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Transport of procainamide in a kidney epithelial cell
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Transport of procainamide, an anti-arrhytiimic drug, was investigated in LLC-PK, kidney epithelial cell line. The uptake of
procainamide by LLC-PK | munolayers cultured in plastic dishes was temperature-dependent, saturahle and inhibited by organic
cations such as ciractidine and N-acetylprocainamide. An aminocephalosporin antibiotic, cephalexin, also inhibited pro-
cainamidc uptake, but an organic anion, p-aminohippurate, did not. The uptake of procainamide was greater at an alkaline
external pH than at an acidic pH. In addition, procairamide uptake increased when intraceliular pH was decreased and the
uptake decreased when the intracellvlar pH was incrcased by ammonium chloride treaiment, indicating the involvement of an
H* /pracainamide antiport sysiem in apical membrane. The basolateral to apical flux of procainamide across LLC-PK,
monolayers cultured on permeable supports was 2.5-times farger than the apical 10 basolateral flux, and only the former process
was inhibited hy other arganic cations. These findings suggest that LLC-PK, cells can transport procainamide by the organic
cation transport system and that procainamide is transported unidirectionally from hasolateral to apical side across the ¢ell

monolayess.

Entroduction

Procainamide, an anti-arrhythmic drug, is an organic
cation and the kidney plays a major role in its disposi-
tion [1.2]. Using rabbit proximal tubules perfused in
vitro, McKinney and Speeg [3] reported that pro-
cainamide was actively secreted into the tubular lumen
by an organic cation transport system. A number of
studies using isolated renal brush-border and basolat-
eral membrane vesicles, including those from our labo-
ratory, have provided a great deal of information about
the transport mechanisms of organic cations in the
kidney. Specific transport of typical organic cations
such as tetraethylammonium and N '-methylnicotina-
mide has been shown in both basolateral and brush-
border membranes [4-7]. In basolateral membrane,
organic cations are transported via a carrier-mediated
system that is stimulated by the intraceilular negative
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potential [3,8). In brush-border membrane, the trans-
port of organic cations is driven by an H* gradient via
an electroneutral H' /organic cation antiport system
[5,9,10]. The transport mechanisms of procainamide in
renal plasma membranes sheuld be similar to those of
tetraethylammonium [8,11]. However, Soko! and Mc-
Kinney [8) showed that, in contrast to tetragthylammo-
mium, procainamide did not produce a trans-stimula-
tion of [*Hlprocainamide transport in rabbit basolat-
cral membrane, and they suggested that there may he a
family of related transporters responible for the initial
step in renal tubular seerction of organic cations, Thus,
further studies are needed to clarify the transport
mechanism of procainamide across renal epithelial
cells.

LLC-PK,, a cell line derived from pig kidney [12],
possesses a structure and function similar to those of
renal proximal tubular cells [13]. We and others have
been using this cell line for elucidating transport prop-
crtics at the cellular level as well as to study the gene
expression of some transporters in renal epithelia {14~
17. Recently, LLC-PK, cells were found to have the
ability to transport tetracthylammonium and N'-
methylnicotinamide [18-20], However, the number of
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studies on organic cation transport using culture cells is
still limited, and the involvement of transport mecha-
nisms revealed by membrane vesicle studies (for exam-
ple, H* /organic cation antiport in brush-border mem-
brane) has not becn cstablished in intact epithelial
cells. In addition, in contrast to the membrane vesicle
studies, the transport of organic cations which are used
for therapentic purpose has not been tested in LLC-
PK, cclls. In the present study, we studied the trans-
port characieristics of procainamide in LLC-PK | cells,
either by the cells cultured in plastic dishes or by those
cultured on permeable supports.

Materials and Methods

Cell culture

LLC-PK, cells obtained from the American Type
Culture Collection (ATCC CRL-1392) were cultured in
plastic dishes (Corning Glass Works, Corning, NY) in
medium 199 (Flow Laborataries, Rackville, MD) sup-
plemented with 10% fetal bovine serum (Microbiologi-
cal Assaciates, Bethesda, MD) without antibiotics, in
an atmosphere of 5% CQ,/95% air at 37°C, and were
subcultured every 4 to 5 days using 0.02% EDTA and
0.05% trypsin [17,21,22]. The cells were used between
passages 222 and 245.

