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A B S T RA CT Previous studies showed that in rats with
obstruction of the bile ducts draining the median and
left hepatic lobes, and in rats with normal bile ducts in
which the bile acid pool size and secretion were
augmented by 48-h intraduodenal infusion of taurocho-
late, bile acid flux through secreting hepatocytes was
increased. Under these conditions, taurocholate trans-
port maximum exhibited a time-dependent adaptation
to increased secretory load.

Unexpectedly, bile acid-independent canalicular
flow in these experimental models also was found to be
increased when measured at 48 h. Relative to controls,
bile acid-independent flow per gram of nonobstructed
liver was increased approximately threefold in selec-
tively obstructed rats and 43% in bile acid-loaded rats
with normal ducts. In rats infused with bile acids at
similar rates for only 16 h, no increase was observed.
Studies with [14C]erythritol suggested that the in-
creased bile flow under these conditions was of
canalicular origin.

NaK-ATPase activity in canaliculi-enriched liver
plasma membrane preparations from the nonobstructed
lobes of selectively obstructed rats and from 48-h bile
acid-loaded rats was increased by 47% and 52%,
respectively, relative to controls, but was not increased
in membranes from 16-h bile acid-loaded rats.
Canalicular membrane 5'-nucleotidase and MgATPase
also were increased.

These studies show that augmented bile acid flux
through secreting liver causes an adaptive increase in
bile acid-"independent" flow and in the activity of
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canalicular membrane enzymes. The mechanism by
which bile acids modulate this and previously reported
aspects of bile secretion remains to be elucidated.

INTRODUCTION
The formation of canalicular bile is regarded as having
two components. The first, which is bile acid-
dependent, is attributed to the osmotic effect of bile
acids and associated counterions secreted into the
canalicular space (1). The second, which is bile
acid-independent, is that volume which theoretically is
secreted in the absence of bile acid secretion; it is
derived by extrapolating the plot of bile volume as a
function of bile acid secretion to zero bile acid
secretion. The bile acid-independent fraction appears
related to the activity of canalicular membrane NaK-
ATPase in a variety of experimental situations (1-5).

Recently, we reported studies involving two experi-
mental models in which bile acid flux through secreting
hepatocytes and overall bile secretion were increased.
These experimental models are (a) selective biliary
obstruction, in which bile ducts draining two-thirds of
the liver mass are obstructed while the remaining
one-third continues to secrete bile at rates which are
normal for the whole animal (6-9); and (b) bile
acid-loaded animals, in which all bile ducts are patent
but the bile acid pool is expanded approximately
twofold by means of the continuous intraduodenal
infusion of taurocholate (8, 9). Although it is recognized
that the liver has a reserve secretory capacity, which in
these experimental circumstances undoubtedly was
recruited into the secretory process, the fact that in both
circumstances there was a significant and time-
dependent increase in bile acid transport maximum
suggests that an adaptive change in the bile secretory
mechanism had occurred.

In the present report, we describe the unexpected
observation that bile acid-independent secretion, ex-
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pressed per mass of secreting parenchyma, was sig-
nificantly increased in both selectively obstructed and
bile acid-loaded animals. To elucidate the mechanism
for this effect, we investigated the possibility that
increased bile acid flux through the liver might lead to
increased bile acid-independent flow through an effect
on liver plasma membrane NaK-ATPase activity. These
studies provide evidence that increased bile acid flux
does indeed lead to an increase in the activity of plasma
membrane enzymes, including NaK-ATPase. It is
suggested that the "bile acid-independent" component
of bile formation is not totally independent, but rather is
significantly modulated by the flux of bile acids through
the hepatocyte. Portions of these studies have been
reported in preliminary communications (8, 10).

METHODS
Animals and operative procedures. Nonfasted male

Sprague-Dawley rats were used in all experiments and were
maintained on standard laboratory chow (Berkeley Standard
Diet, Feedstuff Processing Company, San Francisco, Calif.).
Selective obstruction of the bile ducts draining the median and
left hepatic lobes, representing approximately two-thirds of
the liver mass, was performed under ether anesthesia as
described previously (6), and a PE 90 polyethylene catheter
(Clay-Adams Div., Becton, Dickinson & Co., Parsippany,
N. J.) was placed in the duodenum. For studies of bile secretion
in the whole animal (290-433 g), an exteriorized PE 90
choledochoduodenal catheter was placed to permit sub-
sequent interruption of the enterohepatic circulation and
collection of bile without additional operative stress (8, 9).

After operation, rats were maintained in restraining cages
(11). Isotonic saline, 3 ml/h, was administered via the duodenal
catheter from 9 a.m. to 6 p.m. (light cycle), and 50 ml of a liquid
formula containing 7 g Dextri-Maltose No. 1 (Mead Johnson &
Co., Evansville, Ind.) and 3 g casein hydrolysate (Teklad Test
Diets, Madison, Wis.) from 6 p.m. to 9 a.m. Control rats
received intraduodenal feeding catheters and were similarly
restrained. In some experiments, in rats with intact bile ducts,
the bile acid pool was expanded by means of a continuous
intraduodenal infusion of sodium taurocholate, 0.2 ,tmol/min
per 100 g rat from the end of the operation to the beginning of
the studies of bile secretion (16 or 48 h). This rate of bile acid
infusion was the approximate equivalent of one normal bile
acid pool every 4 h (7, 9) and after 48 h resulted in a twofold
increase in bile acid pool and secretion rate (9). After 16 h, bile
acid pool and secretion rate were increased by approximately
35% (P < 0.02).1

