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Transcellular permeability of the neuroleptic-anesthetic chlorprom-
azine (CPZ) was examined using a cell type (MDCK) that forms a
confluent monolayer of polarized cells resulting in distinct apical
(AP) and basolateral (BL) membrane domains separated by tight
junctions. Because CPZ is membrane interactive, transmonolayer
flux was analyzed as two kinetic events: cell uptake from the AP
donor solution and efflux into the BL side receiver. Using the rate of
cell uptake in the presence of different concentrations of BSA, an
intrinsic cell partition coefficient of 3700 + 130 and an operational
dissociation binding constant of 0.4 + 0.05 mM were calculated. In
contrast to uptake, efflux of CPZ from either the AP or the BL side
of the cell monolayer was ~ 10*-fold slower and was dependent upon
the avidity of CPZ for the protein acceptor in the receiver solution.
These results emphasized the importance of simultaneously measur-
ing disappearance of a lipophilic molecule from the donor solution
and its appearance in the receiver and demonstrated how interac-
tions with proteins on either side of the celiular barrier influence
permeability. Appearance kinetics showed that the composition of
the receiving environment is critical to model a particular in vivo
situation and implied that the intrinsic permeability of membrane-
interactive molecules in vitro does not necessarily predict penetra-
tion beyond the initial cellular barrier in vivo.

KEY WORDS: biophysical model; cell culture model; chlorproma-
zine; permeability.

INTRODUCTION

Plasma protein binding greatly affects the ability of mol-
ecules to permeate cellular barriers, especially endothelium,
and penetrate the underlying tissues. Likewise, access of
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lipophilic molecules to intracellular sites can be significantly
restricted despite a favorable intrinsic transmembrane per-
meability. It was originally thought that only the unbound or
free drug concentration was available for uptake by tissues.
However, the validity of the free drug hypothesis has been
questioned by numerous examples where tissue uptake also
depends upon the fraction bound (1). Many in vitro methods
have been devised to predict pharmacokinetic consequences
of protein binding in vivo; however, correlations are incon-
clusive (2). Nevertheless, the in vitro assays have provided a
means to understand the molecular events of drug—protein
interaction and subsequent partitioning into tissues. The as-
pects of tissue uptake related to the partitioning of a mole-
cule from the initial cell barrier to the underlying cells have
not been well studied.

Chlorpromazine (CPZ)’ is an aliphatic derivative of the
antipsychotic phenothiazines. By nature of its unique phys-
ical-chemical properties, CPZ is also a membrane anesthetic
and has been studied extensively (3). We chose CPZ as a
model compound to examine the way lipophiles cross a cel-
lular barrier. CPZ is relatively hydrophobic, with a log PC,,,.
octanol/water) = 3.16 at pH 7.4 (5.3 for the uncharged mole-
cule), and complete ionization (pK, = 9.3) in solution at pH
7.4 gives it a relatively high water solubility (4,5). In addi-
tion, CPZ is 92-99% protein bound in vivo and the volume of
distribution in man of ~11 L/kg indicates that CPZ does
partition into vascular endothelium and, presumably, under-
lying tissues (6). Consequently, CPZ represents a model
compound for which a plethora of information is available
both in vitro and in vivo.

In the current study, a recently described cell culture-
based biophysical model (7) was applied to understand how
CPZ passively permeates a continuous cell barrier in the
presence of plasma proteins on both the donor and receiver
sides. The interplay of protein binding affinity, membrane,
partitioning, and solubility are compared between CPZ and
previously analyzed lipophilic antioxidants U-78517F and
U-74006F (7) to define what determines permeation and
brain uptake.

