individual experiments. The
two solutes were present as a mixture. Donor concentrations of mannitol and
acetamide were 8.9 x 1078 and 3.1 x 10~° M, respectively.
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Figure 2—Semilogarithmic plots of Pmonolayer Versus 109 PCocanaiwater for polar
permeants having log PC values less than one. Results are from several
laboratories, including this one (®); van Bree et al. (x);® Pardridge et al. (a);*
and Glynn and Yazdanian (¢).%* The dashed line is adapted from the literature
regression line for BBB permeability—area product in vivo from Fenstermacher.®

meants. The dashed line in Figure 2 represents the in vivo
relationship between the logarithm of the BBB perme-
ability coefficient and log PCoctanoiwater according to eq 5,

log PBBB = —2.14 + log l:)Coctanollwater (5)



which was adapted from the regression line for the
logarithm of BBB permeability—area product versus log
PCoctanoiwater Dm published by Fenstermacher® by assuming
a BBB surface area of 240 cm?/g of brain tissue and a
permeant diffusion coefficient (Dy,) of 1 x 107° cm?/s. The
literature regression line was based on in vivo BBB
permeability data for a variety of permeants, including
some from this study. It applies to approximately the same
lipophilicity range as that covered in Table 1. As is evident
in eq 5 and from the dashed line in Figure 2, the passive
permeability of similarly sized polar permeants across the
BBB in vivo appears to depend approximately linearly on
PCoctanolwater (i-€., the slope of log Pggg versus 10g PCoctanoliwater
is ~1). This is the primary evidence for the conclusion by
Fenstermacher® that passage across the BBB is transcel-
lular, even for solutes as polar as sucrose. In stark contrast,
the log Pmonolayer Values exhibit virtually no dependence on
log PCoctanoiwater Within the range of lipophilicities explored,
suggesting that the transmonolayer transfer of these
solutes is mainly via a paracellular route (i.e., through
leaks in the monolayer).

Because the extent of tight junction formation may vary
with isolation technique, culturing conditions, etc., the
results from several studies of the transmonolayer passage
of low molecular weight permeants (log PCoctanoiwater < 1)
are also displayed in Figure 2, including data published
by van Bree et al.,® Glynn and Yazdanian,?* and Pardridge
et al.* These data similarly show virtually no dependence
of transmonolayer permeability on permeant lipophilicity
for compounds having a log PCoctanoiwater < 1. Again,
paracellular diffusion appears to predominate in these
experiments.

Several investigators have observed that the barrier
properties of endothelial cell monolayer cultures can be
better maintained by coculturing with astrocytes?>—27 or
with a combination of astrocyte-conditioned media and
treatment with agents that elevate cyclic AMP.28 Raub, for
example, was able to demonstrate that noncontact cocul-
ture of postconfluent bovine brain cerebral capillary en-
dothelial cell monolayers with rat Cg¢ glioma cells reduced
Pmonolayer fOr sucrose from 1.47 x 1073 cm/min in primary
cultures to 7.7 x 10~* cm/min. An additional decrease to
1.5 x 107* cm/min was acheived with adenylate cyclase
activators.?” Dehouck et al. reported a sucrose permeability
coefficient of 6.3 x 10~* cm/min for monolayers in cocul-
ture.?529 These investigations indicate that some progress
is evident in terms of improving barrier integrity by
coculturing, but a comparison of these sucrose values with
those shown in Figure 2 indicates that they are still orders-
of-magnitude above the in vivo regression line.

Monolayer Uptake Experiments—Rate constants for
permeant uptake into capillary endothelial cell monolayers
(kp), which reflect the product of the membrane perme-
ability coefficient, Py, and monolayer surface-area-to-
volume ratio (i.e., Koy = PmAmonolayer/ Vmonolayer), Were deter-
mined by measuring the accumulation of permeant in
confluent monolayers after normalizing for the protein
content in each monolayer.

Displayed in Figure 3 are plots of % uptake (100-M(t)/
Mmonolayer(®0)) versus time for the nonmetabolizable per-
meants sucrose, mannitol, urea, and zidovudine, along with
the fitted curves obtained using eq 3. Independent esti-
mates of monolayer volume, normalized to protein content,
were obtained from each permeant as listed in Table 2.
These estimates were not significantly different from each
other as judged by their 95% confidence intervals and were
therefore combined to give an average value of 7.2 + 1.1
(SEM) ulL/mg protein, which, given an average protein
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Figure 3—Percent uptake versus time profiles for (a) sucrose (a) and mannitol
(M) and (b) zidovudine (M) and urea (a) into brain capillary endothelial cell
monolayers. Each point represents an individual monolayer incubated at 37
°C for a given period of time in the presence of 1 mL of culture media
containing 1.0 x 10® M sucrose, 2.1 x 10~7 M mannitol, 5.4 x 107 M
zidovudine or 5.0 x 107> M urea, washed, and lysed for analysis. Values for
urea (mean + SD) represent duplicate measurements at each time point.

Table 2—Parameters Obtained from Monolayer Uptake Experiments
for Various Polar Permeants

Vmonolayeva kp t:L/Z
permeant (uL/mg protein + SD) (min=! x 103 £ SD) (min)
sucrose 72%11 0.45 +0.05° 1540
mannitol 79+0.8 0.85+0.272 815
urea 56+%0.3 453 + 552 1.6

373+ 13 (n=6)

glycerol N/D 155+ 70 (n=2) 45
acetamide N/D 645 + 347° (n = 3) 11
zidovudine 79+0.7 1175 + 2682 0.59

2 Parameters determined from computer fits of the uptake versus time
profiles to eq 3. ® Parameters determined from computer fits of initial uptake
rates to eq 4.

content of 0.17 £ 0.01 (SEM) mg protein per monolayer
corresponds to an intracellular volume in the monolayer
of ~1.2 uL.

