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A B S T R A C T Bile secretory failure (cholestasis) may
result from several possible mechanisms involved in bile
secretion. Wehave examined the possibility that abnor-
malities in enzyme content, composition, and turnover
of liver plasma membrane constituents are altered in
cholestasis.

Severe and mild cholestasis were produced by 5 days of
bile duct ligation and ethinyl estradiol administration,
respectively. Bile duct ligation but not ethinyl estradiol
treatments was associated with elevations of the serum
bilirubin level and 5'-nucleotidase activity. However,
basal bile flow and bilirubin transport maximum (T.)
were significantly reduced after ethinyl estradiol treat-
ment. Liver plasma membrane fractions rich in cana-
licular membranes were prepared from groups of rats
in each of three categories: normal, after bile duct
ligation, or ethinyl estradiol administration, and their
respective controls. Electron microscopy and enzyme
marker studies demonstrated plasma membrane frac-
tions free of significant contamination.

Plasma membrane fractions prepared from mild as well
as severe cholestasis had increased alkaline phosphatase
activity, and reduced 5'-nucleotidase and Mg'+-ATPase
activities. Co'+-CMPase activity was unchanged. Kinetic
analysis of 5'-nucleotidase and Mg'+-ATPase activities
in plasma membrane fractions demonstrated reduced
Vrna (but unaltered Ki). Reducted Vmax was unrelated
to addition in vitro of di-or trihydroxy bile salts or
ethinyl estradiol and, therefore, suggests that reduced
activities in cholestasis are due to decreased enzyme
content. Cholestasis was not associated with changes in
the synthesis or degradation rate of pulse-labeled plasma
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membrane proteins or alterations in the major protein
bands separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis.

Plasma membrane cholesterol, phospholipid, and neu-
tral sugar content was unaltered, but sialic acid content
was significantly increased in both forms of cholestasis.
Alterations in specific canalicular enzymes in two forms
of cholestasis suggest that these changes may be involved
in the pathogenesis of bile secretory failure, or may re-
sult from cholestasis.

INTRODUCTION

Bile secretion involves bile salt-dependent and indepen-
dent fractions (1) as well as pathways for organic anions
(2), cations (3), and neutral compounds (4). In addi-
tion, bile salts, the major organic anions in mammalian
bile, appear to be excreted by a pathway different from
that involved in biliary excretion of other organic anions
such as bilirubin, various dyes, and cholecystographic
agents (5, 6). Theoretically, bile secretory failure (cho-
lestasis) can result from several mechanisms involving
these pathways of bile secretion. Current hypotheses
include altered bile salt metabolism and excretion (7, 8),
abnormalities of the endoplasmic reticulum in the liver
cell (9), increased biliary epithelial reabsorption of bile
substituents (10), enhanced back-diffusion across bile
canaliculi (11), and altered composition and turnover
of bile canalicular components (12).

Development of techniques for isolation of liver plasma
membranes, separation of membrane protein, and study
of differential protein synthesis and degradation enabled
us to investigate the possibility that alterations in com-
position, enzymatic content, and protein turnover of liver
plasma membranes may contribute to the pathogenesis
of cholestasis. In the present study, specific canalicular
enzyme changes occurred in two models of cholestasis.
The results suggest that alterations of canalicular mem-
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brane proteins may be involved in the pathogenesis of
bile secretory failure.

METHODS

Male Sprague-Dawley rats (200-300 g) (Marland Farms,
Peekskill, N. Y.) were used in all experiments. Animals
were randomly divided into three groups. The first group
was untreated and is referred to as normal. The second
group of animals consisted of bile duct-ligated rats and
their controls which underwent sham operations. Ethinyl
estradiol was administered to the third group of rats, and
its vehicle, propylene glycol, to controls. Rats were fed
Purina Rat Chow ad lib., and were caged in a room at
constant temperature (220C) with alternating 12 h of light
and darkness. No insecticides were used.

Under ether anesthesia, extrahepatic obstruction was pro-
duced by double ligation and transection of the common
bile duct close to the hilum of the liver with removal of the
intervening segment. Sham-operated animals were handled
in a similar manner; however, the bile duct was neither
ligated nor resected. Both groups of animals were allowed
to eat ad lib. after surgery. Bile duct-ligated and sham-
operated rats were studied 5 and 4 days, respectively after
surgery. Bile secretory failure was produced also by sub-
cutaneous administration of ethinyl estradiol (Wyeth Lab-
oratories, Philadelphia, Pa.), 0.5 mg/100 g body wt daily
for 5 days. Ethinyl estradiol was dissolved in propylene
glycol (5 mg/ml) by heating to 50'C for 10 min. Control
animals were similarly injected with equal volumes of pro-
pylene glycol daily for 5 days.