Studies of bile secretion and ['4C]erythritol clearance. At
the appropriate interval after operation, the exteriorized
choledochoduodenal catheter was divided and bile was
collected at 15-min intervals for 2 h and at 30-min intervals for a
third hour. After measurement of volume, each fraction was
diluted to 10 ml in methanol and stored at -20°C. Bile flow
averaged 2 ml/h during the 1st h after division of the
choledochoduodenal catheter and appeared to be stabilized
during the bile collection period by continuation of the intra-
duodenal feeding, as shown previously by Strasberg et al. (12).

At the completion of bile secretory studies, the animals were
sacrificed. In those rats subjected to selective biliary obstruc-
tion, the anatomy was verified by retrograde injection of india

l Unpublished observations.

ink into the commonbile duct as described previously (9). The
livers were then removed and the right-caudate and median-
left lobes were weighed separately.

Bile acid-independent canalicular flow was determined for
each animal by extrapolating the calculated linear regression
of bile flow versus bile acid secretion to zero bile acid
secretion. Mean values of slope and y-intercept (bile acid-
independent flow) were calculated for each group. Biliary
dead space, including bile passages (13) and catheter volume,
was calculated to be 100 ,ul or less and was small relative to
sample volumes and secretory rates; correction for dead space
did not significantly affect the experimental results.

The canalicular component of total bile flow was estimated
by measuring the bile-to-plasma ratio of [14C]erythritol (14) by
two different methods. In the first, three conscious, restrained,
selectively obstructed rats received a pulse injection of 1 ,Ci
of [I4C]erythritol (Amersham/Searle Corp., Arlington Heights,
Ill.) into the jugular vein, followed immediately by a constant
infusion of [14C]erythritol at a rate of 1 gCi/h for the balance of
the experiment. After a 1-h stabilization period, bile was
collected at 30-min intervals for 4 h and volumes were
measured. Blood samples (100 ,AI) were obtained from the tail
vein at the midpoints of the bile collection periods. In the
second method for determination of bile to plasma erythritol
ratios (4, 14), rats were anesthetized with i.v. pentobarbitol (10
mgIlO0 g body weight), both renal pedicles were ligated, and a
1-,uCi pulse of tracer [I4C]erythritol was administered via the
jugular vein. After a 20-min stabilization period, bile was
collected at 10-min intervals for 1 h and 100-,ul blood samples
were collected from the tail vein in heparinized capillary tubes
at the midpoint of each bile collection period as described
above.

Measured aliquots of bile and plasma were then added to 15
ml of Liquifluor-toluene (New England Nuclear, Boston,
Mass.) containing Biosolv BBS-3 (Beckman Instruments, Inc.,
Fullerton, Calif.) and were assayed for radioactivity in a
Beckman LS-250 liquid scintillation system (Beckman In-
struments, Inc.), using an automatic external standard for
quench correction. Bile-to-plasma ratios of [14C]erythritol
were calculated for all periods of collection; in individual
experiments, ratios agreed within 5%.

Preparation of liver plasma membranes. Liver plasma
membranes were prepared from control, selectively ob-
structed, and bile acid-loaded rats (213-272 g) by discon-
tinuous sucrose density gradient centrifugation by a modifica-
tion ofthe methods of Song et al. (15) and Boyer and Reno (16).
These animals had not been used for studies of bile secretion.
Rats were sacrificed by decapitation; the livers were removed
and immediately immersed in ice-cold 1 mMethylene-
glycol-bis-(,f-amino-ethyl ether)N,N'-tetraacetic acid (EGTA)
in 1 mM NaHCO3, pH 7.5. The livers were blotted,
weighed, and subjected to the following procedures, all
carried out at 4°C and employing solutions prepared
with glass distilled water. Livers were perfused with
buffer (1 mM EGTA in 1 mM NaHCO3, pH 7.5) and
were reweighed, minced, and homogenized in 2 vol of
buffer in a loose-fitting Dounce homogenizer, using 15 gentle
up-and-down strokes. A 2-ml sample of homogenate was saved
for enzyme assays; the remainder was diluted to approximately
200 ml with buffer filtered twice through surgical gauze and
centrifuged for 10 min at 100 g in a Sorvall RC-2-B refrigerated
centrifuge. The supernate was saved; the pellet, containing
debris and unbroken cells, was washed with buffer and
recentrifuged. This supernate was combined with the initial
supernate and recentrifuged at 1,500 g for 10 min to obtain a
crude membrane pellet. This pellet was washed and recen-
trifuged four times and then diluted in buffer to a volume
approximately one-third that of the original liver tissue.
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Exactly 5.5 vol of 70% sucrose (d4 = 1.26 g/ml) was added to
the membranes which were suspended evenly by gentle
stirring. 25-26 ml of the resulting suspension was transferred
to a 60-ml cellulose nitrate tube (Beckman Instruments, Inc.,
Spinco Div., Palo Alto, Calif.) and carefully overlayed with 17
ml of sucrose solution, d4 = 1.18 g/ml, and 14 ml of sucrose
solution, d4 = 1.15 g/ml, prepared by appropriate dilution of
the d4 = 1.26 g/ml solution. The gradient tube was then
centrifuged in a type 25.2 swinging bucket rotor at 66,000 g for
2 h in a Beckman L3-50 ultracentrifuge at 40C. Liver plasma
membranes were recovered from the d 1.15 to d 1.18 interface,
diluted with 4-5 vol of buffer, and centrifuged at 7,000 g for 10
min. The pellet was diluted with 20 vol of buffer, recentrifuged
(1,500 g, 10 min), and finally resuspended in glass-distilled
water to a final concentration of 1-2 mg of protein per ml, as
determined by the method of Lowry et al. (17), using human
serum albumin (Schwartz-Mann Div., Becton, Dickinson &
Co., Orangeburg, N. Y.) as a standard.