Measurement of procainamide uptake by LLC-PK, cells

For the uptake experiments, 60-mm dishes were
seeded with 4 10° cells in 5 ml of complete culture
medium (Medium 199 supplemented with (0% fetal
bovine serum). The cells were given fresh medium
every 2-4 days after inoculation, and were used be-
tween the 5th and 7th days (confluence). The uptake of
procainamide was measured at 37°C or 4°C (on ice) a5
previously described [14]. Briefly, the uptake assays
were performed in Dulbecco’s phosphate-buffered
saline (PBS buffer; 137 mM NaCl, 3 mM KCl, § mM
N, HPO,, 1.5 mM KH,PO,, | mM CaCl, and 0.5
mM MgCl,). After removal of the culture medium,
each dish was washed twice with 5 ml of PBS buffer
and allowed to preincubate for 10 min. Then, PBS
buffer (2 ml) containing procainamide was added to
each dish and the cells were incubated for a specified
period. Al the end of the incubation period, the medi-
um was immediately aspirated and the dish was rapidly
rinsed three times with 5 ml of ice-cold PBS buffer.
Tie cells were scraped with a rubber policeman into 2
ml of ice-cold PBS buffer and homogenized with a
Polytron (Kinematica, Kriens-Luzern, Switzerland) at a
setting of 7 for 1 min. Procainamide was determined by
fluorescence polarization imrunoassay.

Measurement of the transepichelial flux of procainamide
The transepithelial procainamide flux was measured
in the LLC-PK, monolayers cultured in Transwell

chambers {Costar, Cambridge, MA). To prepare cell
monolayers, cells were seeded at a density of 4-10°
cells/em® on polycarbonate membrane filters (3 pm
pores} in Transwell cell chambers (4.71 ¢m? surface
arca), and the chambers were placed in six-weli, cluster
plates. The volume of medium inside and outside the
Transwell chambers was 1.5 ml and 2.6 ml, respec-
tively. Fresh medium was replaced every 2-3 days, and
the cells were used between the 5th and 7th days.

Cell monolayers were washed with PBS buffer and
allowed to preincubate for 10 min at 37°C. Transport
measurements were initiated by adding PBS buffer
containing procainamide cither to the apical or to the
basalateral side of the manolayer, After incubation for
15, 30, 45 and 60 min, the medium in the other side
was collected (100 u0), and the rate of appearance of
procainamide was measured by high-performance lig-
uid chromatography (HPLC) as described below.

Analytical methods

In the measurement of uptake by the cells, pro-
cainamide was determined by fluorescence polarization
immunoassay using the TDX system {Dainabot, Tokyo,
Japan). In the transcpithelial transport studies, pro-
cainamide was measured by a high-performance liquid
chromatograph  LC-3A (Shimadzu, Kyoto, Japan)
equipped with a fluorescence spectromonitor RF-500
LC (Shimadzu). The conditions used for HPLC were as
follows: column, Zorbax-CN 25 c¢m X 4.6 mm
(Shimadzu); mobile phase, 1.3% sodium acetate (pH
5.8}/ acetonitrile = 46:54; flow ratc, 0.8 ml/min; exci-
tation wavelength, 288 nm; cmission wavelength, 356
nm; imjection volume, 50 wl; temperature, 40°C. In
some experiments, procainamide was measured by the
TDX system and by HPLC, and both assay methods
gave almost the same results, Protein was determined
by the method of Bradford [23], using the Bio-Rad
Pratein Assay Kit, with bovine y-globulin as standard.

Muterials

Procainamide, N-acetylprocainamide, cimetidine
and p-aminghippurate were purchased from Sigma
Chemical (St. Louis, MO). Cephalexin was gencrously
provided by Shionogt (Osaka, Japan). All other chemi-
cals used were of the highest purity available.