Because ethinyl estradiol-treated rats had normal serum
bilirubin concentration, cholestasis was confirmed by deter-
mination of the maximum capacity of the liver to excrete
bilirubin (13). Randomly selected rats treated with ethinyl
estradiol or propylene glycol were fasted overnight and
anesthetized with intraperitoneal Nembutal (0.08 ml/100 g
body wt). The common bile duct was cannulated with poly-
ethylene tubing no. 10 and either the external jugular or
femoral vein was cannulated with polyethylene tubing no.
50 and a normal saline infusion started. Body temperature
was monitored with a Thermistor-Probe (Yellow Springs
Instrument Co., Yellow Springs, Ohio) and kept constant
at 37°+±0.5°C. Two 15-min basal bile samples were collected
during the period of normal saline infusion. A solution of
unconjugated bilirubin (100 mg/100 ml) was infused at
125-150 ag/100 g per min for six additional 15-min collec-
tion periods. Unconjugated bilirubin was prepared fresh
for infusion by dissolving recrystallized bilirubin (Eastman,
Organic Chemicals Div., Eastman Kodak Co., Rochester,
N. Y.) in a solution of 0.5 g Na2CO3 and 0.52 g NaCl per
100 ml at pH 7.8. Serum was obtained by cardiac puncture
at completion of the experiment and stored in the dark at
- 200C. Bilirubin in serum and bile was measured by the
method of Malloy and Evelyn (14).

Plasma membranes were prepared from livers of normal
and cholestatic rats as previously described (15, 16). With
the exception of studies using double labeled isotopes, plasma
membrane fractions were prepared from 30 g of liver ob-
tained from three rats. All procedures were performed at
5°C. Rats were anesthetized with ether and the liver was
quickly removed. The final membrane fraction was washed
in cold 1 mMNaHCO,. Plasma membrane preparations in
1 mMNaHCO, at a protein concentration of 2-4 mg/ml
were either assayed immediately or stored at -20°C until
examined. The purity of each preparation was monitored

by phase contrast microscopy; preparations which contained
more than one nucleus per low power field were discarded..
Purity of each preparation was determined also by several
enzyme markers and selected preparations were examined by-
electron microscopy.

Washed plasma membrane preparations were suspended in
cold 0.25 M sucrose buffered in 0.01 M phosphate buffer
pH 7.4. A pellet was prepared by centrifugation at 20,000 g
X 30 min. Each pellet contained 6-10 mg protein, was fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH
7.4 (17), postfixed in 1% osmium tetroxide in 0.1 M phos-
phate buffer (18), and embedded in Epon (19). Thin sec-
tions were stained with lead citrate (20) and examined in
a Siemens Elmiskop 1 electron microscope (Siemens Corp.,
Medical Industrial Div., Iselin, N. J.

Alkaline phosphatase activity (EC 3.1-3-1) was measured
by the method of Bodansky (21) using 15 mM#-glycerol-
phosphate as substrate in barbital buffer pH 9.8, 10 mM
MgCl2; 5'-nucleotidase activity (EC 3-1-3-5) by the method
of Song and Bodansky (22); and glucose-6-phosphatase
activity (EC 3*1*3*9) by the method of DeDuve, Press-
man, Gianetto, Wattiaux, and Appelmans (23). Magnesium-
stimulated ATPase activity (EC 3-6-3-5) was measured
by the method of Emmelot, Bos, Benedetti, and Rumke.
This activity was neither stimulated by sodium at concen-
trations between 50 and 105 mMnor inhibited by ouabain
at 10-' mM. Cobalt-stimulated cytidine monophosphatase
activity (EC 3*1 *3*1) was measured as described by Ma
and Biempica (25) in 500 mMacetate buffer at pH 5.0
containing 0.5 mMcobalt chloride.

These five enzyme activities were assayed in 2 ml of
appropriate media, and incubated at 37°C for 15-30 min
depending on enzyme activity measured. Reactions were
stopped with 0.5 ml of cold 30% TCA (trichloroacetic acid).
The precipitate was removed by centrifugation and liberated
phosphorus was determined in 0.5- to 1.0 ml-aliquots by
the method of Fiske and Subba-Row (26). Activity was
expressed as micromoles of phosphorus released/milligram
protein per hour. All reactions were per-formed at two to
three times substrate excess and determinations were made
during the period of zero order kinetics of the reaction.
Both tissue and substrate blanks were studied simultaneously
and all assays were performed in duplicate. Preliminary
studies demonstrated that activity was not lost on storage
at - 20'C for 72 h, but was decreased after storage for
1 wk. All enzyme assays were perf ormed within 72 h of
plasma membrane preparation.

