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Bile Acid Efflux from Suckling Rat Hepatocytes
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ABSTRACT. To further assess bile acid transport by
the developing rat liver, we compared the rate of efflux
of taurocholate from hepatocytes isolated from suckling
and mature rat livers. Cell content of taurocholate (nmol/
mg cell protein), after preloading with ['“C]-radiolabeled
plus cold bile acid (5-100 xM) was similar in both groups.
Total taurocholate efflux, estimated by the decrease in cell
taurocholate content, was unexpectedly greater from suck-
ling rat hepatocytes. There was a higher bile acid efflux
rate over time and a lower final cell content. Efflux from
suckling rat hepatocytes was increased after preloading in
incubation concentrations of taurocholate which were
above the physiologic range of portal blood concentrations.
Inasmuch as the bile acid binding protein content is known
to be reduced in the cytoplasm of developing rat liver,
intracellular taurocholate may exist largely as free ligand
and thus be more readily diffusable. We speculate that the
in vivo correlation of enhanced efflux is back diffusion of
bile acid from the cell into the sinusoid. The effect could,
in part, account for the known absence of a lobular gradient
for bile acid uptake in suckling rats and, therefore, contrib-
ute to the inefficient hepatic transport of bile acid observed
in developing rat liver. (Pediatr Res 23: 364-367, 1988)

Bile acids are efficiently extracted from plasma by the normal
liver and are secreted into bile, thereby serving as the major
determinants of bile flow (1, 2). Bile formation by suckling rat
liver is several-fold less than that of mature animals (3). Previous
investigations have shown inefficiency of several aspects of the
enterohepatic circulation of bile acids in developing rats. For
example, serum bile acids in healthy suckling and weanling
animals are elevated to levels comparable to those present in
mature animals with induced cholestasis (4). Uptake of tauro-
cholate, as observed in both isolated hepatocytes and basolateral
membrane vesicles, is reduced (5, 6). Moreover, the functional
reserve of hepatocytes for uptake within the hepatic lobule is
reduced in early life, a feature demonstrated by absence of the
normal portal to central lobular gradient for bile acid uptake (7).
This very low basal hepatocellular extraction of bile acid exists
in suckling rats despite reduced terminal ileal reabsorption. As a
result, portal blood bile acid concentrations are far below those
of mature rats. Hepatocellular uptake of bile acid eventually
matures after weaning (4-6, 8). As ileal active transport of
taurocholate matures earlier, the hepatic phase may be rate-
limiting to the overall maturation of the enterohepatic circulation
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Little is known, however, about the hepatocellular compart-
mentation or secretion of bile acids during this phase of “physi-
ologic cholestasis.” Isolated hepatocytes have previously been
used in several studies to assess bile acid excretion (10-15).
Excretion or “efflux” of conjugated bile acid from hepatocytes
1solated from rats with induced cholestasis has been shown to be
reduced compared to control animals; this effect was attributed
to reduced canalicular secretion (14). We hypothesized that
hepatocytes from suckling rats, analogous to hepatocytes from
animals with induced cholestasis, would show a different pattern
of efflux compared to the normal adult rat. The aim herein,
therefore, was to compare taurocholate efflux from hepatocytes
of normal suckling and mature rats.

MATERIALS AND METHODS

Reagents. Reagents used herein included: [24-'*C]taurocholate
(46.7 mCi/mmol), [*H]inulin (200 mCi/g), and Aquassure Scin-
tillation Cocktail, New England Nuclear Corporation (Boston,
MA); sodium taurocholate (more than 98% pure by thin layer
chromatography), Calbiochem (San Diego, CA); collagenase
(type II), and bovine serum albumin (fraction V), Sigma Chem-
ical Co. (St. Louis, MO); trypan blue, 0.4%, GIBCO Laboratories
(Grand Island, NY); and silicone oil, density 1.05 g/ml, Aldrich
Chemical Co. (Milwaukee, WI). All reagents used in buffer
preparation were of analytical grade and obtained from com-
mercial sources. The buffer designated as “A” (isolation buffer)
contained the following: 140 mM NacCl, 5.4 mM KCIl, 0.8 mM
MgSOs, 0.8 mM Na,HPO,, 25 mM NaHCO;, pH 7.40, 37° C;
buffer “B” (incubation buffer) consisted of 135 mM NaCl, 2 mM
KCl, 3 mM KH,PO,, 0.3 mM CaCl,, 1.0 mM MgSO,, 10 mM
TRIS-HCI, 1% d-glucose, and 2% bovine serum albumin.