MATERIALS AND METHODS

Materials

The low-resistance MDCK cell line was from the Amer-
ican Type Culture Collection (Rockville, MD) and was main-
tained in culture as described previously (7). The Transwell
filter inserts (24.3-mm diameter or 4.71 cm?, 0.4-pm pore
size) were from Costar (Cambridge, MA). BSA fraction V,
chlorpromazine HCIl, and «,;-acid glycoprotein (a,-AGP)
were from Sigma Chemical Co. (St. Louis, MO). Solvable,
Protosol, p-[1-'*Clmannitol (55 mCi/mmol), N-[1-
4Clbutanol (1.7 mCi/mmol), and [benzene ring-*HICPZ hy-
drochloride (30 Ci/mmol, 355.3 Da) were from Dupont NEN
Research Products (Boston, MA). [’ H]JCPZ in 100% ethanol
at 1 mCi/mL was stored under nitrogen gas at —20°C in the
dark to minimize oxidation/degradation. [*H]Dextran (423
mCi/g) was from Amersham Corp. (Arlington Heights, IL).
Hank’s balanced salt solution (HBSS) was from GIBCO-
BRL (Grand Island, NY), and 4-(2-hydroxyethyl)-1-piper-
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azineethanesulfonic acid (HEPES) was from Boehringer
Mannheim Corp. (Indianapolis, IN). Ultima Gold scintilla-
tion fluid was from Packard (Meriden, CT).

Flux Experiments

MDCK cells were seeded onto sterile Transwell poly-
carbonate membrane inserts at a density of 50,000 cells/cm?.
Cells were used for experiments on day S or 6 after measur-
ing the transepithelial electrical resistance (TER) of the cell
monolayers (8). The cells were rinsed for 20 min with HBSS
containing 10 mM HEPES, pH 7.4 (HBSS-HEPES), and
then the apical (AP)-side (donor) chamber solution was re-
placed with 3% BSA in HBSS-HEPES. The basolateral
(BL)-side (receiver) chamber contained either 0.1, 0.5, or 3%
(w/v) BSA or 0.1% (w/v) «,-AGP in HBSS-HEPES. After
equilibration for 20 min at 37°C, the donor chambers re-
ceived 1.5 mL [PH]CPZ at 0.25 p.Ci/mL (=3 pM CPZ) in 3%
BSA-HBSS-HEPES immediately after passage through a
0.2-pm pore-size filter. All incubations were performed in
triplicate at 37°C with continuous mixing by nutation (Nuta-
tor, Clay Adams, Parsippany, NJ). The cell inserts were
transferred to 2.5 mL fresh BSA buffer at each time point to
maintain sink conditions in the receiver. Both donor (10 pL)
and receiver (500 pL) aliquots were collected at regular time
intervals for the duration of the experiment. At the end of the
experiment the cell inserts were rinsed three times with ice-
cold calcium- and magnesium-free phospate-buffered saline
(CMF-PBS). The filter containing the cells was cut from the
holder with a scalpel and solubilized in a glass scintillation
vial with 1 mL Protosol. The radioactivity of all samples was
measured in 10 mL Ultima Gold scintillation fluid by liquid
scintillation counting (L.SC).

Uptake Experiments

MDCK cells were plated at a density of 20,000 cells/cm?
in plastic six-well culture dishes and used between day S and
day 7. All incubations were performed in triplicate at 37°C
with mixing as described above. The cells were washed for
20 min with HBSS-HEPES and the wash buffer was replaced
with 1 mL HBSS-HEPES containing 0.1, 0.5, 1, 2, or 3%
(w/v) BSA. After equilibrating for 15-20 min, the BSA
buffer was replaced with fresh BSA buffer containing 0.25
pCi/mL[*HICPZ, and 10-puL samples were taken. At the end
of the experiment ( = 60 min), the cells were rinsed three
times with ice-cold CMF-PBS and solubilized with 1 mL
Solvable for 15 min to measure cell-associated radioactivity
by LSC.

Efflux Experiments

Plastic-grown cells were used to measure efflux from
cells through the AP membrane. MDCK cell monolayers
were allowed to accumulate [PH]JCPZ for 60 min or until
steady-state equilibrium was reached as described for uptake
experiments. The donor solutions were removed and the
amount of radioactivity remaining was measured to calculate
the amount accumulated by the cells. To measure efflux of
[*HICPZ, each well contained 1 mL of the appropriate BSA
buffer and the entire solution was carefully removed every
30 min for 3 hr and replaced with fresh BSA buffer to main-
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tain sink conditions. At the end of the experiment the
amount of radioactivity remaining cell associated was mea-
sured.

