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Transport of *C-labeled acetic, propionic (PA), butyric, valeric, heptanoic (HA), and octanoic (OA)
acids across the Madin Darby canine kidney (MDCK) epithelial cell monolayer grown on a porous
polycarbonate membrane was studied in Hanks’ balanced salt solution (HBSS) at 37°C in both apical-
to-basolateral and basolateral-to-apical directions. At micromolar concentrations of solutes, metabolic
decomposition was significant as evidenced by {*C]JCO, production during the OA transport. The
apparent permeability (Pe) indicates that as lipophilicity increases, diffusion across the ‘‘unstirred”
boundary layer becomes rate limiting. In support of this notion, transport of OA and HA was enhanced
by agitation, showed an activation energy of 3.7 kcal/mol for OA, and resulted in identical Pe values
for both transport directions. Analysis of Pe changes with varying alkyl chain length resulted in a AG
of —0.68 = 0.09 kcal/mol for ~CH,-group transfer from an aqueous phase to the MDCK cells. When
the intercellular tight junctions were opened by the divalent chelator EGTA in Ca?* /Mg2* -free HBSS,
transport of the fluid-phase marker Lucifer yellow greatly increased because of paracellular leakage.
PA transport also showed a significant increase, but OA transport was independent of EGTA. Al-
though albumin also undergoes paracellular transport in the presence of EGTA and OA binds strongly
to albumin, OA transport in EGTA solution was unchanged by albumin. These observations indicate
that transmembrane transport is the major mechanism for lipophilic substances. The present study,
together with earlier work on the transport of polar substances, shows that the MDCK cell monolayer
is an excellent model of the transepithelial transport barrier.
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INTRODUCTION

Structural requirements for optimal in vivo transport are
important factors in the development of new therapeutic
agents. Favorable biological activity of a drug candidate can-
not be exploited unless the new entity is bioavailable via the
intended route of administration, e.g., peroral. Thus, it is
important to develop convenient and rapid methods for as-
sessing the transepithelial mobility of new chemical entities.
We have tested the Madin Darby canine kidney (MDCK)®
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epithelial cell monolayer as a potential model system.
Briefly, MDCK cell monolayers are grown on a polycarbon-
ate membrane with 3-pm pores. The membrane, 2.45 cm in
diameter, is part of a commercially obtained presterilized
culture insert which provides two chambers when placed in
a regular six-well cell culture plate. In effect, this commer-
cial system resembles a diffusion cell or an Ussing chamber.
In our previous study (1), an attempt was made to charac-
terize the system by investigating the transport of polar fluid-
phase markers such as sucrose, Lucifer yellow CH (LY),
inulin, and dextran. For these types of substances, leakage
through the intercellular junctional/lateral space (paraceliu-
lar shunt pathway) should be the dominant route. With these
permeants a flux-rate ratio normalized to a standard per-
meant was used for comparing transepithelial mobility (1).
As part of an ongoing effort to characterize the system fur-
ther, we have now investigated the transport of acetic (AA),
propionic (PA), butyric (BA), valeric (VA), heptanoic (HA),
and octanoic (OA) acids.

Aliphatic carboxylic acids were chosen as probes for the
following reasons. (a) Their transport across the intestinal (2)
and buccal epithelia (3) has been a subject of investigation
for some time. (b) Their binding to albumin is well docu-
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mented (4). (¢) Their biochemical fate during and subsequent
to cellular uptake is also well characterized, especially their
B-oxidative catabolism (5). (d) Finally, radiolabeled carbox-
ylic acids are readily available, offering easy determinations
with a high sensitivity.

In addition to assessing the effect of systematic changes
in chain length and, hence, lipophilicity on transport across
the MDCK cell monolayer, we also determined the effect of
opening the tight junction (6) on transport. The results fur-
ther clarify the contribution of paracellular transport to the
overall flux.