Using plasma membrane f ractions, Michaelis-Menten
constants (K., and V010e) for 5'-nucleotidase and Mg2+-
ATPase were determined f rom nonlinear plots of five or
six concentrations between 1 and 2.5 mM of appropriate
substrate as described by Wilkinson (27).

The effect of taurocholate, chenodeoxycholate, and ethinyl
estradiol on enzymatic activities of plasma membrane prepa-
rations was determined in vitro. Conjugated, purified bile
salts (28) at several concentrations were mixed with normal
plasma membranes at room temperature immediately before
assay of 5'-nucleotidase, Mg2+-ATPase, and alkaline phos-
phatase activities. Ethinyl estradiol was dissolved in abso-
lute ethanol and added to normal plasma membrane prepa-
rations at a final concentration of 5 X 10' M.

Studies of possible enzyme inhibitors or activators were
performed by adding equal volumes of plasma membrane
fractions prepared from rats with bile duct ligation or after
ethinyl estradiol treatment to plasma membrane fractions
prepared from normal rats. Observed activity was com-
pared with predicted values.
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Alkaline phosphatase (p-glycerolphosphate) and 5'-nucleo-
tidase (adenosine monophosphate) activities were deter-
mined in serum obtained from the inferior vena cava im-
mediately before death. Samples were stored at -20'C for
up to 2 wk and analyzed in duplicate as described by
Dixon and Purdom (29). Enzymatic activity was stable for
at least 1 month.

The synthesis and relative rates of degradation for pulse-
labeled liver plasma-membrane proteins wvere determined in
normal and control rats and rats with cholestasis (16, 30).
Uniformly labeled L-["4C]leucine (sp act 278 Ci/mM), and
L-[4,5-3H]leucine (sp act 0.44 Ci/mM obtained from New
England Nuclear (Boston, Mass.), were neutralized with
NaOH, and diluted in normal saline for intraperitoneal
injection in volumes of 1 ml or less. ['4C]Leucine (20 gCi)
was administered intraperitoneally to rats and labeled pro-
tein radioactivity allowed to decay for 48 h. 12 h before
sacrifice, [3H] leucine (100 JgCi) was administered intra-
peritoneally to the same animal. Administration of ['4C]
leucine was begun on the 3rd day of cholestasis and the
animals were killed on the 5th day. Control studies were
performed to determine the range of error in the method
by simultaneous administration of ["4C]leucine (15gCi) and
[3H]leucine (120 1tCi) to the same animal 12 h before sac-
rifice. Radiolabeled animals were killed and liver plasma
membranes were prepared.

Proteins (1-2 mg) were precipitated by equal volumes
of cold 10% TCA and collected on glass fiber disks (What-
man). Each sample was washed serially with acetone,
ether, alcohol, and cold 5% TCA. Disks were dried under
negative pressure and transferred to counting vials; 0.5 ml
of Protosol (New England Nuclear) was added, and pro-
teins were digested for 12 h at room temperature (220C).
10 ml of Toluene-Omnifluor (New England Nuclear, con-
taining 98% 2,5-diphenyloxazole and 2% bis-MSB, 4 g/
liter toluene) solution was added and radiolabeled specimens
were counted in a Packard refrigerated liquid scintillation
spectrometer (Packard Instrument Co., Inc., Downers Grove,
Ill.). Tritium was counted at 29% and 14C at 70% efficiency.
No significant 3H activity was present in 14C channel, and
22% of 14C counts was present in 3H channel. Counting
was performed to at least 1% accuracy and quenching was
corrected by external standardization. Protein synthesis
was determined by 3H sp act 12 h after administration of
[3H] leucine. Relative degradation of pulse-labeled mem-
brane proteins was determined by the ratio of 3H/14C in each
sample. In order to correct for differences in body weight,
amount of isotope administered and free amino acid pools,
a turnover index was calculated by dividing the plasma
membrane 3H/14C ratio by its respective whole liver homoge-
nate 3H/14C ratio (31).