Efflux of [PH]JCPZ from the BL. membrane was also
studied. Filter-grown cells were incubated for 60 min with
0.25 wCi/mL [*HICPZ in HBSS-HEPES-3% BSA in the do-
nor compartment only and the amount accumulated by the
cell monolayer was measured as described above. To isolate
efflux from the BL membrane, the AP side solution was
removed, leaving a thin film to prevent drying. Sampling was
done as described for flux experiments. After 4 hr, the cells
were rinsed and the amount of radioactivity remaining cell
associated was measured.

Data Analysis

Quantification of transport parameters in transmono-
layer flux studies as a function of protein binding with BSA
and «,-AGP was achieved using the following modification
of the biophysical model described in detail elsewhere (7).
The rate of disappearance of [*’HJCPZ from the donor solu-
tion is
dCp

V
— = —oCp + (oB +v) [CD(O) - Cp - (V—E) cR] M

and the rate of appearance in the receiver sink is

dCR _ VD VR

o= (vg) [CD(O) - Cp - (VD G| @
where the apical uptake (o) and basolateral efflux (y) rate
constants and the partition parameter () are

AP
o= V" > min~! 3
B= v dimensionless 4)
VcellK
APy .y
=—, min~ 5)
i Vcell
1
P (6)

= (1/ePw) + (1/P) + (1/PapL)

and Cp, and Cy are the total concentration (free drug and
protein bound drug) in the donor solution of volume V, and
the receiver solution of volume Vy, respectively; V., is the
volume of the cell monolayer using an average cell height of
7 um (8); A is the cross-sectional area (4.71 cm?); and € is the
porosity of the filter (0.15). The effective uptake permeabil-
ity coefficient (P,) for the AP membrane partition coefficient
(K) are functions of protein concentration. The permeability
coefficients of the BL. membrane per se, filter support, and
aqueous boundary layer on the filter side are Py, Pg, and
P g1, respectively. The initial boundary conditions are Cp,
= Cp(0) and Cx = 0. After applying data on the change in
amounts of CPZ in the donor and receiver with time to the
Laplace transforms of Egs. (1) and (2), the inverse of the
simultaneous transformed equations was numerically calcu-
lated for best estimates of «, 8, and vy with LAPLACE (Mi-
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croMath Scientific Software, Inc., Salt Lake City, UT). This
approach provided greater latitude in analyzing a range of
disappearance and appearance kinetic profiles than the re-
stricted approach used previously (7).

For uptake and efflux kinetics at the AP membrane of
cells grown on plastic dishes and efflux kinetics from the BL.
membrane of filter-grown cells, the data were plotted and
analyzed by theoretical models (7) using nonlinear least-
squares curve fitting (9). All radioactivity was accounted for
in each experiment to ensure that mass balance was ob-
tained.

Brain Uptake Index

First-pass extraction of radiolabeled drug in brain was
measured using the brain uptake index (BUI) method of Ol-
dendorf (10). A 200-pL bolus of HBSS containing 3% (w/v)
BSA, 2 uCi of PHICPZ (24 p.M), and 0.5 pCi of the refer-
ence compound ['*CJ]butanol was injected rapidly into the
left common carotid artery of anesthetized 300 to 350-g male
albino Sprague-Dawley rats. The amount of *H]JCPZ ex-
tracted was calculated as described elsewhere (7,10) using
0.81 as the extraction efficiency for n-butanol (11).

Reverse-Phase HPLC

To confirm that [*H]CPZ was pure and did not contain
appreciable amounts of [*H),0, and that metabolism and/or
chemical degradation had not occurred during the course of
these experiments, cell monolayers on plastic were incu-
bated with [*H]CPZ for up to 3 hr. Donor solutions and
organic solvent extracts (12) of the cells were subjected to
reverse-phase HPLC using a standard C-18 column with a
mobile phase consisting of 60% acetonitrile, 40% H,O,
0.02% trifluoroacetic acid, and 0.02% dimethyloctylamine.
Elution was isocratic at 1 mL/min and the output was mon-
itored using a Radiometric Instruments Flo-One Beta radio-
active flow detector.