MATERIALS AND METHODS

Materials

Radiolabeled carboxylic acid sodium salts were ob-
tained commercially and used without further purification:
AA, PA, BA, and OA were from New England Nuclear
(Boston, MA), whereas VA and HA were from Sigma (St.
Louis, MO). In all cases, the carbonyl carbon was labeled
with **C. For convenience, stock solutions of 0.1 mM were
prepared in Hanks’ balanced salt solution (HBSS) and stored
at — 10°C until used. Cold AA was obtained from Mallinck-
rodt (Paris, KY), PA, VA, and HA were from Aldrich (Mil-
waukee, WI), BA sodium salt was from Sigma, and OA was
from Eastman (Rochester, NY). Materials used in cell cul-
ture were the same as in our previous study (1). Iodinated
bovine serum albumin (['**IIBSA) was purchased from New
England Nuclear. Fragments smaller than MW 30,000 and
free 2’1, were eliminated by means of Centricon 30 (Ami-
con, Danvers, MA). These impurities accounted for approx-
imately 3% of the radioactivity. Iodinated BSA was used
only in assessing the permeability of human serum albumin
(HSA). All transport experiments which were carried out in
the presence of albumin used HSA. LY was obtained from
Molecular Probes (Eugene, OR) and used without further
purification. [Ethylene bis(oxyethylenenitrilo)]tetraacetic
acid (EGTA) was obtained from Eastman. Fatty acid-free
HSA was purchased from Miles Laboratories (Naperville,
IL).

MDCK Cell Monolayer

Cell monolayers were prepared as described (1) with the
following modifications. The final cell suspension for seed-
ing was in the culture medium at a concentration 2.4 X 10°
cells/ml. When 1.5 ml of this suspension is added to a 2.45-
cm Transwell (Costar, Cambridge, MA), it provides a seed-
ing concentration of 7.5 X 10* cells/cm?. Previously, we pre-
pared the cell suspension in HBSS such that 0.1 ml con-
tained a sufficient number of cells for a given seeding
density. The culture medium used in the present study did
not contain 20 mM N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid, although it was still added to the HBSS
used. Other routine procedures, such as measurement of
transepithelial electrical resistance, were the same as before

.

Transport Experiments

Cell confluence was generally achieved on day 4, as
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indicated by a relatively constant electrical resistance of ap-
proximately 210 € - cm?. In our experiments the cells were
used within 2 days after reaching confluence. The nutrient-
rich culture medium was replaced with HBSS at 37°C, 60
min before a transport experiment began. Apical-to-basal
transport was initiated by replacing the 1.5-ml of HBSS with
the same volume of HBSS containing a carboxylic acid. At
30- or 60-min intervals, the Transwell was simply moved to
a new well in a six-well culture plate containing 2.6 ml of
fresh HBSS at 37°C. The appearance of radioactivity in the
basal side was determined for '*C with a Packard Model
Tri-Carb 4640 liquid scintillation counter (Packard, Downers
Grove, IL) and for ['*I]BSA using a Packard Model Auto-
Gamma 5650 gamma counter. In all cases, the radioactivity
was determined in triplicate.

Basal-to-apical transport was monitored by measuring
the appearance of radioactivity in 1.5 ml HBSS withdrawn
from Transwell after 2.6 ml HBSS containing a carboxylic
acid had been introduced to a well. The Transwell was im-
mediately refilled with 1.5 ml fresh HBSS. When agitation of
the system was desired, the six-well plate was continuously
stirred on an Adams Nutator Model 1105 cell rocker (Clay
Adams, Parsippany, NJ). The rocking motion was briefly
interrupted for sampling. All transport experiments used at
least two cell monolayers for a given test permeant. Once an
experimental protocol was established, it became rather rou-
tine to use as many as 24 cell monolayers in one series of
transport experiments.

Radioactivity retained in the cell layer during or after a
transport experiment was determined as follows. After the
HBSS in a Transwell was completely withdrawn, the cell
layer was briefly washed by immersion in a beakerful of cold
saline (ca. 250 ml). It was then allowed to dry at room tem-
perature. The cell layer plus polycarbonate membrane was
cut out with a scalpel and placed in a liquid scintillation vial.
To this was added 0.4 ml water for hydration. Approxi-
mately 30 min later, 1.0 ml of Protosol (New England Nu-
clear) was added to dissolve both cells and the synthetic
membrane. After overnight in the dark at room temperature,
10 ml of a scintillation cocktail was added and radioactivity
was determined as described above.