In the studies of selectively obstructed rats and their
respective controls, the membrane preparation procedure
employed differed slightly from the foregoing as follows: (a)
EDTA was used instead of EGTA. (b) the 10-min, 100-g
centrifugation of the filtered homogenate was omitted; (c) the
initial 1,500-g pellet was not washed and was resuspended in a
volume of buffer equal to that of the original liver tissue; and
(d) the membranes recovered from the d 1.15 to d 1.18 interface
were diluted in buffer and centrifuged twice at 1,500 g. These
modifications, largely necessitated by the smaller quantities of
tissue available, did not significantly affect the purity of the
recovered membrane fractions.

Analytical methods. Lipids were extracted from biological
samples according to the method of Folch et al. (18).
Cholesterol was quantified in a Hewlett-Packard 402B gas
chromatograph, using a 4-ft column of 3.8% silicone gum
rubber (UC-W982, Hewlett-Packard Co., Avondale Div.,
Avondale, Pa.) on 100/120 mesh Gas-Chrom Q, Applied
Science Laboratories Inc., Inglewood, Calif.) at an oven
temperature of 230°C; 5-a-cholestane was used as the internal
standard, and peak areas were calculated by a Hewlett-
Packard model 3380 digital integrator. Phospholipid was
measured by the method of Bartlett (19), as modified by
Marinetti (20). Total bile acids were determined enzymatically
with purified 3-a-hydroxysteroid dehydrogenase (Worth-
ington Biochemical Corp., Freehold, N. J.) by the method
Talalay (21), as modified by Admirand and Small (22).

ATPase assay. Homogenates and liver plasma membrane
preparations were assayed for ATPase activity in duplicate or
triplicate incubations after overnight storage at 4°C, according
to the method of Ismail-Beigi and Edelman (23), modified to
contain 125 mMTris, pH 7.4, in a final volume of 4 ml. Aliquots
(100 X) of either 3-4 mgof homogenate protein or 100-200 ,ug
of liver plasma membrane protein were preincubated in the
reaction medium (3.8 ml) for 10 min at 370C on a Metabolyte
water bath shaker (New Brunswick Scientific Co., Inc., New
Brunswick, N. J.) at 200 oscillations per min.

The reaction was started with the addition of 100 ,lA of 200
mMdisodium ATP (Sigma Chemical Co., St. Louis, Mo.) in
100 mMMgCl, and was terminated by the addition of 1 ml
TCA (35% wt/vol) and immediately chilled on ice. Sodium
azide was included in all assays to prevent regeneration of
ATP. Ouabain (1 mM) was used in parallel duplicate or tripli-
cate incubations to estimate NaK-ATPase activity as the differ-
ence between total ATPase and ouabain-insensitive ATPase
(i.e., 'Mg ATPase). Our results, as well as those obtained by
others employing rat liver plasma membrane fractions (16, 24)
and rat liver homogenates (25), showed that the ouabain-in-
hibitable component of ATPase activity is equal to that activity
which is lost when Na' or K+ is omitted from the reaction

mixture. Accordingly, ouabain-inhibitable ATPase activity is
regarded as equivalent to NaK-ATPase activity (23).

Blank incubations were taken at zero time, following the
usual 10-min preincubation and "termination" by the addition
of ice-cold TCA, after which the contents of the incubation
flask were stirred vigorously, substrate (ATP) added and the
flask chilled on ice. After termination, all samples were
centrifuged at 25,000 g for 10 min. 2-ml aliquots of supernatant
were analyzed for inorganic phosphate by Bartlett's modifica-
tion (19) of the Fiske-Subbarow method (26). The ATPase
reactions were linear to 30 min and over a range of 48-200 g
membrane protein per incubation.

Other enzyme assays. 5'-nucleotidase activity was deter-
mined under the same conditions as those employed in the
assays for total ATPase activity, except that 5'-AMP, final
concentration 5 mM, was substituted for ATP (23, 27). The
formation of inorganic phosphate was measured as described
above. The reaction was linear to 30 min; standard incubations
were carried out over 15 min.

Succinate-cytochrome C reductase, a mitochondrial marker,
was assayed as cytochrome C reduced, according to the
method of Tisdale (28), modified in that disodium succinate
(Calbiochem, San Diego, Calif.) rather than the potassium salt
was employed, and that the reaction was started by the
addition of substrate. Blank incubations lacked substrate.