RESULTS

Cells seeded onto plastic dishes formed a continuous
monolayer within 4-5 days. The integrity of cell monolayers
grown on the polycarbonate membrane inserts was deter-
mined to be maximal after day 4 by using TER measure-
ments. Although TER measurements were not made on ev-
ery monolayer for every experiment, intermittent TER mea-
surements made throughout the study were found to be
consistently ~200 Q - cm®. It was shown previously that
MDCK monolayers with comparable TER values prevent
appreciable paracellular leakage of membrane-impermeant,
hydrophilic solutes of >300 Da (7,8); therefore, transmono-
layer leakage of the CPZ—protein complex was negligible. To
determine if CPZ (Fig. 1) adversely affected monolayer in-
tegrity, we simultaneously measured the AP-to-BL fluxes of
(**C]mannitol and [*H]dextran (70 kD) with donor concen-
trations of 30 pM CPZ or 10-fold greater than the amounts
used in the kinetic studies. CPZ had no effect on transmono-
layer flux of either of these extracellular solutes.

We also showed that 94-98% of the radioactivity in the
donor and receiver solutions was authentic CPZ as con-
firmed by simultaneous UV detection of unlabeled CPZ. Of
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Fig. 1. The chemical structure of chlorpromazine HC] (CPZ).

the remaining 2-6% radioactivity, the majority was most
likely [*H],O since it eluted with the solvent front. In aged
samples of CPZ containing 10% [*H],O, transmonolayer per-
meability coefficients for CPZ were unaffected. After 3 hr in
the presence of cells, there was no apparent loss of CPZ in
either cell extracts or donor solutions by metabolism or deg-
radation. Under these conditions, ~80% of the radioactivity
in the donor at time 0 became cell associated and 98.8 +
0.1% was extracted in the organic phase, independent of the
time of incubation. During this time the putative [*H],O in-
creased to only 5.0 to 7.5% of the M(0). These results con-
firmed that chemical degradation or cellular metabolism was
negligible and that the ensuing kinetic studies represented
native CPZ.

Transcellular Flux

The effects of protein binding on transcellular perme-
ability of CPZ were determined by measuring both its rate of
disappearance from the AP donor solution and its rate of
appearance in the BL receiver solution. The concentrations
of PHICPZ and BSA (3%) in the donor solutions were held
constant, while the BSA concentration in the receiver was
either 0.5 or 3.0%. There was a marked difference between
the disappearance and the appearance kinetics (Fig. 2). The
magnitude of these P, values appeared to be consistent with
diffusion of BSA-bound and free CPZ species across the
aqueous boundary layer, which is the rate-determining step
(7). Loss of CPZ from the donor solution represented parti-
tioning into the cell monolayer and this was confirmed by
mass balance. The amount of radioactivity associated with
the cell at the end of the experiment was 65-85% of M(0),
depending upon the BSA concentration. It was found that
<12% of M(0) was adsorbed to the plastic surfaces and the
filter by harvesting the cells with trypsin, rinsing the filter
insert with 100% methanol, and measuring the amount of
radioactivity recovered. These data were corrected for an 86
+ 4% efficiency of cell removal by trypsin (7).

Appearance P, values were ~10%-fold slower than the
disappearance P, values and the kinetics were linear with
time (Fig. 2). The appearance kinetics were slightly depen-
dent upon the concentration of BSA in the receiver solution
and this had no effect upon the initial rate of disappearance.
Therefore, these two events were essentially independent
kinetic processes. This independence was demonstrated fur-
ther by increasing the rate of appearance in the receiver by
using an acceptor protein with a higher binding affinity for
CPZ. o,-AGP is a plasma protein that avidly binds most
lipophilic cations, including CPZ (13). Figure 2 shows that
0.1% «,-AGP in the receiver solution resulted in a 14-fold
increase in appearance P, compared with 0.19% BSA. De-
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Fig. 2. Transmonolayer flux of [*H]CPZ as a function of BSA or a,-AGP in the receiver and donor. The assay
was performed as described under Materials and Methods with 3% (w/v) BSA in the donor and 0.1 or 3% (w/v)
protein in the receiver. The mass of CPZ in the donor (Mp) and receiver (Mg) at each time was calculated as
a fraction of the mass in the donor at ¢ = 0 [M(0)] and the cumulative fraction was plotted as a function of
time at 37°C. Standard deviations (n = 3) were <5% of the mean. Mass balance was ~100%.