RESULTS AND DISCUSSION

Permeability Analysis

In the absence of an active transport system, movement
of drug molecules in various tissues and organs is driven by
a difference in chemical potential, i.e., a concentration gra-
dient. In the present study, mass transport at a given time is
expressed in terms of mass (mol) - area™! (cm™?) - initial
concentration™! (L/mol), or L/cm®>. When it is plotted
against time, the initial slope obtained is commonly referred
to as the clearance, usually expressed in units of L/
cm? - sec, or apparent permeability coefficient (Pe), in units
of cm/sec (7). This quantity can be conceived as a volume of
fresh medium ‘‘transported’’ to the donor compartment per
unit cell surface area and unit time. Mass transported at 37°C
across the MDCK cell monolayer is shown in Fig. 1 for a
series of short-chain carboxylic acids. On the same graph,
we also indicated the scale of the percentage of total solute
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Fig. 1. Mass transported across a monolayer of MDCK cells at
37°C. The radioactive solute was placed in the 1.5-mi apical com-
partment and transport was measured by monitoring the appearance
of radioactivity in the 2.6-ml basal compartment. The initial concen-
tration of the *C-labeled acid was 10 wM, and that of the unlabeled
carrier acid 2.5 mM. (O) OA; (x) HA; (O) VA; (A) BA; (1) PA; ()
AA. The dashed line represents the transport of QA without the
unlabeled acid. The solid lines are theoretical first-order curves cal-
culated using the parameters obtained by nonlinear least-squares
analysis (8) of the experimental points.

transported for comparative purposes. The apical-to-basal
transport was studied by monitoring the appearance of ra-
dioactivity in the basal compartment when 10 pM
[**CIRCOOH and 2.5 mM cold RCOOH were placed initially
in the apical donor compartment. In all cases, each symbol
represents the average of triplicate determinations of radio-
activity present in the basal side of a given cell monolayer.
Thus the total number of the cell monolayer used for the data
in Fig. 1 is 12. Such experiments were repeated numerous
times, resulting in essentially identical data.

The transport of all compounds tested obeyed pure first-
order kinetics. The experimental data were analyzed by a
nonlinear least-squares fit (8) to the equation.

B=B.(1-¢e™ 1)

where B and B, are the quantity of a compound found in the
basal compartment at time = f and », respectively, and & is
the apparent first-order rate constant. The parameters B,
and k thus obtained were then used to construct the theoret-
ical curve shown in Fig. 1. The excellent agreement between
the calculated curves and the experimental points then sup-
ports the conclusion that the transport is pseudo first-order
with respect to the acid in the donor compartment. Most
notable is the absence of any induction period and the lack of
accumulation of any measurable quantity of acid in the cell
layer. On the basis of these observations one can safely in-
terpret the data in terms of a diffusion model with the trans-
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ported solute at a steady state in the barrier compartment,
which consists of the cell layer and the membrane filter.

The dashed line in Fig. 1 represents the transport of OA
in the absence of the cold compound. Several lines of evi-
dence show that the apparent decrease in OA transport in
the absence of cold compound is due to the catabolism of
OA. First, we were able to trap ['*C]CO, in 0.1 N NaOH
from the head space of cell monolayers. Second, the trans-
port of AA and PA was hardly affected by cold compound
(experimental data not shown here). It thus appeared that
B-oxidation had taken place, with ['*Clacetyl-CoA breaking
down to [**C]CO, via the TCA cycle (5). Third, the mass
balance at + = 4 hr, as measured by the radioactivity
present, was only about 65% of the initial value when there
was no excess OA; typically 3% from the apical medium,
14% from the cell layer, and 47% from the basal side. In
contrast, the mass balance remained almost 100% through-
out the experiment when a large excess of OA was present.
Finally, a GC/MS analysis with single-ion monitoring at m/e
60 showed that, in the presence of unlabeled compound, the
radioactivity in the acceptor compartment was associated
with intact OA only. A similar analysis indicated that only
about 10% of the radioactivity in the acceptor compartment
was from intact OA at ¢t = 4 hr when 10 pM [*C]OA alone
was employed.