Reagents were either analytical grade or the highest
purity available. Protein was determined by the method of
Lowry, Rosebrough, Farr, and Randall (32) using bovine
serum albumin (BSA) as standard. Organic phosphorous
was measured by the method of Bartlett (33), and total
cholesterol after saponification (34) was determined by the
method of Zlatkis, Zak, and Boyle (35, 36) and sialic acid
by the method of Warren (37) using NV-acetylneuraminic
acid as standard on membranes dialyzed overnight against 1
mMNaHCO3to remove adherent sucrose.

Freshly prepared, saline-washed plasma membrane samples
from control rats and rats with cholestasis were solubilized
in 2% sodium dodecyl sulfate (SDS) (wt/vol) and 5%
g-mercaptoethanol (vol/vol) and were separated on 5%
acrylamide gels containing 0.1% SDS; and electrophoresis
was performed in neutral phosphate buffer (16).

Gels were fixed overnight (18 h) in 12% TCA and
stained with fresh 0.25% coomasie blue for 2 h. In some
studies, gels were fixed in TCA overnight, repeatedly
washed in distilled water for an additional 24 h, and stained
for carbohydrates using a periodic acid-Schiff stain as de-
scribed by Zacharias, Zell, Morrison, and Woodlock (38).
All gels were destained by repeated washing with 7% acetic
acid. Protein and carbohydrate-stained gels were usually
examined with respect to number, sequence, and intensity
of staining of protein bands. Molecular weights of the
seven major stained plasma membrane proteins and three
periodic acid-Schiff staining bands were determined graph-
ically as described by Shapiro, Vinuela, and Maizel (39).
Immunoglobulin G (160,000), bovine albumin dimer (134,-
000), bovine albumin (67,000), ovalbumin (45,000), chymo-
trypsinogen A (25,000), and myoglobin (17,800) were ob-
tained from Mann Research Laboratories, Inc., (New York)
and electrophoresed under identical conditions as described
for plasma membranes.

Students' t test was used for statistical analysis of results
(40). P values equal to or less than 0.05 were considered
significant. Standard error for Michaelis-Menten constants
were derived from the nonlinear curves as described by
Wilkinson (27).

RESULTS

5 days after bile duct ligation, serum bilirubin concen-
tration and 5'-nucleotidase activity were significantly
elevated (Table I). Serum alkaline phosphatase activity
was normal at 5 days, although it was increased by 200%
18 h after bile duct ligation. Ethinyl estradiol administra-
tion did not increase serum bilirubin or 5'-nucleotidase
and alkaline phosphatase activities; however, basal bile
flow was reduced by 30% (P < 0.025) and bilirubin Tm,,
was reduced by 50% (P < 0.005) when compared with
controls (Fig. 1). After 5 days of bile duct ligation, rats
lost 13.5±3.8% of their body weight compared with
1.8+0.6% for sham-operated animals (P < 0.001).
Ethinyl estradiol treatment also resulted in 1.6±0.4%
loss of body weight, while propylene glycol-treated ani-
mals gained 8.2±2.1% of their body weight over 5 days
(P < 0.001).

Liver sections were stained with hematoxylin and
eosin. Light microscopic examination of ethinyl estradiol-
treated rats appeared normal and were similar to sec-
tions from propylene glvcol-treated rats. Liver sections
obtained from bile duct-ligated rats revealed portal triad
inflammatory cell infiltrates, bile duct proliferation, and
occasional parenchymal cell necrosis.

Each plasma membrane fraction from normal, control,
and cholestatic rats was examined by phase microscopy
which revealed only rare nuclei and no unbroken cells.
Electron microscopic appearance of a single plasma
membrane preparation from each type of cholestasis was
similar to those seen with control rat plasma membrane
fractions. Sheets of membranes frequently connected by
intercellular junctional processes and occasional struc-
tures resembling bile canaliculi were seen (Fig. 2).
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TABLE I
Serum Bilirubin, 5'-Nucleotidase and Alkaline Phosphatase in Normal Rats and

Ethinyl Estradiol-Treated Rats, Bile Duct-Ligated Rats and Their Controls

Serum

No. Total Alkaline
of rats bifirubin 5'-Nucleotidase phosphatase

mg/100 ml Bodansky U
Normal 4 <0.2 0.3±0.3 31.544.7
Sham operated 5 <0.2 1.2±0.8 30.9±42.0
After bile duct ligation 6 8.1±t1.7* 27.2 ±5.5* 31.8±2.0
After administration of

propylene glycol 9 <0.2 0.6±0.5 33.9±2.0
After administration of

ethinyl estradiol in
propylene glycol 12 <0.2 2.1i 1.0 31.9±1.6

Analyses were performed 5 days after bile duct ligation or administration of propylene
glycol or ethinyl estradiol in propylene glycol. See text for further details.
Figures indicate mean ±SE.
* P = < 0.005.