spite this marked increase in appearance kinetics, the ini-
tially rapid rate of disappearance was not affected, further
showing that uptake was aqueous boundary layer controlled.
Unlike BSA, «,-AGP did show an effect upon the quasi-
equilibrium of the disappearance kinetics after 60 min (Fig.
2). Since «,-AGP was efficiently depleting the cell mono-
layer of CPZ at a rate much faster than replenishment from
the donor, a relatively large net concentration gradient was
maintained; hence, the quasi-equilibrium state observed
with BSA was not attained.

Uptake Kinetics

To focus on the roles of protein binding and transfer of
CPZ between the aqueous phase and the AP membrane,
uptake Kinetic experiments were conducted with cells cul-
tured on a plastic dish. The CPZ concentration was kept
constant and the BSA concentration was varied from 0 to 5%
(w/v) or from 0 to 0.8 mM (BSA, 66 kD). Both the exponen-
tial uptake kinetics and the equilibrium levels that were cell
associated decreased proportionately to increased BSA con-
centration (Fig. 3). Using nonlinear least-squares curve fit-
ting per the biophysical-kinetic model described, the effec-
tive permeabilities (P,) and the apparent cel/BSA buffer par-
tition coefficients (K) at pH 7.4 were calculated. The uptake
P_ and K values were found to be weakly influenced by BSA
concentration (Fig. 4). These uptake P, values were ~2-fold
faster than the uptake P, values measured from the trans-
monolayer flux experiments because the hydrodynamics
were different. The Transwell donor had a three-fold greater
volume-to-surface area ratio, resulting in less mixing and a

thicker aqueous boundary layer. A fit of the binding expres-
sion defined in Fig. 4 gave an intrinsic partition coefficient
(Kiner) Of 3660 = 130 between free CPZ in the aqueous solu-
tion and the cell and an apparent dissociation constant (k) of
4.0 = 0.5 x 10~* M. This value is an operational constant
describing the BSA-CPZ interaction since the stoichiometry
of this complex under these conditions was not determined.
We examined the data with the assumption that the rate-
limiting kinetic step in uptake was diffusion of both the free
and the BSA-bound CPZ across the aqueous boundary layer
(6), and not the subsequent partitioning step of free CPZ
molecules into the outer leaflet of the AP membrane lipid
bilayer and diffusion throughout the cell. There was a good
linear relationship of the experimental data when the uptake
P_ was plotted against the fraction of free CPZ concentration
(Fig. 5), suggesting that uptake kinetics is aqueous boundary
layer controlled.

Uptake of [*'H]CPZ by brain was measured in rats using
the BUI method and an injectate consisting of 3% BSA in
HBSS-HEPES, pH 7.4. Relative to the reference compound
butanol, CPZ had an extraction efficiency of 87 = 6% (mean
= SD; n = 3).

Efflux Kinetics

Because permeation of CPZ across MDCK cell mono-
layers was slow and the K., of CPZ into the cells was high,
we examined efflux of cell-associated [*H] CPZ as a function
of BSA concentration. First, efflux from the AP membrane
was measured in plastic-grown cell monolayers. The entire
bathing solution was replaced to maintain sink conditions.
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Fig. 3. Uptake kinetics of [PHJCPZ measured as disappearance from the donor as a function of BSA con-
centration into MDCK cell monolayers grown on a plastic substrate. The details of the experiment are
described under Materials and Methods. Data are the fraction of mass in the donor at time ¢ (Mp,) relative to

the mass in the donor at t = 0 [M(0)]. Standard deviations (n =

3) are <5% of the mean, and the mass

balance was ~100%. The experiment was continued for 2 hr and the residual M, remained constant (not

shown).

As expected, the rate of efflux was increased slightly with
increases in BSA concentration (Fig. 6).