As pointed out above, the initial slope of each transport
profile in Fig. 1 is equal to Pe. This together with Eq. (1),

dB
Pe = [dt]1=0 kB, Q)

The values of Pe for six carboxylic acids we studied are
summarized in Table I along with & values. The standard
deviation (SD) of a given Pe value was estimated from (SD
for k) X B, + (SD for B.)) X k and is also listed in Table 1.

For a solute that must diffuse across an ‘“‘unstirred aque-
ous layer’” and a membrane (cell monolayer in the present
case),

Py, - Py

P =
€7 P + Pag

©)]

where P,, and P, are permeability coefficients of the solute
in the aqueous phase and in the membrane, respectively (9).

Table I. Pseudo First-Order Rate Constant (k) and Apparent Per-

meability Coefficient (Pe) for Transport of a Series of Aliphatic Car-

boxylic Acids Across the MDCK Cell Monolayer at 37°C and pH 7.4
with Minimum Disturbance in Hydrodynamics®

(k + SD) x 10° (Pe = SD) x 10°

Acid (sec™ Y (cm - sec™ )
Acetic 2.11 = 0.53 0.348 + 0.163
Propionic 4.02 + 0.46 1.42 +0.29
Butyric 7.35 %= 0.46 237 +0.24
Valeric 10.4 = 0.41 3.42 = 0.21
Heptanoic 13.3 +0.78 4.17 *=0.37
Octanoic 13.3 +0.40 437 *=0.20

“ Values of £ and standard deviations (SD) were obtained by the
damping Gauss-Newton method of nonlinear least-squares fit (8)
of the data shown in Fig. 1 to Eq. (1).
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The latter is proportional to the solute concentration in the
membrane, which is in turn determined by the partition co-
efficient (K) of the solute between the membrane and the
aqueous phase. Throughout the present study, the initial
concentration of all carboxylic acids tested was constant at
2.5 mM. Thus,

P = oK 4)

For a series of carboxylic acids containing » number of car-
bons, the free energy associated with the transfer of 1 mole
from the aqueous phase to the membrane can be separated
into that from -CH,—(B) and that from —COOH-group (y)
transfer.

AG=B(n—-1))++vy= -RThhK (&)

Substitution of K from Eq. (5) to Eq. (4) results in an ex-
pression of P, as a function of B and vy. Substitution of the
latter to Eq. (3) leads to Eq. (6).

Pe=Paq-a-exp(;—gn+B~R_T—>/

- - ()
Pyg + o - €xp (R—‘;:n+%)

Those six Pe values listed in Table I were fitted to Eq. (6)
using a nonlinear least-squares method (8) to obtain four
unknowns; P,,, a, B, and y. These parameters thus esti-
mated were then used to construct the curve shown in Fig. 2.
The value of g was found to be —0.678 = 0.089 kcal/mol,
which is almost identical to the free energy of transfer of 1
mole of -CH,- from water to n-octanol, —0.68 kcal/mol (10),
indicating that the latter system is indeed a good model for
~CH,-group transfer to the cell membrane. In theory, vy
should be the energy associated with transfer of ~-COOH
groups at pH 7.4. In the present study, however, a large
standard deviation, as much as 30% of the estimate, pre-
cludes any further discussion. This large error in the estima-
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Fig. 2. Apparent permeability coefficients of six carboxylic acids in
the apical-to-basal transport across the MDCK cell monolayer at
37°C as a function of the number of carbon atoms in the solute.
Vertical bars represent one standard deviation resulted from the
curve fitting of the data in Fig. 1. The solid line was generated from
Eq. (6) using six Pe values listed in Table I. The curve fitting was
carried out by means of a nonlinear least-squares analysis (8).
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tion of vy is primarily because of the large deviations seen
with AA and PA from the theoretical curve (see Fig. 1). Note
that the relative contribution of a -COOH group to the esti-
mation of y would be largest in AA in our studies.