Rarely, a fragmented mitochondrion or lysosome, was
present.

In normal rats the specific activities of enzymes as-
sociated primarily with the canalicular membrane (alka-
line phosphatase, 5'-nucleotidase, and Mg'-ATPase) (41,
42) were increased 21- to 36-fold compared with their
respective specific activities in homogenates (Table II).
The specific activity of Co'-stimulated CMPase, a
sinusoidal membrane enzyme (25), was increased eight-
fold. Glucose-6-pliosphatase activity was not detected
in plasma membrane fractions. Both ethinyl estradiol
treatment and bile duct ligation increased the specific
activity of alkaline phosphatase (P < 0.025) and de-
creased 5'-nucleotidase (P < 0.05) and Mg'+-ATPase
activities (P < 0.025) as compared with controls (Ta-
ble III) Cobalt CMPase activity was not altered in
rats with cholestasis. Alkaline phosphatase, Mg'-ATP-

too Sl

"=50 5

C=fCir
FIGURE 1 Effect of administration of ethinyl estradiol in
propylene glycol (0.5 mg/100 g body wt) (hatched bars)
and propylene glycol alone (clear bars) on bilirubin Tm
and basal bile flow. See text for further details. Results
are expressed as mean -±SE. (*)P <0.005, (**)P < 0.025.

ase and 5'-nucleotidase activities were not significantly
altered in sham-operated or propylene glycol-treated rats.

To determine whether decreased 5'-nucleotidase and
Mg2'-ATPase activities in cholestasis are related to in-
hibition of activity or decreased content of enzyme pro-
tein, Km (dissociation constant), and Vrna: (the maxi-
mal reaction rate) were determined (Table IV). The
Vm8. for Mg'+-ATPase and 5'-nucleotidase activity in
extrahepatic obstruction and ethinyl estradiol cholestasis
was significantly reduced from results in control rats.
The Km for 5'-nucleotidase in both forms of cholestasis,
and for Mg-ATPase in ethinyl estradiol-treated rats
was unaltered; however, the Km for Mg'+-ATPase after
bile duct ligation was significantly different from values
obtained in sham-operated rats. These results are com-
patible with noncompetitive inhibition and/or reduction
in enzyme content. Possible inhibitors of enzyme activity
include bile salts and ethinyl estradiol. Purified bile salts,
in a range of concentrations, were added to the en-
zyme assay mixture (Table V). Taurocholate, the major
bile salt in rats, did not inhibit 5'-nucleotidase and Mg'9-
ATPase activity, however, stimulation of alkaline phos-
phatase activity was observed. Taurochenodeoxycholate
at concentrations between 0.2 and 1.0 mMcaused 16%
inhibition of 5'-nucleotidase activity, and enhanced Mg'-
ATPase and alkaline phosphatase activities. Ethinyl
estradiol in concentrations previously reported to inhibit
(Na+-K+)-ATPase activity (29), did not affect Mge-
ATPase or 5'-nucleotidase activities; however, alkaline
phosphatase activity was completely inhibited. Plasma
membranes prepared from normal and bile duct-ligated
or ethinyl estradiol-treated rats were also mixed in equal
proportions before determination of enzyme specific ac-
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IABLE I I
Enzymatic Activity of Normal Rat Liver

Specific activity
No. Specific activity

Enzymes of rats Homogenate Plasma membrane (Membrane/Homogenate)

Jumol/mg protein per h
Alkaline phosphatase 5 0.340.04 7.1-40.8 24
5'-Nucleotidase 6 2.340.4 83.643.7 36
Mg2+-adenosine

triphosphatase 6 3.3 4±0.6 70.2±+-6.5 21
Cobalt-cytidine

monophosphatase 3 0.8±0.03 6.0±t0.3 8
Glucose-6-phosphatase 6 2.7±-0.3 ND

Enzymatic activity was determined within 72 h of membrane preparation. Plasma membranes
prepared as described by Neville (12) and washed with 0.15 M NaCi. Figures indicate mean ±SE.
ND, not detected.

tivity. No change from predicted results was observed in
alkaline phosphatase, Mg2+-ATPase, or 5'-nucleotidase
activities.

Synthesis and relative degradation rates of pulse-
labeled plasma membrane proteins in control rats were
combined with the observations made in normal animals
(Fig. 3). Neither type of experimental cholestasis has
altered rates of synthesis or degradation (turnover in-
dex) of pulse-labeled membrane protein.