Apical membrane efflux was compared to efflux of cell-
associated CPZ from the BL. membrane. The rate of desorp-
tion of radioactivity into the BL receiver from filter-grown
cell monolayers, previously equilibrated with PH}CPZ, was
measured. After loading, the cells were rinsed and the donor
solution was completely removed except for a thin film of
buffer covering the cells to prevent drying. Although this
creates a hydrostatic pressure against diffusion, the effect is
trivial given the slow efflux rates of a molecule that diffuses
transcellularly. The P, values of BL efflux at 0.5% (0.9 x
107°% cm min~!) and 3% (2.4 X 10~% cm min ') BSA com-
pared well to those measured from the AP membrane (0.83
and 1.56 x 107¢ cm min ™!, respectively). The mass trans-
port resistance of the microporous filter was insignificant
and there was no apparent need to correct for the area of the
BL. membrane directly exposed to the pores of the filter.

DISCUSSION

This study attempts to understand the permeability of
cellular barriers to lipophilic molecules by employing an in
vitro cell culture model and Kkinetic analyses applied through
a biophysical model described in detail elsewhere (7). Sev-
eral key issues were concluded from this study. First, the
results showed the importance of following donor disappear-
ance in addition to receiver appearance under conditions
where cell accumulation is significant. We showed that the
kinetics of appearance, which are used to derive the appar-

ent permeability, were independent of the disappearance ki-
netics. Second, the data showed that permeability or appear-
ance in the receiver is membrane controlled despite appre-
ciable water solubility and is dependent upon the nature of
the acceptor in the receiver. Third, this dependence of per-
meability upon the receiver environment raised the issue of
how well the in vitro model with a predominantly aqueous
receiver predicts permeability in vivo and, more importantly,
penetration into underlying tissues.

Cell Membrane) Partition Coefficient of CPZ

The model is partly validated by the comparison of our
calculated parameters versus values that were measured in-
dependently. The K, of ~3700 reported here was similar to
partition coefficients (K) of 2750 for isolated cell membrane
fractions at pH 7.4 (14), and K = 2700 * 300 for erythrocyte
ghosts at pH 7.4 (15). Our value was calculated using the
total cell volume, whereas the other values were obtained
using only membranes; therefore, if CPZ partitions into cell
cytoplasm consisting of intracellular membranes, proteins,
and lipid deposits, then we might expect to see a slightly
larger K;,,.. Access of lipophilic compounds into cytoplas-
mic sites has not been well defined experimentally. It is prob-
able that, despite the high K|, value of CPZ for membranes,
CPZ could be delivered to intracellular membranes through
its association with cytoplasmic proteins, especially since it
is available at the cytoplasmic face of the plasma membrane
(4). Using a precipitation technique to visualize drugs within
tissues, it was suggested that CPZ located in intracellular
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Fig. 4. The apparent membrane partition coefficient of [PH]CPZ as a function of molar concentration of BSA and
free CPZ concentration. K;,,,, (mean = SD) was calculated from the curve fit to the uptake data (Fig. 3) using the
equation shown. The binding constants are operational constants since the stoichiometry of the BSA-CPZ

complex was not explicitly determined.

membranes (16); however, this method remains to be vali-
dated.

Binding Constants of CPZ for BSA

Our estimated k, of 4 X 10~ * M for BSA binding of CPZ
from the uptake kinetics compares to the 0.5 x 107¢ M
measured directly using fatty acid-containing BSA (17). The
difference between these values might be attributed to the
use of a cell system versus a protein-ligand assay much in
the same way that k4 values measured irn vivo are nearly an
order of magnitude greater than those measured in vitro (1).
It is equally possible that the difference in k, values was
caused by variations in BSA and fatty acid content. The
accuracy of k4 values measured in vitro appeared compli-
cated by the variability in the number of binding sites on
albumin for CPZ, which ranges from 1 to >3 depending upon
the albumin concentration (18). Therefore, we emphasize that
our estimate of the binding constant is an operational value
at best, requiring further confirmation using this approach.