Intercepts in these plots reflect the residual percentage
of permeant in cells at zero time due to extracellular or
cell-surface-bound permeant remaining after the wash
procedure. This residual percentage was <5% in all cases
except for mannitol, where it was 18.5%. However, in every
case, including that of mannitol, the residual percentage
was not significantly different from zero as judged by the
95% confidence range.
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Figure 4—Dependence of initial rate of urea uptake into brain capillary
endothelial cell monolayers on urea concentration. The solid line represents
the fit using eq 4.

As evident in Figure 3a,b, concentrations of permeant
in the monolayer appeared to reach equilibrium at dis-
tinctly different times. Zidovudine and urea attained
apparent equilibrium within approximately 4 and 10 min,
respectively, whereas the more hydrophilic molecules man-
nitol and sucrose took >24 h to approach a constant
intracellular concentration. Indeed, the monolayer ac-
cumulation of sucrose had not yet achieved a steady-state
concentration after 48 h when the study was terminated.
In contrast to the similar Pmonolayer Values obtained in
transmonolayer experiments, calculated values of k, for
each permeant obtained from these plots (Table 2) vary by
>3 orders-of-magnitude from the slowest (sucrose) to the
most rapidly permeating compound (zidovudine).

In addition to the % uptake versus time profiles in Figure
3a,b, initial rates of uptake were determined for urea over
a concentration range of 2 x 107°to 0.1 M. Initial velocities
were obtained from the slopes of plots of urea concentration
in monolayers versus time as described by eq 4. These
velocities, plotted versus urea concentration in Figure 4,
demonstrate a linear relationship between rate of uptake
and urea concentration consistent with uptake via passive
(nonsaturable) diffusion. The first-order rate constant for
urea uptake obtained from these data (Table 2) compared
favorably with that obtained from the % uptake versus time
profile in Figure 3b, thus validating the initial rate method
for obtaining k, values.

The initial rate method was employed to obtain k, values
for glycerol and acetamide after preliminary experiments
suggested intracellular metabolism was occurring. Linear
uptake kinetics were observed in the initial rate region for
both permeants, consistent with eq 4, allowing the k,
values listed in Table 2 to be determined from linear least-
squares regression analysis. The mean value for glycerol
reflects initial rate studies conducted at concentrations of
2.9 x 1077 and 1.0 x 1073 M, which yielded k, values of
0.16 and 0.15 min~1, indicating that uptake of glycerol was
concentration-independent over this range.

All of the above results are consistent with a passive
diffusion uptake mechanism. The adherence of the uptake
curves in Figure 3a,b to a passive uptake model, the
absence of concentration dependence in the initial rates of
uptake of glycerol and urea, and the dramatic differences
in k, values, which qualitatively appear to be sensitive to
permeant size and lipophilicity, support a passive diffusion
mechanism. Estimates of monolayer volume were inde-
pendent of the permeant employed to obtain the estimate
for nonmetabolizable compounds, again consistent with
passive diffusion.
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Figure 5—Relationship between log k; for uptake into brain capillary endothelial
cell monolayers to log Pggs from published in vivo data.

The k, values for monolayer uptake are related to the
membrane permeability coefficient of each permeant (k,
= PmAmonolayer/ Vmonolayer). Therefore, these values would be
expected to correlate with in vivo BBB permeability coef-
ficients, provided that brain uptake in vivo is also passive
for these permeants. Figure 5 displays the log k, values
from this study plotted versus the average log Pggg values
determined in vivo. The in vivo results for sucrose, man-
nitol, and urea were obtained from a compilation by
Fenstermacher; the glycerol value was the average of data
from publications by Fenstermacher and Rapoport!® and
Takasato et al.;3° and the acetamide literature value was
from Rapoport et al.?® Zidovudine was not included in this
comparison because carrier-mediated processes have been
implicated in its in vivo brain uptake/efflux.20:2131 The
dashed line in Figure 5 represents the least-squares fit to
the data, which yielded a slope not significantly different
from one and an excellent correlation (slope = 1.4 £ 0.4;r
= 0.90). There appears to be some size-dependent perme-
ability behavior manifested more strongly in monolayer
uptake than in vivo, as evident in the deviation of the k;
for urea, the smallest permeant examined, from the regres-
sion line. Why a larger size dependence would exist in the
endothelial cell monolayers than in the cerebrovascular
system in vivo is not known, if indeed it is the size of urea
that accounts for the difference.

In conclusion, transmonolayer flux measurements ap-
pear to be poor predictors of blood—brain barrier passage
in vivo for polar, small molecule permeants (log PCoctanoiwater
< 0), as transmonolayer permeability coefficients lack the
sensitivity to permeant lipophilicity that is observed in
vivo. This reflects the predominantly paracellular passage
of polar permeants across brain endothelial cell monolay-
ers. However, monolayer uptake Kkinetics of several polar
permeants were found to be highly dependent on permeant
lipophilicity and well correlated with in vivo BBB perme-
ability coefficients, with a slope in the plot of log k, versus
log Pggg near one. This preliminary investigation suggests
that uptake studies into cerebral capillary endothelial cell
monolayers may be superior to transmonolayer flux mea-
surements for probing the role of simple passive diffusion
in the passage of polar permeants across the blood—brain
barrier. Additional studies are underway to assess the
utility of the monolayer uptake method for predicting the
in vivo BBB permeability of dideoxynucleoside anti-HIV
agents which may also undergo intracellular metabolism
during their passage across the BBB.%®
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