Liver plasma membrane content of cholesterol, phos-
pholipid, and neutral sugars was not significantly differ-
ent in control or cholestatic rats (Table VI). Sialic

acid content of plasma membranes obtained from bile
duct-ligated or ethinyl estradiol-treated rats was sig-
nificantly elevated (P < 0.05).

Fig. 4 shows representative electrophoretic plasma
membrane protein patterns obtained in control and cho-
lestatic rats. Many protein bands with a wide range of
molecular weights (16,000-250,000 mol wt) were ob-
served. Although it is not possible to accurately quan-
titate the concentration of protein present in each band,
we identified the seven qualitatively major membrane
protein bands by molecular weight in each preparation
and they were not altered qualitatively. Protein bands

TABLE III
Enzymatic Activity in Rat Liver Plasma Membranes Obtained after 5 Days of Ethinyl Estradiol

Administration, Bile Duct Ligation, or in Control Animals

Specific activity

Ethinyl
Sham Bile duct Propylene glycol estradiol

Enzyme operation ligation administration administration

JAmol/mg protein per h

Alkaline phosphatase 9.6±0.4 (5) 27.5i3.5*(5) 6.1±0.4 (4) 29.0±4.9t(6)
5'-Nucleotidase 70.8±5.8 (4) 52.6 i7.1 § (7) 78.8i3.9 (5) 54.2 ±5. t (6)
Mg2+-adenosine

triphosphatase 56.6±9.7 (5) 28.6+2.9t(8) 79.6±t5.7 (4) 43.9±6.1*(6)
Cobalt-cytidine mono-

phosphatase 4.7 ±t 0.3 (4) 5.2 ±0.3 (4) 3.8±0.4 (4) 3.2 i0.5 (6)
Glucose-6-phosphatase ND (2) ND (3) ND (2) ND (3)

Liver plasma membranes were prepared as described by Neville (12), washed with 0.15 MNaCl and
enzymatic activities determined as described in text. Ethinyl estradiol, propylene glycol, and bile
duct-ligated animals were sacrified after 5 days, while sham-operated rats were studied at 4 days.
Numbers in parenthesis refer to number of experiments performed on different plasma membrane
fractions. Figures refer to mean ±SE. ND, not detected.
* P < 0.005.
tP <0.025.
§ P <0.05.
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TABLE 1V

Michaelis Constants for 5'-Nucleotidase and Jlg2l-.ttidalated Adenosise TripIhosphxtastc in
Plasma AMembrane Fractions Prepared from Ethinyl Estradiol, Bile Duct-Ligated,

and Control Rats

Sham Bile duct Propylene glycol Ethinyl estradiol
Enzyme operation ligation treatment treatment

5'-N ucleotidase
K,, amM 1.440.1 1.2i0.2 1.3±0.1 1.7±0.2
V"max, U 134±4.5 61±4.2 141 ±5.5 88±5.2*

Nlagnesium-ATPase
KM, mMI 0.9±0.2 1.5±0.1* 2.0±0.3 1.4±0.3
Vinax, U 74±5.6 35i1.0* 107±8.3 45±4.2*

Liver plasma membranes were prepared as described in text. 5'-Nucleotidase and Mg2+-ATPase
were determined in duplicate as described in text for at least five different substrate concen-
trations. Kmand V.ax were determined as described by \Vilkinson from nonlinear hyperbolic
curves (27). Results are expressed as the mean ±SE of two experiments.
* Significant difference, P < 0.01.

of lesser staining intensity were absent in cholestasis. A
protein band of 140,000 mol wt was absent in bile duct-
ligated plasma membranes; while the protein band at
100,000 mol wt was deleted in plasma membranes ob-
tained from ethinyl estradiol-treated rats. Three quanti-
tatively major periodic acid-Schiff staining bands were
observed. The band migrating with the front represents
glycolipids and the other two bands migrate with the
relative rates of proteins with molecular weights of

45,000 and 120,000 (16). This pattern was unaltered in
cholestasis.