Permeability and the Interplay of Various Factors

The kinetics of permeation of very lipophilic molecules
across cellular barriers involves an interplay of membrane
partitioning, protein binding, and aqueous solubility. We pre-
viously examined transmonolayer flux of two other very
lipophilic molecules in this model (7) and compare the re-
sults in Table I. The K;,,, of CPZ is >10° larger than that
measured for either of the lipophilic antioxidants, U-78517 or
U-74006, even though these compounds have calculated log-

PC, octanoliwatery Values of >8. It is likely that this difference
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Fig. 5. Influence of free CPZ fraction on the effective permeability
coefficients (P.) determined from the kinetics of disappearance of
[*HICPZ from the donor (Fig. 3), i.e., cell uptake of [PHICPZ. Lin-
ear regression gave a correlation R?> = 0.91. The extrapolated inter-
cepts are the permeability coefficients for free CPZ and the CPZ-
BSA complex across the aqueous boundary layer.
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Fig. 6. Efflux kinetics of [PHJCPZ from the apical surface of plastic-grown cell monolayers as a function of BSA
concentration. Cell monolayers were allowed to equilibrate with [*’H]CPZ, then quickly rinsed in buffer, and loss of
cell-associated radioactivity was measured with time under sink conditions. The data are the mass fraction of CPZ
appearing in the receiver (Mg) versus the amount in the cell at ¢+ = 0 [M(0)]. Curve fitting was done using Egs. (1)
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and (2). Standard deviations (n = 3) were <5% of the mean and the mass balance was ~100%.

in K, is because CPZ, which is a stronger base than the
antioxidants, with pK’s of ~6 to 7, has stronger ionic inter-
actions with membrane components. For example, the cal-
cium-channel antagonist amlodipine, with a pK, of ~9, is
highly partitioned into the membrane most likely because of
ionic interactions with phospholipid headgroups (19). It has
been suggested that lipophilic cations such as CPZ interact
with negatively charged phosphatidylserine, which is at
higher concentrations on the inner membrane bilayer leaflet
(20). We also cannot rule out that binding of CPZ to mem-
brane proteins plays a significant role in partitioning (21). In
addition to the difference in X;,,,,, U-78517 and U-74006 have
5- and 33-fold, respectively, stronger apparent affinities for
BSA, resulting in lower free drug concentrations (Table I).
The combination of a larger K;,,, and lower affinity for BSA
results in a ~6- to 9-fold slower efflux P, for CPZ, despite its
having an aqueous solubility at pH 7.4 that is at least 6 X
10*-fold greater than either of the antioxidants (Table I).
Therefore, transmonolayer permeability of CPZ is mostly
membrane limited or dependent upon the receiver-side en-
vironment, whereas not only are the antioxidants membrane
limited, but also their permeability is dependent upon pro-
tein binding and subsequent cell accumulation from the do-
nor side (7).

The Receiving Solution: Its Role in Permeability

The importance of the composition of the receiver so-
lution in transcellular flux of membrane-limited molecules
was emphasized by replacing BSA with a,-AGP. «;-AGP is

a 40-kD plasma protein, at physiological concentrations of 14
to 37 wM in plasma (22), with a k, for CPZ that is ~10*-fold
greater than BSA (23). The higher affinity of CPZ for «,-
AGP was sufficient at 25 pM under sink conditions to over-
come K -dependent desorption. This observation empha-
sizes the importance of providing a receiving environment
that mimics the in vivo situation being modeled. Otherwise
the observed permeability in vitro does not reflect perme-
ability, and especially penetration beyond the initial cellular
barrier, in vivo. It is important to realize, too, that in vitro
measurements using individual proteins or mixtures of pro-
teins do not necessarily mimic the importance of these in-
teractions in the blood in vivo (24). Despite the ability of
a,-AGP to bind lipophilic cations with a high affinity, it does
not appear to play a major role in the pharmacokinetics of
these compounds (25). In part this is attributed to the rela-
tively large binding capacities of albumin and lipoproteins in
spite of their relatively low affinities (26).