The good agreement shown in Fig. 2 between experi-
mentally determined Pe values and Eq. (6) supports a grad-
ual change in transport mechanism as the solute changes
from AA to OA, as interpreted earlier (9). In essence, as
lipophilicity increases from AA to OA, partitioning onto and
diffusion within the cell membrane becomes more facili-
tated, resulting in an aqueous boundary-controlled rate-
limiting step. That is, the small increase in Pe from HA to
OA compared with that from AA to PA is attributed to the
fact that for the former two acids, diffusion through the un-
stirred aqueous layer is the major barrier of transfer. The
effective thickness (%) of this boundary layer can be esti-
mated from & = D/Pe, where D is the aqueous diffusion
coefficient of OA. If we assume D to be equal to that of
n-octanol, 7.5 X 10~ % cm?/sec (9), it becomes about 0.20 cm
for the present system.

System Characterization

In the experiments shown in Fig. 1 no special precau-
tions were taken to optimize the hydrodynamics of the sys-
tem. In the case of HA, additional experiments were carried
out at room temperature (22.5 + 1°C) to study the effect of
stirring on the rate of transfer. Without stirring, the only
disturbance of the aqueous phases was transfer of a Trans-
well with a cell monolayer to the next well or replacing the
apical medium with fresh HBSS at a given time. With stir-
ring, a six-well plate was continuously swirled on a cell
rocker and was interrupted only for sampling. As shown in
Fig. 3, the swirling motion indeed accelerated the transport
of HA across the cell layer in both directions. Also to be
noted is that, in either case, the initial transport rate, i.e.,
apparent permeability, was identical for both transport di-
rections. A similar experiment was run with OA which re-
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Fig. 3. Apical-to-basolateral (circles) and basolateral-to-apical
(squares) transport at room temperature of [*CJHA in the presence
of a large excess of cold HA across the MDCK cell monolayer with
(filled symbols) and without (open symbols) agitation. Each point
represents the average of triplicate determinations using three sep-
arate cell layers. Variation within three determinations was very
small; it seldom exceeded 2% of the average value.



Transepithelial Transport

sulted in an essentially identical effect of hydrodynamics on
the transport.

For the transport of PA and OA, we also monitored the
time course of the radioactivity in each of the three compart-
ments. In this protocol, at each time point, one MDCK cell
monolayer was sacrificed for each determination. Percent-
age radioactivity found in each compartment for a 90-min
period is summarized in Table II. In both cases, the mass
balance was fairly well maintained throughout the experi-
ments and a small but measurable amount of the solute was
retained in the cell monolayer. Although less than 1.5% for
PA and 0.87% for OA was retained in the cell layer for the
90-min period, this quantity is significant in terms of con-
centration because of the extremely small pool volume. The
total cell volume can be crudely estimated in two ways. Ear-
lier we reported that the thickness of the MDCK monolayer
at confluence is about 7 pm (1) and thus the volume in our
system would be 7 X 1074 X 4.71 = 3.3 x 1073 ml. Alter-
natively, the volume of the MDCK cell was reported to be
1170-1520 pm? (11) and from the cell density at confluence,
4 x 10° cells/cm? (1), we obtain 2.5 x 10~2 ml. That is, the
total cell volume of 4.71 cm? of the MDCK cell monolayer is
estimated to be about 3 pl. Even if we assume that PA and
OA in the cell layer are distributed homogeneously, through-
out the experiment their concentration would be greater in
the cell layer, which was continuously in contact with the
receiving compartment under a sink condition, that in the
donor compartment.

Effects of Albumin and EGTA

In our preliminary studies using equilibrium dialysis
technique, it was found that at HSA concentrations greater
than 0.3%, more than 90% of 10 uM OA was albumin-bound.
Since proteins are transported extremely slowly, the effect
of albumin on the OA transport across the MDCK cell mono-
layer was rather significant. When the transport of 10 pM
OA was studied, the effect of the initial 0.1% albumin was
much greater than that observed with the same 0.1% incre-
ment of albumin from 0.4 to 0.5%. At ¢t = 4 hr, the amount

Table II. Percentage Radioactivity Recovered During Apical-
to-Basal Transport?

