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Abstract

The role of basolateral membrane nucleoside transport in primary cultured rabbit tracheal epithelial cells (RTEC) was studied. Primary cultured
RTEC were grown on permeable support at an air-interface. Transport studies were conducted in the uptake, efflux, and transepithelial transport
configurations using *H-uridine as a model substrate. Time, temperature and concentration dependency of *H-uridine transport were evaluated in
parallel to the metabolism of this substrate using scintillation counting and thin layer chromatography. Inhibition of *H-uridine uptake from
basolateral fluid was estimated in presence of all unlabeled natural nucleosides as well as analogs and nucleobases. Functional modulation
pathways of *H-uridine uptake were studied after treatment of RTEC with pharmacological levels of A23187, forskolin, tamoxifen, H89 and
colchicine.

The basolateral aspect has a low-affinity and high-capacity transport system that exhibits characteristics of bi-directionality, temperature/
concentration dependency, and broad specificity towards purines and pyrimidines without requiring Na". Basolateral equilibrative-sensitive/
insensitive (es/ef) type transport machinery manifested as a biphasic dose response to nitro-benzyl-mercapto-purine-ribose (NBMPR) inhibition.
In addition, a number of therapeutically relevant nucleoside analogs appeared to compete with the uptake of uridine from basolateral fluid. Short-
term pre-incubation of primary cultured RTEC with the calcium ionophore A23187 inhibited basolateral uridine uptake without affecting the Ji,ax
and K,,. The inhibitory effect was not reversible with a protein kinase C (PKC) antagonist, tamoxifen. In contrast, basolateral uridine uptake was
increased by adenylyl cyclase activator forskolin (reversible with protein kinase A (PKA) inhibitor H89), resulting in a decreased K,,,, but a lower
Jmax- Uridine exit across the basolateral membrane of primary cultured RTEC occurs via a facilitative diffusion carrier, which can be modulated by
intracellular Ca>" levels and PKA. Information about these carriers will help improve the transportability of antitumor and antiviral nucleoside
analogs in the pulmonary setting.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Nucleoside transporters are known for their role in salvage
pathways of biological systems that lack physiological
mechanisms of nucleoside biosynthesis or degradation. Fur-
thermore, their regulatory function in purinergic signaling
pathways is recognized (Ralevic and Burnstock, 2003). At least
7 functionally distinct nucleoside transport processes have been
characterized (Cass et al., 1999; Ritzel et al., 2001; Baldwin et
al., 2004). Na'-independent equilibrative nucleoside trans-
porters (ENTs) mediate the bi-directional, concentration
gradient-driven transport of substrates. These transporters
generally have a low affinity for substrates, which distinguishes
them from the Na'-coupled concentrative nucleoside trans-
porters (CNTs). In CNTs, the driving force for the transport of
substrates is the coupling of the uphill flux of nucleosides to a
downhill Na* gradient (Ritzel et al., 2001; Baldwin et al.,
2004).

ENTs, like several other facilitated diffusion carriers
(glucose (Takata, 1996), amino acid (Gandhi et al., 2004),
and peptide transporters (Terada et al., 1999)), are the primary
mediators of the exit of intracellularly accumulated nucleosides
across the basolateral membrane of absorptive epithelia.
Therefore, basolateral ENTs play an important role in the
overall transepithelial transport of nucleosides or their efflux
from excess intracellular pools. Two types of ENTs, es-type
and ei-type, have been characterized in considerable detail by
their sensitivity to the classic nucleoside transport inhibitor
nitro-benzyl-mercapto-purine-ribose (NBMPR) (Baldwin et al.,
2004). Na'-independent ENTs exhibit a broad substrate
specificity for purines, pyrimidines, and a wide range of
analogous xenobiotics. Specifically, the ei-type transporters
have been shown to transport nucleobases such as hypoxan-
thine (Baldwin et al., 2004). Hence, ENTs are considered
prospective drug targets for a variety of antitumor and antiviral
nucleoside analogs due to their relatively broad substrate
specificity (Pastor-Anglada et al., 1998). For example, ribavirin
(Virazole™), a synthetic nucleoside antiviral agent for oral
inhalation therapy against respiratory syncytial virus, inhibits
uridine uptake by the human intestinal es transporter (Lum et
al., 2000).