NADPH-cytochrome C reductase, a microsomal marker, was
measured as cytochrome C reduced by the method of Masters
et al. (29), modified in that the incubation medium contained
0.1 M phosphate buffer and 0.01 M EDTA, and that the
reaction was carried out at 37°C.

Statistical methods. Significance of differences among
various experimental groups was determined by the paired or
unpaired t test, and correlations and linear regression analyses
were carried out by standard methods (30).

RESULTS

Relationship of bile volume and bile acid secretion in
rats with selective biliary obstruction. Bile volume
and bile acid secretion were measured in 15-min
samples of bile collected after nonoperative interrup-
tion of the enterohepatic circulation in control and
selectively obstructed rats 48 h after operation, as
described in Methods. The volume and total bile acid
content of each sample, expressed per minute per 100 g
body weight, is shown in Fig. 1. As previously reported
(8, 9), volume and bile acid secretion rates per 100 g of
rat were similar in the two groups. Despite obstruction
of the bile ducts draining two-thirds of the hepatic
parenchymal mass in the selectively obstructed rats, it
can be seen that both bile acid-dependent secretion
(represented by the slope of the linear regression) and
bile acid-independent secretion (representing the
extrapolation of this regression to zero bile acid output)
were essentially unaffected. However, when the same
experimental results were expressed per gram of
nonobstructed liver, bile acid-independent flow in
selectively obstructed animals was increased approxi-
mately threefold, relative to controls (Fig. 2). Thus, bile
acid-independent flow in selective biliary obstruction
is maintained at a rate which is normal for the whole
animal because of increased secretion by the nonob-
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acid pool and secretion rate (8, 9). Bile acid-dependent
00. and bile acid-independent volume flow were measured

as described above. The results are shown in Fig. 3. In
°oo /oo bile acid-loaded animals, there was a slight increase in
o 7 the slope of the regression line, i.e., in bile acid-

,- / dependent flow, per 100 g of rat. Moreover, there was a
o 0 highly significant (P << 0.0001) 50% increase in the

vertical intercept, i.e., in bile acid-independent flow.
o° The results were similar when expressed per gram of

liver (43% increase relative to controls; P < 0.001).
Thus, in two experimental models in which bile acid

flux through secreting hepatic parenchyma was in-
* * creased over 48 h, there was a corresponding increase in

bile acid-independent flow. This might be the result of
either of two general mechanisms. First, it could
represent the immediate effect of secretion of an
increased bile acid mass, suggesting rapid recruitment
into the secretory process of centrilobular hepatocytes
which normally are less active (31). Alternatively, it

.ARY OBSTRUCTION might represent a more general adaptive change
18 t 0.243jI/mmn affecting the secreting parenchyma, in which case the

effect might be expected to exhibit a latent period.
To examine this question, an additional group of

53 t 0.212 ,MI/min
Il

0.8

FIGURE 1 Relationship of bile volume and bile acid secretion
in controls and in rats with selective biliary obstruction.
Controls and selectively obstructed rats were prepared with
exteriorized choledochoduodenal catheters to preserve the
enterohepatic circulation and were maintained in restraining
cages for 48 h after operation, as described in Methods. After
division of the choledochoduodenal catheter, bile was
collected at 15-min intervals for a total of 3 h and was analyzed
for volume and bile acid content, expressed per 100 g body
weight. All samples from seven control and seven selectively
obstructed rats are plotted. Linear regressions were calculated
by the method of least squares for each animal. The plotted
lines, representing the mean slope and intercept for each
group, do not differ significantly.

structed lobes. Bile acid-dependent flow, i.e., the slope
of the linear regression, was not affected.

The possibility that enhanced bile acid-independent
secretion resulted from increased bile acid flux through
nonobstructed lobes was considered. This inference
also was suggested by evidence that bile acid pool and
overall bile acid secretion rate was unaffected in
selectively obstructed rats (8, 9), implying that the
overall secretory load is handled by the remaining
nonobstructed parenchymal mass. To test this possibil-
ity, the bile acid pool of rats with intact bile ducts was
expanded by a 48-h intraduodenal taurocholate infu-
sion (see Methods), approximately doubling the bile
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FIGURE2 Relationship of bile volume and bile acid secretion
in controls and in rats with selective biliary obstruction. Rates
of bile volume and bile acid secretion shown in Fig. 1 are
expressed per gram of nonobstructed liver, rather than per 100
g body weight. Slopes of the linear regressions do not differ
significantly, but the difference in vertical intercepts is highly
significant (P <- 0.0001).
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FIGuRE 3 Effect of 48-h bile acid loading on relationship of
bile volume anid bile acid secretioni. Rats with patent bile ducts
were prepared with exteriorized choledochoduodenal cathe-
ters and maiintained in restraining cages for 48 h after operation
as described in Fig. 1 and Methods. Bile acid-loaded rats
received a 48-h initraduoildenal infusioni of taurocholate, 0.2
unmol/min per 100 g. After division of the choledochoduodenal
catheter, bile was collected at intervals for 3 h from seven
conitrol and six b3ile acid-loaded rats; results are plotted per 100
g body weight. For bile acid-loaded ainimals, there is a
significant increase in both slope (19%, P < 0.05) and in
vertical intercept (50%, P < 0.0001), compared with controls.

animals with patent bile ducts was studied to which bile
acids were administered at the same rate for only 16 h,
producing an increase in both bile acid pool size and
secretion rate of approximately 35%. Controls were
infused with saline. The results are shown in Fig. 4.
Despite continuous intraduodenal taurocholate infu-
sion over a 16-h interval, there was no significant effect
either o0n the slope of the line (bile acid-dependent
flow) or on the vertical intercept (bile acid-independent
flow). The results were similar when expressed per
gram of secreting liver. These experiments suggest that
the bile acid-induced increase in bile acid-independent
flow may be time-dependent, but a possible effect of
differences in bile acid pool and secretion rate between
the 16-h and 48-h animals is not excluded.