Results

The time course of procainamide uptake by LLC-
PK, cells cultured in plastic dishes was measured at
37°C or 4°C to determine the general transport charac-
teristics,. As shown in Fig. 1. the uptake of pro-
cainamide at 37°C reached a near.steady state by 10
min. At 4°C, the uptake of procainamide was drasti-
cally reduced. Thus, the uptake of procainamide by
LLC-PK, ceils was time- and temperature-dependent.
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Fig. 1. Time course of procaingmide uptake by LLC-PK, celis,

LLC-PK, celis were incubated in 2 ml of PBS buffer containing 1

mM procainamide for the indicated limes at 37°C (<) or at 4°C (o).
Each point represents the mean +S.E. of three determinations.

Fig. 2 shows the time course of procainamide cfflux
from LLC-PK | cells preincubated with the drug for 30
min. The efflux of procainamide at 37°C was very rapid
and after 1) min, intraccllular procainamide was al-
most undetectable. In contrast, at 4°C, nearly 90% of
procainamide remained in the cells even after 30 min
incubation.

Fig. 3 shows the concentration dependence of pro-
cainamide uptake by LLC-PK, cells. The relationship
between concentration and the rate of uptake ap-
proached saturation, but never attained it. An explana-
tion for this phenomenon is that procainamide enters

INTRAGELLUL AR PA (nmol/mq pratain}

A

IEE 5 10 30

MINUTES

Fig. 2. Efflux of procainamide (PA) from LLC-PK, cells. LLC-PK,
cells were preincubated a1 37°C in 2 ml of PBS bulfer containing 1.5
mM procainamide for 30 min. At the end of preincubation, cells
were rapidly washed with ice-cold PBS buffer. Then. 5 ml of PBS
buffer was added to each dish and the cells were incubated for the
indicated times at 37°C (0) or at 4°C (#). A the stated times,
procainamide remaining in the eells was determined. Each puint
represents the mean+S.E. of three determinations except for two
determinations of the uptake at 4°C.
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Fig. 3. Concentration dependence of procainamide uptake by LLC
PK, cells. The uptake for 30 s al concentrations between 0.2 and 10
mM was determined. LLC-PK | cells were incubated in 2 ml of PRY
buffer containing procainamide at 37°C. The asmolarity of (he up-
tike medium was kept constint by adding an adequite concentation
of mannitol. Solid tinegs indicate the wtal upake {03 and saturable
uptaka (4 ), und dashed line indicates the non-saturable component,
Each point represents the mean + 8.E. of three determinations.

the cells by two processes, a saturable and a non-
saturable process, Therefore, the initial rate of pro-
cainamide uptake can be expressed by the following
cquation:

o VomlS)
Ko t1S]

+hy8)

where V is the initial uptake rate, {S) is the initial
concentration, V., i3 the maximum uptake rate by a
saturable process, K, is the Michaelis constant, and
k, is the coefficient of simple diffusion (non-saturable
process), The contribution of the non-saturable uptake
(k[S]) was estimated by employing the straight-line
eguation generated at higher procainamide concentra-
tions, and the saturable uptake was analyzed after
subtracting non-saturable uptake from the total uptake
at cach concentration [4,5,24), The values of apparent
K, and ¥, for saturable transport were 3.2 mM and
17.8 nmol /mg of protein per min, respectively.

We examined the effects of other organic ions on
the uptake of procainamide by LLC-PK | cells (Fig, 4),
Procainamide uptake was markedly inhibited by or-
ganic cations such as cimetidire and N-acetylpro-
cainamide (a metabolite of procainamide), although
the uptake was not inhibited by p-aminohippurate, a
typical organic anion.