Animals. Age-specific, male Sprague Dawley rats (Harlan, Inc.,
Indianapolis, IN) were used; suckling animals (mean body weight
28 g) were used on the 14th day after birth. Mature animals were
studied at 56 days of life, correlating to a mean body weight of
250 g. All animals were housed in a temperature-controlled
environment with alternating 12-h light/dark cycles. On the day
of experimentation, each animal was prepared in the fed state
between 0900 and 1100 h. All animals were given pentobarbital,
50 mg/kg body weight, intraperitoneally before experimentation.
Eight rats were studied in each age group.

Hepatocyte isolation. Hepatocytes were isolated using the in
situ collagenase perfusion method of Berry and Friend (16) with
modifications as described previously (5, 17). Retrograde perfu-
sion through the inferior vena cava was used to minimize the
duration of interrupted hepatic blood flow. Livers from both age
groups were perfused with buffer A at 2-4 ml-g™! liver-min™
until the organ was clear of blood. The buffer was continuously
gassed using a 95% 0,/5% CO, mixture. Collagenase (0.5 mg-
ml™" in buffer A) perfusion of the blood-free liver followed
thereafter for 25 min or until the lobes visibly dissociated and
fragmented from the liver capsule. The perfused, digested liver
was then carefully excised in foto, placed in a beaker containing
the collagenase solution, and gently minced with a scissors. A
final 10-min incubation was then performed under a continuous
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stream 0f 95% 0,/5% CO, at 37° C in a rotatory bath to complete
digestion of the liver. Hepatocytes were separated from undi-
gested debris by filtering the initial suspension through a double
layer of cheese cloth. The crude cell suspension was then washed
three times by suspending in an excess volume of buffer B and
centrifuging at low speed (50 X g X 2 min) to yield a preparation
of more than 95% viable hepatocytes. The final cell pellet was
resuspended in fresh buffer B at a concentration of 10° viable
cells/ml. Cell number was determined through counting in a
hemocytometer. The freshly isolated liver cells from both age
groups were 90-95% viable as assayed by Trypan blue exclusion
before and at the completion of each experiment. Liver cell
integrity was also suggested by minimal loss of intracellular lactic
acid dehydrogenase into the incubation medium (less than 5%
of original total cell homogenate activity per hour).

Taurocholate efflux experiments. The experimental design was
to load isolated hepatocytes with bile acid at varying concentra-
tions and then to resuspend the cells in bile acid-free buffer. In
this manner, the final cell content after concentration-dependent
movement of bile acid down the outwardly directed concentra-
tion gradient could be measured. Therefore, suspensions (4 ml)
of the isolated hepatocytes from each preparation were preloaded
by incubating in buffer B containing radiolabeled ['*Cltaurocho-
late (60 nCi/ml) as tracer and increasing concentrations of un-
labeled taurocholate (5, 10, 25, 50, 100 uM). This concentration
range was chosen to parallel the values that we have found to be
present in portal venous blood of suckling (mean 25, range 10-
36 uM) as well as mature rats (mean 80, range 14-180 uM) (7,
18). These concentrations allowed correlation of these data to
the in vivo state and minimized the potential for bile acid toxicity
to the cells.

The suspension was then incubated at 37° C in an atmosphere
of 95% 0,/5% CO, in a water bath with continuous oscillation
(180 rpm/min) for 15 min, a time previously shown sufficient
to achieve a steady state of intracellular bile acid (19). At the
completion of taurocholate loading, duplicate 200-] aliquots of
each suspension were taken to estimate the postincubation intra-
cellular taurocholate content. Adherent extracellular taurocho-
late, estimated by separate [*H]inulin experiments, was <2% in
both age groups in all experiments.

To assess efflux, the suspension of preloaded hepatocytes was
centrifuged at low speed and the incubating buffer aspirated and
discarded. The preloaded cell pellet was then resuspended in bile
acid free buffer B and timing begun. Duplicate 200-ul aliquots
were then withdrawn from the new cell suspension at timed
intervals (15, 30, 45, 60, 105, and 300 s) and placed in 400-xl
polyethylene tubes previously layered with 50 pl of 3 M KOH
beneath 100 ul of silicone oil. The samples were immediately
centrifuged (15,000 x g) for 10 seconds in a rapidly accelerating
table-top microfuge (Beckman Instruments, Fullerton, CA). This
caused the viable cells to sediment through the oil into the KOH.
The cell pellet was allowed to dissolve in KOH for 18-24 h. To
determine the amount of ["*C]labeled bile acid in the cell pellet
at each time point, the polyethylene tubes were cut at the oil-
KOH interface and each portion placed in individual scintillation
vials. The cell pellet in KOH was neutralized with 75 ul of 2 N
HCL. Scintillation cocktail (3 ml) was added, and cell radioactiv-
ity was measured by liquid scintillation counting with external
standardization for quench correction. Protein content in addi-
tional sample aliquots was determined by the method of Lowry
with bovine serum albumin as standard (20). Results were ex-
pressed as nmoles of bile acid/mg of cell protein.