Studies of [14C ]erythritol secretiont. To examine the
possibility that the increase in bile acid-independent
flow resulted from ductal secretion, the secretion of
[14C]erythritol, a marker of canalicular bile flow, was
examined in controls, selectively obstructed, and bile
acid-loaded animals 48 h after operation. The results are
shown in Table I. Under all conditions the bile-to-
plasma [14C]erythritol ratios approximated 1.0, suggest-
ing that virtually all bile was canalicular in origin.
Therefore, the augmented bile acid-independent flow
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FIGURE 4 Effect of 16-h bile acid loading on relationship of
bile volume and bile acid secretion. Bile samples from bile
acid-loaded and control rats were analyzed for volume and bile
acid secretion per 100 g body weight after division of the
choledochoduodenal catheter as described in Fig. 3 and
Methods, except that rats were studied after 16 h of bile acid
loading. Individual values for six control and five bile
acid-loaded rats are presenited. There was no significant
differenices in slope or vertical intercept.

was regarded as reflecting changes in canalicular
secretion.

Studies of enzyme activity in canaliculi-enriched
liver plasmla membranies. Since bile acid-indepen-
dent canalicular secretion of water has been at-
tributed to the activity of canalicular membrane
NaK-ATPase, the activities of this and other liver
plasma membrane enzymes were examined under the
experimental conditions described above. Compari-
sons among homogenates and liver plasma membranes
from control animals are shown in Table II. Similar to
the observations of other investigators (16, 32), the
canalicular membrane markers, NaK-ATPase, 5'-
nucleotidase, and NMgATPase, were all enriched in the

TABLE I
Biliary Secretiotn of ['4C]Erythritol

Bile 14C:Serum 14C

Controls (tl = 2) 1.00 (0.98, 1.02)
Selective biliary obstruction (n = 5) 1.02 (0.98-1.03)
Bile acid-loaded (n = 2) 1.02 (1.01, 1.03)

[14C]Ervthritol was measured in plasma and bile of controls,
selectively obstructed, and bile acid-loaded rats 48 h after
operation as described in Methods. Shown are group means,
and individual values or ranges, expressed as bile-to-serum
14C ratio.
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TABLE II
Enzymne Specific Activities in Rat Liver Hom)ogeniates atind Plasmia AMemlibr(anies

.5'-nucleo- Sticciniate cytochrome NADPHc0tochrome
NaK-ATPase tidlase Mg ATPase C redtuetase C reductase

p.niol Pi releasedlmg proteint per h tiny1ol cytochroine C reducedl/mig protein per inin

Homogeniate 0.79±+(0.03 3.06+±0.09 2.04 +±0.06 48.4+ 5.5 92.4+1±10.1
Plasma membranes 11.3±0.8 22.3+2.2 21.4+1.7 32.1±4.3 19.1±2.3
Ratio (LPM/H) 14.4 7.30 10.5 0.66 0.21

Liver plasma membranes were prepared from control rats 48 h after operationi and were analyzed for
NaK-ATPase, Mg ATPase, and 5'-nucleotidase and for succinate-cytochrome C redtuctase and NADPH
cytochrome C reductase as described in Methods. Results are expressed for whole homogenate aind for
plasma membranes, and as the ratio of membranes (LPM) to homogenate (H). Shown are mean.s±SE for
8 animals, except for LPM NaK- and Mg ATPase (n = 17).

liver plasma membranes, while the activities of
succinate-cytochrome C reductase, a mitochoindrial
marker, and NADPH-cytochromiie C reductase, a mic-
rosomal marker, were diminished relative to homoge-
nate activity. The activity of NaK-ATPase is similar to
that reported by Boyer and Reno (16) and by Laydeni
and Boyer (4). Although 5'-nucleotidase was only
7.3-fold enriched, while others have obtained 18- or
19-fold enrichment (16, 32), the relative purification of
the liver plasma membrane preparations did not differ
significantly between respective control and experi-
mental animals in any of the groups studied. Thus, as
shown in Table III, mitochondrial anid microsomal
contamination, as indicated by the activities of the
marker enzymes, was similar in the membranes

prepared from both right and mediani lobes of the
control and selectively obstructed rats, and from whole
livers of controls and bile acid-loaded rats. The fact that
relative enrichmnenit of NaK-ATPase activity was greater
in 48-h whole liver conitrols (16.2) thani in the median
and right lobes of the conitrols for the selectively
obstructed group (8.9 and 12.4, respectively) may
reflect the modlificationis in techni(lue which were
necessitated by the smiialler quantities of tissue availa-
ble (Methods). The relative "enrichment" in canalicu-
lar membrane enzymees in the right lobe of selectively
obstructed rats and in the 48-h bile acid-infused rats in
consistent with the observed increase in specific
activity of these enzymes (see below). In Table IV are
showni plasma membrane y ields for the various groups.