DISCUSSION
The abnormal ultrastructural (43) and histochemical
appearance (44) of bile canalicular membranes suggests
that changes in their composition, enzyme content, and
protein turnover may be involved in cholestasis. The
present studies demonstrate that cholestasis is associated

TABLE V
Percent Change of Enzyme Activity in Liver Plasma Mlembrane Fractions Caused by

Addition of Taurocholate, Chenodeoxycholate, and Ethinyl Estradiol

Percentage change in specific activity

Alkaline
Inhibitor/Concentration 5'-Nucleotidase Mg+5-ATPase phosphatase

Traurocholate
1 mNI +7 +16 +43
2 mM 0 +18 +14
3 mMi 0) +34 +8
5 mM +16 +1( +29

Tautrocheniodeoxycholate
0.1 III'M -3 +34 +64
0.2 mMl - 16 +32 +58
0.4 mi'M -16 +36 +50
1.0 mAIl -16 +22 +7

Ethinyl estradiol
(5 X 10-7 M) -7 +8 -100

Liver plasma membrane fractions were isolated and washed as described in
text. Bile salts (Maybridge Company, Tintagel, Cornwall, England) were
purified by thin-layer chromatography (TLC) (22) and added to incubation
reaction immediately before incubation at 370C. Enzymes were run in dupli-
cate. Results are expressed as the mean of two experiments. (+) indicates
activation and (-) indicates inhibition.
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FIGURE 3 Tritium specific activity was determined in pro-

tein samples from liver plasma membrane fractions 12 h
after i.p. injection of [3H]leucine. The turnover index was

calculated as described in text. Each point represents the
result of one rat. The control group consists of untreated
(0) (2), sham-operated (X) (2), and propylene glycol-
treated (0) (2) rats.

with alterations in the apparent content of specific
canalicular proteins.

Two models of cholestasis were investigated in order
to compare changes in mild cholestasis produced by
ethinyl estradiol with changes in severe cholestasis re-

sulting from bile duct ligation. Ethinyl estradiol adminis-
tration produced mild cholestasis characterized by de-
creased bilirubin T. and basal bile flow. Hepatic mor-

phology by light microscopy and serum bilirubin, bile
salts (unpublished observations, Dr. Norman Javitt)
and alkaline phosphatase and 5'-nucleotidase activities
were normal after ethinyl estradiol treatment. Similar
observations have been made by other investigations
(45-47). In contrast, biliary obstruction resulted in in-
creased serum bilirubin concentration and 5'-nucleotidase
activity as well as morphologic features of cholesterasis
and bile duct proliferation. It is postulated that common

alterations found in two different models of cholestasis

FIGURE 4 Polyacrylamide gel electrophoresis in 0.1% so-

dium dodecyl sulfate (SDS). 125 1g of liver plasma mem-

brane protein from sham-operated (I), bile duct-ligated
(II), propylene glycol (III), and ethinyl estradiol-treated
(IV) rats were solubilized and electrophoresed as described
in text on gels 10 cm in length from anode (top) to cathode
(bottom). Gels were fixed in 12% TCA and stained with
commasie blue. Molecular weights were calculated as de-
scribed by Shapiro, Vinuela, and Maizel (39).

suggest that these changes may be important in the path-
ogenesis of bile secretory failure.

Enzymatic and electron microscopic examinations of
plasma membrane fractions obtained from control and
cholestatic rats reveal preferential selection of canalicu-
lar membranes. Plasma membrane fractions were greatly
enriched in canalicular enzymes, (alkaline phosphatase,
5'-nucleotidase and Mg2t-ATPase) as compared with
Co25-CMPase activity, a sinusoidal enzyme. This con-

clusion was also reached by Pohl, Birnbaumer, and Rod-
bell using the same preparation method and adenyl cy-

clase as a marker enzyme for the sinusoidal membrane
(48). Electron microscopic demonstration of many junc-
tional complexes and canalicular-like structures also in-
dicates that these preparations are rich in canalicular

TABLE VI
The Chemical Composition of Plasma Membranes Isolated from Normal Rats and Rats Treated

with Ethinyl Estradiol, Bile duct ligation, and Their Controls

Chemical composition
No.

of rats Cholesterol Phospholipids Neutral sugars Sialic acid

gg/mg protein

Normal 5 237 ±6 532 ±35 73.2±i 10.0 21.0±1 .5
Sham operation 5 237 12 575±52 67.6±12.1 18.2i2.3
Bile duct ligation 7 242±15 605±35 77.8±8.3 29.5 ±2.4*
Propylene glycol treatment 4 230± 12 507+±68 60.7± 15.7 21.0±2.0
Ethinyl estradiol 7 213±415 565±40 54.6±14.7 26.4i2.lt

Liver plasma membranes were prepared as described by Neville (22) and the chemical composition
determined as described in text. The figures indicate mean ±SE.
* P < 0.005.
tP < 0.05.
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membranes. Plasma membrane fractions in control rats
and rats with cholestasis were not significantly con-
taminated by other organelles as shown by enzyme
markers and electron microscopy.