The cffect of medium pH on procainamide uptake
was studied (Fig. SA). Procainamide uptake was greater
at pH 8.4 and lower at pH 6.0 compared with the
uptake at pH 7.4. We also examined the effect of
alterations in intracellular pH praduced by ammonium
chloride on procainamide uptake. When LLC-PK, ceils
are exposed to ammonium chloride (acute treatment),
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Fig. 4. Effest of varipus organic ions on procainamide uptake by
LLC-PK, cells. LLC-PK, cells were incubated in 2 ml of PBS buffer
ining | mM procainamide for 2 Min in the presence or absence
of argupic ions at the concentrations shuwn: CIM, cimetidine; NAPA,
N-acetylprocainamide; and PAH, p-aminohippurate. Each value sep-
resents Lhe smean + 5., of three determinations,
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Fig, 5. Effect of medium pH (A} and intracellular pH (B) on
procainamide uptake by LLC-PK, cells, (A) LLCPK cells were
incubated in 2 mi of PBS buffer with differcnt pH cantaining 0.5 mM
procainamide for 1 rain. The pH of PBS buffer was adjusted to 6.0,
74, and 8.4 by adding a solution of hydrochloric acid or sodium
hydroxide. Each value represents the mean£S.E. of five or six
determinations. {B) LLC-PK, cells were preincubated in 5 ml of PBS
buffer in the absence (Coptrol, Acute NH,CI} or presence (Pre
NH,CD) of 30 nM NH,CI for 20 min. Then, the preincubation
medium was aspirated, and the cells were incobated in 2 ml of PBS
buffer containing 0.5 mM procainamide fur 1 min in \he absence
(Cantrol, Pre NH,C1) or presence {Acute NH CD of 30 mM NH,CL
The usmotarity of the uptake medinm was kgt constant by adding
maanital. Each value represents the mean+S.E. of favr or five
determinations.
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Fig. 6. Transpart of procainamide acrass LLC-PK, monolayers. (A}
Procainamide 20 gM) was added 1o the hasolateral side of cell
monolayers in the absence {(0) or presence af 10 mM cimetidine
(CIM; a) of N-ucetylprocainamide (NAPA: o). and basolateral to
apical fluxes were measured by colfecting 100 w1 of apical medium al
15, 3y, 45, and 60 min, (B) Procainamide (20 g M) was added 10 the
apical side in the absence (©) or presence of 10 mM cimetidine (&)
or N-acelylprocainamide (#), and apical to busolateral fluxes were
measured by collecting 100 pl of basolateral medium. Each point
represents the mean+ S.E. of 4-7 determinations.

intracellular pH rapidly becomes more alkaline. On the
contrary, when ammonium chloride is added ta the
preincubation medium and then is removed (pretreat-
ment), intraceliular pH falls {18,25]. As shown in Fig.
5B, procainamide uptake by LLC-PK, cells was in-
creased by the pretreatment and decreased by the
acute treatment of cells with ammonium chloride.
Next, in order to study transepithelial transport of
procainamide, we measured the unidirectional flux of
procainamide across LLC-PK, cell monolayers cul-
tured on permeable supports. Fig. 6 shows the basolat-
eral to apical (Fig. 6A) and apical to basolateral (Fig.
6B) flux of procainamide. The basolateral to apical flux
of procainamide was about 2.5-times larger than the
reverse. Adding cimetiding or N-acetylprocainamide to
the basolateral side docreased basolateral to apical
procainamide flux, On the other hand, apical to baso-
lateral flux was not inhibited by these arganic cations.
Fig. 7 shows the cis effect of cephalexin, an amino-
cephalosporin antibiotic, on the uptake (Fig. 7A) and
the unidirectional flux (Fig. 7B) of procainamide.
Cephalexin markedly inhibited the uptake of pro-
cainamide by LLC-PK, cells cultured in plastic dishes.
On the other hand, the inhibitory effect on the basalat-
eral to apical flux of procainamide was relatively weak.

Digcussion
The present results demonstrate that procainamide

can be transported by the organic cation transport
system in the kidney epithelial cell line LLC-PK,. First,
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Fig. 7. Cifect of cephalexin an uptake (A} and basolateral 10 apical
flux (B} of procainamide in LLC-PK, cells, {A) LLC-PK, cells grown
in plastic dishes were incubated in 2 ml of PBS buifer containing 0.5
mM pracainamide for 1 min in the absence or presence of 10 mM
cephulexin (CEX). Each value tepresents the mean+ S.E. of five
d inations. (B) Basal I to apical flux of procainamide (50
M) across LLC-PK | celt monolayers was measured as described in
Fig. 6A in the absence or presence of 10 mM cephalexin (CEX,
basolateral side). Each vaiue represents the mean+S.E. of five or six
determinations.

the uptake of procainamide by LLC-PK, monolayers
cultured in plastic dishes was temperature-dependent,
saturable and inhibited by organic cations but not by
an organic anjon. In addition, the uptake was depen-
dent on the medium and intracellular pH. Secondly,
basolateral to apical procainamide flux across LLC-PK |
monolayers cultured on permeable supports was larger
than the reverse and was inhibited by organic cations,