TABLE III
Relative EnzyJme Enrichment in Liver Plasmla Mem1branie Preparations

Stuccinate cvtochromne NAI)PH cvtochromse
NaK-ATPase 5-nucleotidase Mg ATPase C' reductase C reductase

Mediani Right Median Right Medlian Right Mediall Right Median Right

Control vs. SBO* Ratio of mlemtibratne to hom7wogeniate activity

48 h
Control (n = 3) 8.9±1.8 12.4±3.2 6.91±1.63 7.22±1.99 9.72±1.21 7.75±1.89 0.62±t).21 t0.56±0).20) 0.16±0.03 0.26±0.04
SBO (n = 3) 1t).)+±1.1 21.5±2.0 7.70±0.27 12.t)±0.70 8.310±0.65 17.70±3.60 0.83±).28 ().50±0.33 0.24 ±0.01 ().28±0.01

Control vs. bile
acid-loaded Whole liver

48 h
Control (n = 5) 16.2±1.1 7.44±t0.38 9.98±+).73 0.80±0.20 0).21±0l.01
Bile acid-loaded

(it = 5) 23.8±2.41 9.64±01.78§ 14.9(±2.2 ().65±0.13 0.29±0.02'

16 h
Control (n = 5) 17.7±1.1 9.t)3±0.29 11).1±1.11 01.59±0.24 ().24±01.1):3
Bile acid-loaded

(n = 6) 14.9± 0.5§ 8.511±0.59 12.2±1.1) ().62±0.22 (0.20±0_.12

Liver plasma membranes and homogenates were prepared and analyzed for enzyme activits as described in Methods. Results are expressed aIs the ratio of enzyme
activity in the membrane to that in the homnogeniate. Mean ±SE.

SBO, rats with selective biliary obstruction.
4 P = < 11.02. vs. conitrol.
§ P = <1.115 vs. conitrol.

'Pp = < 1.111 vs. control.
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TABLE IV
Liver Plasma Membrane Yield

Median lobe Right lobe

mglg liver

Control vs. SBO*
48 h

Control (n = 5) 0.336+0.043 0.520+0.095
SBO(n = 5) 0.319+0.074 0.579+0.086

Control vs. bile acid-loaded
48 h

Control (n = 5) 0.272±+0.103
Bile acid-loaded (n = 8) 0.332+0.117

16 h
Control (n = 6) 0.412+0.022
Bile acid-loaded (n = 6) 0.323+0.039

Plasma membranes were prepared and analyzed for protein
as described in Methods. Mean+SE. None of the differences
between experimental and respective control values are
statistically significant.
* SBO, rats with selective biliary obstruction.

Again, there are no differences between the respective
control and experimental tissues; the basis for the
increased yield from the right lobes (similar in control
and selectively obstructed rats) is not apparent.

The effect of selective biliary obstruction on liver
plasma membrane enzymes, measured at 48 h after
operation, is shown in Table V and Fig. 5. Several
important findings were noted. First, there were no
significant differences in the activity of NaK-ATPase,
5'-nucleotidase, or Mg ATPase between median and
right lobes in the control group. Second, in the median
(obstructed) lobe of selectively obstructed animals,
activities of NaK-ATPase and 5'-nucleotidase were not
changed, while MgATPase was decreased. Finally, in
the right (bile-secreting) lobe of selectively obstructed

20

N
c

0
0.
0'
E

E

10

CONTROL
(n :9)

SELECTIVE BILE ACID
OBSTRUCTION(n a 8) LOADED(n = 10)

FIGURE 5 Effect of 48-h selective biliary obstruction anid bile
acid pool expansion on liver plasma membrane Na-K ATPase
activity. Liver plasma membranes were prepared from the
indicatecd lobes of livers of control, selectively obstructed, and
bile acid-loaded rats, anid were analyzed for Na-K ATPase
activity as described in 'Methods. Activity in the right
(bile-secreting) lobe of selectively obstructed rats is sig-
nificantly greater thani both the right lobes in control animals
(47% increased, P = 0.02) and the obstructed median lobes in
the same animnals (71% greater, P < 0.0001). Similar changes
vere observed in 48-h bile acid-loaded rats (52% increase

versus cointrols, P < 0.001).

animals there was a significant increase in the activity of
NaK-ATPase relative to both the right lobe in control
animals (47%, P = 0.02) and to the obstructed median
lobe in selectively obstructed animals (71%, P
< 0.0001). Similar changes were noted in the activity
of 5'-nucleotidase, but these differences were not
statistically significant. In the case of Mg ATPase,
the slight increase in activity observed in the bile-
secreting right lobe of selectively obstructed animals
was not statistically significant.

Similar comparisons were carried out between
control liver plasma membranes and those obtained

TABLE V
Activities of Liver Plasmla Membrane Enizynmes at 48 h from Conltrol and

Selectively Obstructed Rats

NaK-ATPase 5'-nucleotidase Mg ATPase

Median lobe Right lobe Median lobe Right lobe Median lobe Right lobe

Anmnol Pi releasedln/g proteini per h

Controls 10.1+0.9 10.9±+1.3 23.0+5.0 24.3+7.3 21.8±+ 1.9 22. 1±3.2
SBO 9.4+0.8 16.0±1.5*t 26.3+4.2 37.2±3.1 15.6+2.1§ 29.1±3.0
Liver plasma membranes were prepared from control and selectively obstructed (SBO) rats and
were assayed for enzyme activities 48 h after operation as described in Methods. NMean±SE
for groups of 9 (controls), 8 (SBO), and 3 (5'-nucleotidase, both control and SBO).
* P < 0.05 vs. control right lobe.