This cell culture-biophysical model was designed to un-
derstand the permeability of membrane-interacting com-
pounds at the blood-brain barrier (BBB) by passive diffu-
sion independent of BBB-specific metabolism or transport.
However, given the importance of the environment underly-
ing the endothelial barrier in facilitating desorption and sub-
sequent penetration, it is unclear what kind of environment
should be provided in the receiver in vitro as an in vivo
equivalent. Rosen and Tham (27) suggested that penetration
of CPZ into the CNS is facilitated by its avidity for an un-
identified CNS component by increasing the concentration



672

Sawada, Ho, Williams, Barsuhn, and Raub

Table I. Comparison of Efflux Permeability Coefficients, Fractions of Drug Bound to BSA, Intrinsic
Partition Coefficients, and Apparent Binding Constants Between CPZ and the Lipophilic Antioxidants
U-78517F and U-74006F

CPZ U-78517F° U-74006F¢
% BSA % BSA % BSA
% BSA Pt bound® P, bound P, bound
0 0.3 0 0.8 0 — —
0.1 0.3 4 5.2 18 6.0 59
0.5 0.4 18 5.4 52 8.2 88
1.0 0.8 30 6.8 68 11.1 94
2.0 1.0 47 10.8 81 — —
3.0 1.3 57 14.1 87 14.9 98
5.0 1.8 68 19.3 92 — —
Ko 3660 = 130 2050 = 130 1150 = 250
ky (M)? 4+0.05 x 10™* 0.71 = 0.10 x 10~* 0.1 = 0.04 x 107*
S 300 pg/mL <50 ng/mL <50 ng/mL

2 Data from Raub et al. (7).

b P, values of efflux from AP membrane. Units X 10~ cm min™!.

¢ Calculated from uptake kinetics.

4 Calculated from nonlinear least-squares curve fitting of a plot of the effective partition coefficient (K)
versus molar concentration of BSA (see Fig. 4). K was calculated from uptake kinetics. The disso-
ciation binding constant (k;) was calculated from the relationship between K and the free drug

concentration (7) (see Fig. 4).
¢ Aqueous solubility at pH 7.0 (5,7).

gradient from blood. Through fractionation they discounted
albumin as an acceptor, and this is consistent with the low
concentration of albumin in CSF (28). The tissue source of
the binding sites apparently is not important since binding of
CPZ to microsomes from a variety of different tissues in-
cluding brain was equivalent (29). We examined the role of
brain components by adding dilutions of rat brain homoge-
nate to the buffer in experiments measuring P, efflux so that
filter porosity did not limit access, but no effect on efflux
kinetics was seen compared to BSA (G. A. Sawadaand T. J.
Raub, unpublished). Although the data shown here suggest
that CPZ equilibration with underlying tissue could be slow,
they also imply that conditions for equilibrium are favorable
since accumulation by the cells that comprise the barrier is
rapid and extensive.

Implications for Brain Uptake

What do these results predict for brain uptake in vivo?
For the lipophilic antioxidants U-74006 and U-78517, brain
uptake during first pass was very low, with extraction effi-
ciencies of less than 10% (7). The model of Pardridge (30)
attributes this to rates of dissociation (k) and/or uptake P,
that are much slower than the ~1-sec transit time. Both
result in a low free drug concentration that is available to
partition into the BBB endothelium (7). This was supported
by a negative slope correlation between extraction efficiency
of the antioxidants and concentration of protein in the injec-
tate (T. J. Raub and L. R. Williams, unpublished). In con-
trast, brain uptake of CPZ from a bolus dose had an extrac-
tion efficiency of 87% under identical conditions. This in
vivo measurement was consistent with a qualitative compar-
ison to the rapid uptake P, values for CPZ measured in our
in vitro model, implying that the efficiency of brain uptake

reflects the partitioning of CPZ into the BBB endothelium
but not necessarily efflux (penetration) into the parenchyma.
In other words, k. of CPZ from BSA and uptake P, were
significantly faster than transit time (30). Because the laz-
aroids were not delivered efficiently to the BBB endothelium
during first pass to create a sufficient concentration to drive
a concentration gradient, subsequent diffusion into the CNS
was further limited.

Obviously, distribution in vivo is much more compli-
cated by the rate of clearance due to metabolism or non-
target tissue uptake. Brain partitioning will either increase or
be sustained through continuous delivery for slowly cleared
molecules or decrease as a result of brain-to-blood efflux as
the vascular concentration of drug decreases. In vitro mod-
els like the one used here are not expected to predict bio-
availability but are rather useful for manipulating the param-
eters that contribute to molecular permeation of cellular bar-
riers.
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