Evidence of different mechanisms in apical vs. basolateral
nucleoside transport has been demonstrated in rabbit kidney
(Williams and Jarvis, 1991), and rat and rabbit intestine
(Chandrasena et al., 1997). Nucleosides enter across the apical
membrane driven by coupling to the Na'" gradient, and exit
across the basolateral membrane via a Na'-independent
facilitated transport system. Specialized nucleoside transport
processes have been unequivocally identified in various tissues
and cells, including intestine (Scharrer and Grenacher, 2001),
liver (Choi et al., 2000), kidney (Dragan et al., 2000), placenta
(Griffiths et al., 1997) and choroid plexus (Anderson et al.,
1999). In human, pig, guinea pig, and rat lung membrane
preparation nucleoside transport processes exhibit a high-
affinity binding of the nucleoside transport inhibitors *H-
dipyridamole and *H-NBMPR (apparent K, range of 0.3—2
nM), suggesting the presence of es-type nucleoside transport

systems in lung tissues (Kwong et al., 1993). Furthermore,
recent reports on the role of equilibrative nucleoside trans-
porters in human non-small cell lung carcinoma therapy
resistance highly emphasizes the importance of studying the
mechanisms which regulate basolateral membrane permeability
of airway epithelia in absorption of anticancer nucleoside
analog drugs from the systemic circulation (Achiwa et al.,
2004).

An enhanced understanding of the post-translational mod-
ulation of nucleoside transport has pharmacological advan-
tages, as it will improve the transportability of antitumor and
antiviral nucleoside analogs. Regulation of transporters by
second messengers has been reported in the glucose transporter
(Braiman et al., 1999) and peptide transporter (Wenzel et al.,
1999), although their regulatory mechanisms vary greatly. In
undifferentiated Neuro-2A cells, the Na'-dependent adenosine
transport was not modulated by any known second messenger
(e.g. Ca** or cAMP), but forskolin and A23187 (Sen et al.,
1999) inhibited the es-type facilitated diffusion component.
Cell types co-expressing different transporter isoforms can
exhibit diverging modulation patterns, which probably evolved
to fulfill cell-specific requirements.

The aims of the present study were to determine whether the
shuttling of uridine across the basolateral membrane of primary
cultured rabbit tracheal epithelial cells (RTEC) is mediated via
a facilitative diffusion mechanism, and to elucidate the
modulation mechanisms involved in basolateral nucleoside
transport by manipulating different intracellular signaling
pathways. *H-uridine uptake experiments from apical and
basolateral fluids of primary cultured RTEC were used to
functionally characterize nucleoside transport processes, since
uridine is a known universal substrate across a spectrum of
nucleoside transporter families (Baldwin et al., 2004). Sub-
strate specificity of basolateral uridine uptake was assessed in
the presence of various nucleoside analogs. Basolateral nucleo-
side transport activity was further assessed by studying *H-
uridine uptake in primary cultured RTEC monolayers incu-
bated with pharmacological agents that are known to act along
signaling pathways leading to protein kinase C (PKC) and/or
protein kinase A (PKA) activation. We also evaluated the role
of cytoskeletal rearrangement in the regulation of basolateral
nucleoside transport.

Materials and methods

Male, Dutch-belted pigmented rabbits, weighing 2.5-3.0
kg, were purchased from Irish Farms (Los Angeles, CA).
The investigations utilizing rabbits described in this report
conform to the Guiding Principles in the Care and Use of
Animals (DHEW Publication, NIH 80-23). HBSS, S-MEM,
FBS, penicillin, streptomycin, gentamicin, L-glutamine, and
fungizone were purchased from GibcoBRL (Grand Island,
NY). Protease XIV, DNase I, NBMPR, DMSO, forskolin,
colchicine, tamoxifen and BSA were purchased from Sigma
Chemical Co. (St. Louis, MO). Calcimycin (A23187) and
H89 were purchased from Research Biochemicals Interna-
tional (Natick, MA). PC-1 medium was used for cultures of
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