P < 0.0001 vs. SBOmedian lobe.
§ P < 0.05 vs. control median lobe, and P < 0.0005 vs. SBO right lobe.
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from rats with patent bile ducts and expanded bile acid
pools after 48 h of bile acid loading. The results are
shown in Table VI and Fig. 5. As in the bile-secreting
nonobstructed lobe of rats with selective biliary
obstruction, there was a significant increase (52%,
P <0.001) in liver plasma membrane NaK-ATPase
relative to controls. Significant increases in the ac-
tivities of 5'-nucleotidase and Mg ATPase were also
observed. These changes were observed despite an
apparent increase in microsomal contamination of the
plasma membrane preparation under these conditions.
In contrast to these findings at 48 h, it can be seen (Table
VII) that after only 16 h of bile acid loading, activities of
the three enzymes were not increased. To the con-
trary, canalicular membrane NaK-ATPase activity was
slightly, but significantly, less than that in the 16-h
controls. In none of the experimental groups was there a
significant change in the activity of NaK-ATPase in
whole homogenate, relative to controls. The possible
implications of this observation are considered below.

DISCUSSION

In selective biliary obstruction, the remaining one-
third of the liver parenchymal mass which is not
obstructed secretes an essentially normal bile acid pool
at rates which for the whole liver or whole animal are
normal (7, 9). In relation to the reduced mass of
secreting parenchyma, however, bile acid secretion is
increased two-to-threefold compared with controls, and
this increase is accompanied by an increase in
taurocholate secretory transport maximum (8,9). In bile
acid loading, rats with patent bile ducts are subjected to
expansion of the bile acid pool over 48 h to approxi-
mately twice normal, associated with an approximate
doubling of bile acid secretion rate. As with selective
obstruction, increased bile acid secretion in bile

TABLE VI
Activities of Liver Plasma Membrane Enzymes from 48-h

Controls and Bile Acid-Loaded Rats

5'-nucleo-
NaK-ATPase tidase MgATPase

,umol P, released/mg protein per h

Controls (n = 14) 11.3±0.8 22.3+2.2 21.4+ 1.7
Bile acid-loaded

(n = 10) 17.2±1.1* 36.9+2.9t 28.6+2.8§

Liver plasma membranes were prepared from control and
bile acid-loaded rats at 48 h after operation, and were an-
alyzed for enzyme activities as described in Methods.
Mean+SE. (The control 5'-nucleotidase group consists of 8
animals.)
* P < 0.001 vs. controls.

P < 0.05 vs. controls.
§ P < 0.002 vs. conitrols.

TABLE VII
Activities of Liver Plasma Membrane Enzymes from 16 h

Controls and Bile Acid-Loaded Rats

5'-nucleo-
NaK-ATPase tidase MgATPase

,umol Pi released/mg protein per h

Controls (n = 6) 14.4+1.2 21.7+0.6 21.0+2.4
Bile acid-loaded

(n = 6) 11.4±0.6* 22.1+2.1 25.1+3.6

Liver plasma membranes were prepared from control and
bile acid-loaded rats at 16 h after operation, and were as-
sayed as described in Methods. Mean-+-SE; n = 6 for both
groups.
* P < 0.05 vs. controls.

acid-loaded rats is associated with increased taurocho-
late transport maximum (8, 9).

Entirely unexpected was the observation in both of
these models of increased bile acid flux through
secreting parenchyma that bile acid-independent can-
alicular flow also was increased. The mechanism for
this effect was not apparent. However, accumulating
evidence suggests that this component of bile flow may
reflect canalicular membrane NaK-ATPase activity.
Thus, it is inhibited by known inhibitors of the enzyme
such as ouabain and ethacrynic acid (1). Moreover, in a
variety of experimental circumstances, changes in bile
acid-independent flow correlate with changes in the
activity of NaK-ATPase. Examples include the de-
creases produced by estrogens (33) and by chlor-
promazine and its metabolities (34-36) and the in-
creases produced by thyroxine (4) and phenobarbital (5)
administration. In seeming contradiction to this evi-
dence, other studies in whole animals or perfused livers
have shown that inhibitors of NaK-ATPase had little or
no effect on bile secretion or even induced a choleresis
(37, 38), while in other systems, increased liver plasma
membrane NaK-ATPase activity was not associated
with changes in bile flow (39). These apparent
inconsistencies are considered further below, but at the
present time the concept that canalicular NaK-ATPase
is related to bile secretion must be regarded as
tentative.