In the cellular uptake study, we measured pro-
cainamide uptake by LLC-PK, monolayers cultured in
plastic dishes. The results suggest that the specifically
mediated system is involved in procainamide transport
in the apical membrane. This finding is consistent with
our previous report describing that tetraethylammoni-
um, a typical orgamic cation, is transported by a
carrier-mediated system in apical membrane vesicles
isolated from LLC-PK, cells {26). In addition, McKin-
ney et al. (18] reported that tetraethylammonium accu-
mulated inside LLC-PK,, cells grown on plastic dishes
by a saturable, mediated mechanism in the apical cell
membrane. Thus, apical membrane of LLC-PK, cells
should have the organic cation transport system which
can transport various substrates such as etraethyl-
ammonium and procainamide, as do the renal brush-
border membranes. However, the apparent X, value
of procainamide uptake In the present study was higher
than that reported by McKinney and Xunnemann (11}
using brush-border membrane vesicles isolated from
rabbit kidney {K, =054 mM). The reason for this
discrepancy is not clear, It may be due to the differ-
ence of experimental systems, For example, McKinney
and Kunnemann (11] measured procainamide uptake
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by brush-border membrane vesicles in the presence of
a relatively large pH gradient (1.5 pH unit). Alterna-
tively, the influx of procainamide across the apical
membrane should be unphysiological direction and
therefare the apparent K, might become larger in
intact cells,

Proton gradient-dependent uphill transport of or-
ganic cations (H™* /organic cation antiport) was demon-
strated in renal brush-border membrane vesicles from
rat, dog and rabhit [5,9,11). However, the involvement
of the H* /otganic cation antiport system has not been
well established in intact cells. McKinney et al. [18]
showed that tetracthylammonium uptake by LLC-PK
cells was influenced by the pH of the incubation
medium with greatest uptake occurring at the most
alkaline pH. On the contrary, they did not observe the
effect of cell pH which was aitered by ammonium
chioride on tetraethylammonium uptake, Taken to-
gether, they discussed that H* /organic cation antiport
should not be the predominant mechanism for tetra-
ethylammonium uptake in apical membrane of LLC-
PK; cells. In the present study, we also tested the
effect of medium pH on procainamide uptake as well
as the effect of intracellular pH which was altered by
ammonium chloride treatment of cells. In contrast to
the results of McKinney ¢t al. [18], procainamide up-
take was changed under both experimental conditions,
and in a manner which can be explained by H* /pro-
cainamide antiport mechanism. Thus, H*/organic
cation antiport system may be involved in pro-
cainamide transport across the apical cell membrane of
L1C-PK,. Recently, Yuan et al. [27] demonstrated the
presence of H* /tetraethylammonium antiport system
in the apical membrane of opassum kidney (OK) cells,
another cell line derived from the American opossum
kidney. Further studies are needed to clarify the role
of H*/organic cation antiport system in the transs
epithelial transport of procainamide.

Using LLC-PK, monolayers cultured on permeable
supports, we demonstrated that basolateral to apical
procainamide flux was 2.5-times Larger than apical to
basolateral flux, and only basolateral to apical flux was
inhibited by other organic cations, These results indi-
cate that specifically mediated flux of procainamide
across LLC-PK | monolayers accurs only from the baso-
lateral to apical side, and the apical to basolateral flux
represents a non-specific process such as a paracellular
transport (leakage through the imtercellular lateral
space). On the other hand, procainamide uptake by
LLC-PK, cells cultured in plastic dishes (whick should
reflect the apical transport) was inhibited by other
organic cations as described above. Taken together,
these results suggest that, when procainamide was
added to the apical side, the drug can enter the cells
acruss ihe apical membrane but can hardly be trans-
ported from intraceliular compartment to basolateral
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side across the basolateral membrane, We have previ-
ously shown that organic cation transport in basolatcral
membrane, but net in brush-border membrane, was
sensitive 1o the membrane potential {5]. Therefore, the
interior negative poicniial of the cells should restrict
the procainamide {flux from inside the cells to basolat-
eral side across the basolateral membrane, resulting in
the unidirectional transport of procainamide from ba-
sclateral to apical side across LLC-PK, monolayers.
When compared with the renal proximal tubule, this
unidirectional transport should eorrespond to the tubu-
lar secretion, Transport of tetraethylammonium and
N -methylnicotinamide was also shown to be unidirec-
tional in LLC-PK , monolayers [19,20].