Data analysis. Student’s ¢ tests were used where indicated as a
significance criterion for differences between means of cell and
supernatant content of taurocholate.

RESULTS AND DISCUSSION

Influx of taurocholate at varying preloading concentrations
(5-100 M) reached equilibrium by 15 min in both suckling and
adult rat hepatocytes. The resulting intracellular taurocholate
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content in both groups was similar at each preloading concentra-
tion (Fig. 1). Thus the intracellular space/mg of cell protein
available for equilibration with extracellular taurocholate did not
appear to change with age.

Efflux, defined as the measured decrease in cell content of
taurocholate, was linear over a 300-s period in both groups. The
cell taurocholate content at 300 s was significantly lower in
suckling compared with adult hepatocytes at preloading concen-
trations of 50 and 100 uM (Fig. 2).

Our data show that suckling rat hepatocytes exhibit a greater
rate of taurocholate efflux than do comparably isolated mature
rat hepatocytes. Cell loading with taurocholate revealed identical
starting content in both groups (Fig. 1). The efflux observed was
greater in cells from the younger animals with increasing pre-
loading; while a tendency was apparent at 25 uM, a significant
difference occurred at 50 and 100 pM. Greater efflux occurred
with incubation in bile acid concentrations above the in vivo
portal blood bile acid concentration range of both groups. The
observation of significantly less cell taurocholate at 5 min in the
suckling rat hepatocytes with increasing preloading demonstrated
their enhanced propensity to release taurocholate. Enhanced bile
acid efflux in suckling rats was induced only by preloading them
in concentrations of taurocholate in excess of their physiologic
portal venous concentrations (5, 21, 22).

Although the suckling rat is a model for “physiologic choles-
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Fig. 1. The cell content of taurocholate after incubation at each
taurocholate concentration was similar when corrected for cell protein.
The groups were disparate at 100 pM, but this was not a significant
difference.
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Fig. 2. The final cell pellet taurocholate content (nmol-mg™") is plot-
ted against the original preincubation concentration. The inability of
suckling hepatocytes to retain taurocholate is apparent with greater
preloading. This effect is statistically different from mature cells above
25 uM.



366

tasis,” the observed enhanced efflux rate is in contrast to the
reduced rate seen in mature rats after induced cholestasis (14).
Extraction (5) and metabolism (23) of bile acids are inefficient
in suckling rat hepatocytes; therefore, it is unlikely that the
difference in efflux observed can be hypothetically explained by
movement across the apical, secretory pole of the hepatocyte.
The maximal velocity of uptake is markedly less than that of
mature hepatocytes, therefore an adequate assessment of the
secretory capabilities would require isolation of the canalicular
membrane fraction from suckling rat liver (24). As the findings
herein in suckling rats with physiologic cholestasis are not recon-
cilable with those observed in induced cholestasis of adult ani-
mals, other speculative explanations are necessary.

The physicochemical properties of hepatocytes of suckling rats
could be different than those isolated from fully developed
animals. Membrane diffusion constants for taurocholate may be
different in mature and suckling rat hepatocytes, perhaps favor-
ing diffusion in the latter. A different plasma membrane lipid
environment in the suckling rat hepatocyte could explain the
magnitude of disparity observed. The electrical gradient present
in the mature hepatocyte is unfavorable for taurocholate uptake
(1); an increase in the electronegative intracellular environment
would favor outward movement. Consistent with this hypothesis,
enhanced rates of taurocholate efflux from mature rat isolated
hepatocytes have been observed after coincubation with agents
known to cause membrane hyperpolarization, such as «-adre-
nergics (34). The induced increase in intracellular negativity
results in stimulation of efflux of negatively charged bile acid.
Therefore, if the suckling rat hepatocyte possesses a greater
intracellular electronegativity, the result could hypothetically be
larger rates of taurocholate efflux. The transmembrane potential
difference in this model, however, remains unknown,