In the present studies, it was felt that the validity of
that concept might be tested by an examination of
canalicular NaK-ATPase activity under conditions in
which bile acid-independent flow was shown to be
modulated by increased bile acid flux. Enzyme ac-
tivities were measured in liver plasma membrane
preparations from controls, from the obstructed and
nonobstructed lobes of selectively obstructed animals,
and from bile acid-loaded animals. The present findings
are consistent with a relationship between bile
acid-independent flow and NaK-ATPase activity, in

304 F-J. Wannagat, R. D. Adler, and R. K. Ockner



that both were increased under conditions in which bile
acid flux was increased. However, the activities of other
enzymes also were increased, suggesting that this may
reflect a relatively nonspecific response of the canalicu-
lar membrane.

That this did not represent simply an immediate
physical effect of bile acids is suggested by the finding
that these changes were not evident in bile acid loading
experiments conducted over only 16 h, in which bile
acid pool and secretion rate were also increased, albeit
to a lesser degree than in the 48-h experiments. This
agrees with the findings of Nemchausky et al. who
showed that taurocholate did not affect canalicular
NaK-ATPase in rats after 18 h of parenteral administra-
tion at higher rates than employed in the present
studies (40, 41). However, the observation by these
investigators that dehydrocholate administration did
enhance NaK-ATPase activity supports the concept,
suggested also by our findings, that properties of the
canalicular membrane may be affected by bile acids and
other amphipathic substances. Similarly, Triton WR-
1339, a nonionic detergent, recently was shown to
produce significant changes in the composition and
physical properties of the canalicular membrane and to
reverse estrogen-induced cholestasis in rats (42).

One property of the canalicular membrane which is
known to affect NaK-ATPase activity is membrane lipid
composition and fluidity (43-47). Preliminary studies
suggest that under the present experimental conditions,
increased bile acid flux is associated with an increase in
canalicular membrane cholesterol, relative to both
phospholipid and protein (unpublished). By itself, this
change, which could decrease membrane fluidity,
would not be expected to be associated with increased
NaK-ATPase activity (47), suggesting that increased
enzyme activity may result from increases in either the
amount of enzyme protein or of canalicular membrane.
In support of this possibility, the recent findings of
Nemchausky et al., employing scanning electron
microscopy, suggest that portions of the canalicular
membrane may expand after bile acid loading (41). In
other studies (48), morphometric analysis of the liver in
selectively obstructed rats failed to demonstrate a
significant change in the canalicular space in the
bile-secreting lobes, but the surface area of the
canalicular membrane itself was not measured. Clar-
ification of the significance of these findings will
require more detailed studies of the canalicular
membrane, including lipid composition and fluidity,
enzyme kinetics, and morphometric analysis of mem-
brane ultrastructure.

It must be recognized that preparations of
canaliculi-enriched liver plasma membranes contain
plasma membranes from regions of the hepatocyte
other than the canaliculus, and other membranous cell
components as well. Although newer techniques may

permit greater purity (49, 50), current limitations in
methodologx must be considered when interpreting
experimental findings. In particular, the distribution
and possible heterogeneity of NaK-ATPase around the
perimeter of the cell is uncertain. In intestinal and renal
epithelium, for example, it has been shown that
NaK-ATPase is relativelI conceintrated in that portion
of the plasma membrane which faces the direction of
net Na' flux (51-53). Similarly, in liver plasma
membrane subfractions, Toda et al. (49) showed that
NaK-ATPase specific activity is greater in a canalicular
membrane fractioin than in a sinusoidal membrane
fraction. However, it remains a possibility that total
liver plasma membrane NaK-ATPase is principally
accounted for by enzyme on the sinusoidal aspect of the
cell. Also, it is possible that the enzymes at the two
poles of the cell respond differently (qualitatively or
quantitatively) to physiological or pharmacological
influences.

In view of these considerations, a number of findings
in the literature which at the present time seem
inconsistent may eventually be reconciled as improved
methods permit study of these areas of current
uncertainty. For example, in the intact animal or
perfused liver, NaK-ATPase at the sinusoidal surface
might be more susceptible than canalicular ATPase to
inhibition by ouabain (e.g., bile acid micelles in the
canaliculus could interfere with the binding of ouabain
to canalicular NaK-ATPase). Under these conditions, an
ouabain-induced increase in intracellular Na+ could
promote greater tranisport of Na+ into the canaliculus
and thereby account for increased bile flow (38).
Similarly, glucocorticoids could preferentially enhance
NaK-ATPase activity at the sinusoidal surface (reflected
in liver plasma membrane preparations) without affect-
ing bile flow (39). Conversely, a selective increase in
the activity of NaK-ATPase in the canalicular portion of
the plasma membrane might not be detectable as a
change in total hepatocyte NaK-ATPase, as measured in
the cell homogenate. Finally, phenobarbital, which
affects a wide variety of cell membranes, might increase
enzyme activity in sinusoidal and canalicular mem-
branes, and homogenate as well as bile flow (5). It is
clear that until sinusoidal and canalicular plasma
membranes can be separated reliably and respective
NaK-ATPase activities compared under a variety of
conditions, all experimental data in this important area
will have to be interpreted with appropriate caution.

In conclusion, our studies show that bile acid-
"independent" secretion is modulated by bile acid flux
through the liver cell. Also, by demonstrating parallel
changes in canalicular membrane NaK-ATPase activity
and bile acid-independent flow, the findings are
consistent with the concept that they may be function-
ally related. Elucidation of the mechanism by which
bile acids effect these and previously reported adaptive
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changes in bile secretion will be of importance in the
further understanding of this complex process.
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