Cellular uptake and the transepitheial flux of pro-
cainamide decreased in the presence of cimetidine or
N-acetylprocainamide. These results suggest that pro-
cainamide can share a common transport system with
cimetidine and N-acetylprocainamide in LLC-PX,
cells, Cimetidine, a histamine H -receptor antagonisi,
is transported by organic cation transporl systems ir
rat renal brush-bosder and basolateral membranes [28].
Scveral reports have demonstrated that procainamide
and cimetidine compete for a common secretory mech-
anism in proximal tubules perfused in vitro [3], in
brush-horder membrane vesicles [29), and in isolated
perfused rat kidney [30]. N-Acetylprocainamide is an
active metabolite of procainamide and is mainly ex-
creted unchanged in urine [2,31]. Funck-Brentano et
al. [32] demonstrated that the accumulation of N-
acetylprocainamide during procainamide therapy can
alter procainamide elimination in man. They discussed
that the pharmacokinetic interaction between N-
acetylprocainamide and procainamide is due to compe-
tition for renal proximal tubule secretion. McKinney
and Speeg [3] showed that N-acetylprocainamide had
an inhibitory effect on procainamide sccretion by prox-
imal tubules in vitro. The present study in LLC-PK,
cells provides direct evidences indicating that the com-
petition for secretion between these organic cations
occurs at the cellular level in renal proximal tubules.

We have previously shown that aminocephalosporin
antibiotics such as cephalexin and cephradine can be
transported by an organic cation transport system in
renal brush-border membrane {33} In brush-border
membrane vesicles, aminocephalosporin antibiotics in-
hibited tetracthylammonium uptake, and the uptake of
these drugs were actively driven by an oulward H”
pradient [33}. Thus, aminocephalosporin antibiotics are
substrates for H*/organic cation antiport system in
brush-border membrane. On the other hand, cephal-
exin did not afiect tetraethylammonium transport in
basalateral membrane [34]. Therefore, it is interesting
1o compare the effect of cephalexin on the apical
uptake and transcpithelial flux of procainamide in
L:.C-PK, cells. Cephalexin markedly inhibited the api-

cal uptake of procainamide, but the effect on trans-
epithelial flux was relatively weak. The initial step of
the transepithelial flux is the uptake from basolateral
side into the cells across basofateral membrane. There-
fore, cephalexin may affect procainamide transport in
apical membrane in preference to that in basolateral
membrane, which is consistent with the finding ob-
tained by membrane vesicle studies {33,34]. Thus, or-
ganic cation transport systems in the apical and baso-
fateral memiirenes oi LLC-?K, may have similar sub-
strate specificities with those in renal brush-border and
basolateral membrancs, respectively.

In conclusion, procainamide can be transported in
LLC-PK, cells by an organic cation transport system.
LLC-PK, cells should provide a useful model system to
study the cellular and transepithelial transport mecha-
nisms of organic cations and drug interaction in renal
proximal tubules.

Acknowledgement

This work was supported in part by a Grant-in-Aid
for Scicntific Research from the Ministry of Education,
Science and Culture of Japan.

References

| Galearzi, R, Sheiner. L.B. Lockwood. T. and Benel, 1.2,
{1976} Clin. Pharmacol. Ther. 19, 53-62.

2 Sumopyi, A., McLean, A. and Heinzow. B. (1983) Eur. J. Clin.
Pharmacol, 25, 339-345,

3 McKinney, T.D. and Speeg, K.V., Ir. {1982) Am. J. Physiol. 242,
F672-F681).

4 Kinsella, J.L., Holuhan, P.D., Pessah, N1 and Ross. CR. {1979
. Pharmacol. Exp. Ther. 209, 443-450.

§ Takano, M.. Inui, K., Okano, T., Saito, H. and Hori, R. (1983)
Biochim. Biophys. Acta 773, [13-124.