Time (min)

5 10 20 35 60 90

Propionic acid
Donor 101.0 99.0 929 87.7 768 654
Cell layer 0.2 0.3 0.6 1.0 1.3 L5
Receiver 1.6 2.6 5.2 1.7 19.6 30.5
Total recovery 102.8 101.9 98.7 1004 97.7 97.4

Octanoic acid
Donor 91.2 86.8 80.7 73.0 58.7 46.8

Cell layer 0.30 0.31 0.44 0.58 072 0.87

Receiver 5.3 9.7 16.6 24.6 38.0 50.1
Total recovery  96.8 9.8 97.7 982 974 978

< The radioactivity was from 10 pM [**CIRCOOH in the presence of
0.1 mM propionic acid or 1.0 mM octanoic acid. All numbers are
averages of duplicate (for PA) or triplicate (for OA) experiments.
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of OA transported from the apical to the basal side was 47,
26, and 23% in the presence of 0, 0.1, and 0.5% HSA in the
donor side, respectively. When 0.5% HSA was placed in the
acceptor compartment only, very little change in the rate of
transport was observed. When 0.5% HSA was placed in both
donor and receiver compartments, its effect was identical to
that of albumin present only in the donor compartment.

The presence of EGTA at low concentrations in
Ca?*/Mg?*-free HBSS is known to cause opening of the
intercellular tight junctions of the MDCK cell monolayer
(6,12). Under such conditions, as shown in Fig. 4, the trans-
port of a fluid-phase marker LY was extremely fast, indicat-
ing that the transport of LY occurs primarily via the para-
cellular shunt pathway (1). PA transport was also signifi-
cantly enhanced when the paracellular route opened up, but
the increase was less than in the case of LY. Most interest-
ingly, as shown by the dashed line in Fig. 4, opening the tight
junctions did not affect the transport of OA. This then indi-
cates that the transport of OA occurs primarily through dif-
fusion in the cell membrane.

The transport rate of HSA across the MDCK cell layer
was estimated from that of ['>’T]BSA. As expected, the latter
was found to be extremely slow; less than 0.05% of the
amount present was transported in 4 hr when a 0.5% solution
of BSA was placed in the apical side at ¢+ = 0. In 0.1 mM
EGTA, however, as much as 12% of the BSA was trans-
ported in 4 hr; the BSA transport was almost linear after an

% Transpoied

Time (Hr)

Fig. 4. Apical-to-basal transport of LY (squares) and PA (circles)
across the MDCK cell monolayer at 37°C in normal HBSS (open
symbols) and in Ca>*/Mg?* -free HBSS containing 0.1 mM EGTA
(filled symbols). Identical transport rates were observed for OA
regardless of EGTA, both in the absence (dashed line) and in the
presence (solid line without symbols) of 0.5% HSA in the donor
compartment. Each symbol represents an independent determina-
tion on a separate cell monolayer but the average of triplicate anal-
ysis of permeants, either radioactivity or fluorescence intensity. In
the case of LY, only the average of three independent determina-
tions is presented. The dashed line in this figure should be identical
to that in Fig. 1.
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injtial lag time of about 60 min (raw data not shown). In the
presence of 0.5% HSA, over 95% of OA exists as bound to
HSA when the total OA concentration is 10 pM, exclusively
from radiolabeled OA. As pointed out earlier, at the 10 pM
level of OA, its transport across the cell monolayer is subject
to a significant catabolism. Based on the significant paracel-
lular leakage of albumin when tight junctions remain opened
and the strong binding of OA to albumin, we had anticipated
that OA transport would be significantly enhanced if albumin
is present not only as a ‘‘carrier’’ but also as a ‘‘protector’’
of OA from catabolism when the transport is monitored in
Ca?*/Mg® *-free HSBB containing EGTA. Enhancement of
the transport should have been at least 10% greater than in
the absence of HSA over a 4-hr period. Our experimental
reproducibility was such that we should have been able to
detect such a difference in magnitude (see, for example, the
transport profile of VA, HA, and OA in Fig. 1). Contrary to
our expectation, OA transport in the presence of 0.5% HSA
was not affected at all by EGTA in Ca®*/Mg?*-free HBSS
(solid line in Fig. 4). This observation is most likely due to
preferential partitioning of free OA onto and diffusion in the
cell membrane rather than paracellular transport of OA-
HSA complex. This set of observations emphatically illus-
trates how negligible is the paracellular route of transport for
a lipophilic substance such as OA, even when most of OA is
in the anionic form at pH 7.4.