An alternate path to canalicular release of bile acid from
1solated hepatocytes is via back diffusion across the sinusoidal
membrane; this has been described for both bilirubin (25) and
bile acid (26) in the isolated, perfused, mature rat liver model.
Sinusoidal back diffusion subtracts only minimally from net
transport of taurocholate across the mature liver despite a large
chemical back gradient. The experimental effect of back diffusion
will, however, increase with rising initial intracellular concentra-
tions (26). The efficiency of hepatocellular bile acid concentrative
transport, nonetheless, allows large amounts of ligand to accu-
mulate above incubation concentrations despite saturating the
canalicular secretory mechanism (26). This has been seen in
isolated cells (19) or in monolayer cultures of hepatocytes (15).
We have also found that the mean systemic serum bile acid
concentration is less than 3 uM in the adult rat, despite portal
blood concentrations which may exceed 300 M (21, 22), an
observation consistent with this hypothesis. These data indicate
that the fate of intracellular bile acid in intact mature rat liver is
directed predominantly to the canalicular lumen with negligible
back diffusion. In contrast, in the suckling rat portal venous bile
acid concentrations are lower than in the adult; however, sys-
temic levels are 10-fold higher reflecting either impaired hepatic
clearance or a cellular inability to concentrate bile acid (4).

Based on the current study, back diffusion may have physio-
logic significance in suckling rat liver. There are data from other
investigations to support this hypothesis. One factor that poten-
tially serves to prevent back diffusion is binding of ligand to
soluble binding proteins; this may allow retention of organic
anions within the hepatocellular cytoplasm despite a large chem-
ical back gradient. Glutathione-S-transferase B (ligandin), which
binds several organic anions, has been shown to prevent the
sinusoidal back diffusion of bilirubin from the cytoplasm (25).
Ligandin demonstrates in vitro bile acid binding (27), and frac-
tionation studies have shown that the principal intracellular
location of bile acids is the same as ligandin, the cytoplasm (22,
28). Interestingly, the cytoplasmic content of ligandin in 1-wk-
old rat pups is one-fifth that of mature rat hepatocyte content
and requires nearly 6 postnatal wk to approach adult levels (29).
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In addition, a new class of cytoplasmic bile acid binding protein
has recently been described (30). We have determined that the
content of this second cytosolic bile acid binding protein in rat
liver during the 1st wk of life is approximately one-half of that
present later in development and in fully grown animals (31). In
suckling rat liver, therefore, diminished protein binding could
dramatically influence the intracellular solute activity of bile
acids by permitting a greater pool of free ligand. This could
potentiate a more rapid efflux in suckling rat hepatocytes as
observed herein. Also, it would corroborate the observation that
efflux increases with rising initial cell content, paralleling an
expanding free pool. The net effect is that taurocholate will not
accumulate within the hepatocyte above the capacity of binding
proteins native to suckling rat liver in the absence of a large,
inwardly directed concentration gradient. This could explain our
observation that suckling rat hepatocytes were able to attain a
bile acid concentration similar to mature cells during preloading
despite a lower initial uptake velocity as documented earlier (5).
Earlier and greater “unloading” seemed to occur once this large
inward gradient was removed.

Factors other than soluble protein binding could also theoret-
ically alter the intracellular solute activity of taurocholate in
suckling rat liver. A feature that must be examined is the role of
variations in metabolism by the immature hepatocyte compared
to the mature cell. For example, hydroxylation, conjugation, and
detoxification may alter the physicochemical properties of the
bile acid (32, 33). The role of this factor must be examined in
the future by determining the nature of the effluxed, labeled bile
acid species.

In summary, enhanced taurocholate efflux in all likelihood
cannot be explained through a single mechanism. As isolated
hepatocytes lack the separate canalicular and sinusoidal mem-
brane domains, a firm conclusion regarding the path and mech-
anism of enhanced efflux cannot be made. The magnitude of
efflux observed implies movement back across a large surface
area such as that of the sinusoidal domain, although this remains
unproven. The in vivo correlation of enhanced efflux seen in
suckling rat hepatocytes would be sinusoidal back diffusion in
the intact liver of the developing animal which would further
contribute to the inefficiency of bile acid transport. This could
also account for the observed absence of a lobular gradient and
a higher systemic to portal ratio of serum bile acid levels in early
life. This overall hypothesis is also consistent with the observation
that developing liver has a greater propensity to experience
hepatocellular bile secretory failure (4). Future investigations
should further address the integrity and physical environment of
the bile secretory apparatus in developing mammalian liver.
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