# Hori. R.. Maegawa. H.. Okano, T.. Takano, M. and Inui, K.
(1987 I. Pharmacol. Exp. Ther. 241, 1010-1D16,

7 Hori, R., Maegawa, H., Kato, M., Katsura, T. and Inui, K. (1989}
1. Binl. Chem. 204, 12232-12237,

8 Sokol, P.P. and McKinney, T.D. (19900 Am, J. Physiol. 25K,
F1599-F1607,

9 Holohan, P.D. and Ross, C.R. (1981 I. Pharmucol. Exp. Ther.
216, 294-298,

10 Maegawa, H.. Kalo. M., Inui, K. and Hori. R, (1988) J. Bial,
Chen. 263. 1115011154,

11 McKinney, T.D. and Konnemann, M.E. (1985) Am. J. Physiol.
249, F532-F541.

12 Hull, RN., Cherry. W.R. and Weaver, G.W, (1976) 1n Vitra 12,
670-677.

13 Handler, 15.. Perkins. F.M. and Johnson. )P, (1980) Am. J.
Phiysiol. 238, FI-F9.

14 Saito. H., Inui, K. and Hori, R. (1986) J. Pharmacol, Exp. Ther.
238, 1071-1076,

15 Takano, M., Rhoads, D.B. and Isselbacher, K.J. (1988} Proc,
Nail. Acad. S¢i. USA 85, 8072-8075.

16 Ohta, T., Isselbacher, K.J. and Rhoads. D.B. (1990) Mol. Cell.
Biol. 10. 6491-0499, R

17 Takayama, A.. Okazaki, ¥.. Fukuda, K., Takano, M., Inui, K. and
Hori, R. (1991) 1. Phaymacol. Exp. Ther., 257, 100-204,



18 MeKinney, T.D., DeLeon, C. and Speeg, K.V., Ir. (1388} J. Cell,
Physiol. 137, 513-520.

19 Fauth, C., Ressier, B, and Roch-Rame!, F. (1984) Am. 5. Physiol.
254, F351-F357.

20 Fouda, A.-K., Fauth, C. and Roch-Ramel, F. {1990) 1. Pharmacul.
Exp. Ther. 252, 286-292.

21 Hori. R.. Yamamoto, K., Saito, H., Kohno, M. and Tnui, K. (1983)
J. Pharmacol. Exp. Ther. 230, 742-748,

22 Inui, K., Saito, H., Iwata, T. and Hori, R, 11988} Am. J. Physiok.
254, C251-C257.

23 Bradford, MM. (1976) Anal. Biochem. 72, 248-154.

24 Wemer, D, Martinez, F. and Roch-Ramel, F. (1990) I. Pharma-
col. Exp. Ther. 252, 792-799.

25 Jans, AW.H,, Amsler, K., Griewel, B. and Kinne, RK.H, {1987)
Biochim, Bicphys. Acta 927, 203-212,

26 i, K., Saito, H. and Hori, R. (1985) Biochem, ). 227, 199-203,

27 Yuan, G., Ott, R.J., Salgado, C. and Giacomini, K.M. {1991} ).
Binl. Chem. 266, 8978-8986.

139

28 Takano, M., Inui, K., Okano, T. and Hori, R, {1985) Life Sei. 37,
15791585,

29 McKinney, T.D. und Kunnemann, M.E. (1987} Am. 1. Ehysiol.
252, F525-F535.

30 Okudaira, N.-1., Sawad, Y., Sugiyamu, Y., Iga, T. and Hanano,
M. {1989} Biochim. Biophys, Acta 981, 1-7,

31 Connally, 8. and Kalgs, R.E. (1982} Clin. Pharmacokinet. 7,
206-220.

32 Funck-Brentano, C., Light, RT., Lincberry, M.D,, Wright, G.M,,
Roden. D.M. and Woosley, R.L.. (1989} J. Cardiovase. Pharmacol,
14, 364-373,

33 Inui. K.. Takano, M., Okano, T. and Hori, R. {1985) J. Pharma-
cal, Exp. Ther. 233, 181-185.

34 Takano, M., Okano, T., Inui, K. and Hori, R. 11989} J. Pharm.
Pharmacol, 41, 795-79%.