Finally, our results shed some light on the details of
transcellular transport, as observed with HA and OA. Two
additional observations sugggest that the actual path of the
transported molecules is limited to the cell membrane and its
immediate neighborhood. First, the rate of transport is inde-
pendent of direction. All transporting epithelia composed of
polarized cells demonstrate directional ion flux by means of
various ion channels (13). In the present study, the net flux
occurs in carboxylate anion form. Since its counter ions such
as Na‘*, Ca2*, Mg?*, K, etc., are subject to directional
transport, one would expect some directionality across the
highly polarized MDCK cells, if diffusion within the cyto-
plasm were a major part of the transport process. Second,
the initial rate of transport of OA is exactly the same in the
presence and absence of cold carrier, and this in spite of the
fact that in the absence of carrier OA about one-third of OA
is catabolized by the cell (Fig. 1). If the major path of OA
were through the cytoplasm, then the catabolic pathway
would branch out from the transport pathway and thereby
would decrease the rate of transfer by about one-third. This
is patently not the case. We then should like to conclude that
the catabolic uptake branches out of the transport pathway
at an earlier stage, most probably at the pool of OA dissolved
in the membrane.

In the apical-to-basal transport, HA molecules would
diffuse through the unstirred aqueous boundary layer, par-
tition onto and diffuse laterally in the apical cell membrane,
desorb to surrounding HBSS medium in 3-pm pores in the
synthetic membrane, and finally, diffuse out into the bulk
phase after passing through another unstirred layer. The pro-
cess is schematically presented in Fig. 5. In the basal-
to-apical transport, HA molecules should first find 3-pm
pores in the polycarbonate membrane. Approximately 14%
of the total surface area is from the pores (14). The subse-
quent steps should be much the same as in the apical-
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Fig. 5. A schematic diagram for the apical-to-basolateral transport.
In the transcellular route (solid lines), solutes such as OA would
enter the cell membrane (M) after diffusing through a rate-limiting
“‘unstirred’’ layer (dotted lines), followed by either desorption to
cytoplasm (C) or lateral diffusion in M, and finally leave M for pore
space (P) in the polycarbonate membrane. In the paracellular route
(dotted lines), solutes such as AA would pass through the tight
junctions (TJ) and lateral space.

to-basal processes except that they are in a reverse order.
Very little is known about the molecular movement in each
step. The permeability analysis presented earlier simply in-
dicates that the diffusion in an aqueous phase, possibly both
at the apical cell membrane and at the bottom side of the
polycarbonate membrane, is an important rate-controlling
step. The diffusion-controlled transport is further substanti-
ated by the identical Pe observed for both directions of trans-
port. Finally, from the temperature dependence of Pe for the
apical-to-basal transport of OA without agitation, 3.72 X
1073 cm/sec at 37°C (Table I) and 2.78 X 10~ cm/sec at
22.5°C determined in a separate experiment, we obtained an
apparent activation energy of 3.7 kcal/mol. Once again, this
is in good agreement with a diffusional process of low mo-
lecular weight compounds in agueous medium (7).

CONCLUSION

The present study employed the MDCK cell monolayer
as a model barrier in assessing the effect of chain length, and
thus lipophilicity, on the cellular transport of a series of sim-
ple carboxylic acids. All our results are in agreement with
those obtained with an animal gut perfusion model (9). In the
light of our earlier work, where we studied the transport of
polar substances with a wide range of molecular size (1), the
present study promises a wide range of applications of this
cell system for drug development. It has already been ap-
plied to investigating a potential mechanism by which the
so-called GI absorption adjuvants work (12) and to develop-
ing a chemotaxis model in which neutrophil-mediated ex-
travasation is studied in vitro (15). We feel that the system
developed in this study is ideally suited for screening a series
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of new chemical entities, especially drug candidates, for op-
timum transport properties.
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