Quantitation of plasma membrane enzymes cannot be
accomplished at present, because methods for their
isolation and purification to homogeneity are not avail-
able. Kinetic analysis of partially purified enzyme prepa-
rations was therefore utilized to study alterations in
5'-nucleotidase and Mg2+-ATPase in liver plasma mem-
branes. In cholestasis of both types, the Vra: of 5'-nucleo-
tidase and Mg2+-ATPase was reduced, suggesting either
reduced content or inhibition of enzyme activity. The
alteration of Km for Mg2+-ATPase in extrahepatic ob-
struction but not after ethinyl estradiol treatment sug-
gests part of the reduction may result from noncom-
petitive inhibition in severe cholestasis. Inhibition, how-
ever, does not appear to be a major cause of the reduced
activity in cholestasis since mixing experiments and in
vitro additions of ethinyl estradiol and bile salts did not
significantly inhibit 5'-nucleotidase and Mg2+-ATPase
activities. The mild stimulation of alkaline phosphatase
activity by taurocholate and inhibition by ethinyl estra-
diol in vitro suggests that accumulation of these agents
is probably not an important mechanism of controlling
enzyme activity. Bile salt inhibition of plasma mem-
brane Mge+-ATPase activity, has been shown, using
concentrations 20-200 times greater than those found
in the livers of bile duct-ligated rats (49, 50). Cobalt-
CMPase activity was unchanged in cholestasis, con-
sistent with the hypothesis that membrane alterations in
cholestasis occur primarily at the canalicular surface.

Proteins constitute 505% of liver plasma membrane
dry weight, and consist of at least 20-25 species with a
wide range of molecular sizes (16). Adequate solubiliza-
tion of membrane proteins has been achieved only with
denaturing agents such as SDS which dissociates pro-
teins into polypeptide chains with consequent loss of en-
zyme activity (51, 52). SDS-polyacrylamide gel elec-
trophoresis of plasma membrane proteins, demonstrated
that the majority of proteins are unchanged in cholesta-
sis: however, loss of qualitatively minor bands which
differed in each model of cholestasis were observed.
Specific membrane enzymes quantitatively contribute a
minor role to the complex plasma membrane protein gel
patterns; therefore, it is not possible to identify changes
in SDS-polyacrylamide gel bands that represent cana-
licular enzymes (53). Measurement of synthesis and rel-
ative degradation rates of pulse-labeled plasma mem-
brane proteins indicated that turnover was unchanged
in cholestasis. Therefore, the alterations in alkaline phos-
phatase, 5'-nucleotidase, and Mgg2+-ATPase activities do
not reflect a generalized abnormality in membrane bio-
genesis, but probably represent alterations in specific

canalicular proteins which constitute a small fraction of
total plasma membrane protein.

Plasma membrane fractions are characterized by high
concentrations of cholesterol (54) and sialic acid (55)
as compared with intracellular organelles. Alterations in
membrane enzymes may be due to changes in the lipid or

carbohydrate content of membranes. This possibility is
likely since serum concentrations of cholesterol, phos-
pholipids (56), and sialic acid (57) are increased in
cholestasis. The only change in plasma membrane com-

position observed in cholestasis was an increase in sialic
acid. This increase may reflect the rise in membrane ac-

tivity of alkaline phosphatase. which is rich in sialic
acid (58).

The mechanism(s) by which reduced 5'-nucleotidase
and Mg'-ATPase activities are related to cholestasis is
unclear. Reduced hepatic plasma membrane 5'-nucleo-
tidase activity occurs in several experimental models of
cholestasis, such as hypophysectomy (13, 59, 60), es-

sential fatty acid deficiency (61, 62), viral hepatitis in
mice (63). nutritional hepatic necrosis (64). and also in
newborn animals (65, 66). This observation of reduced
5'-nucleotidase activity in many different models of cho-
lestasis suggests that the enzyme deficit may result in
reduced excretion of organic molecules across the
canalicular membrane (41).

The pathogenesis of cholestasis is not known. The
present studies suggest that specific canalicular enzymes
are altered in cholestasis. Reduced activity of 5'-nucleo-
tidase and Mge-ATPase in two forms of cholesta sis
suggests that these alterations may be involved in the
pathogenesis of bile secretory failure, or possibly may re-
sult from cholestasis.

ACKNOWLEDGMENTS
We wish to express our appreciation to Dr. Luis Biempica
and Dr. Marcus Ma, Department of Pathology for per-
forming the electron microscopic studies; and to Dr. Law-
rence Gartner and Miss Donna Lane, Department of Pedi-
atrics, Albert Einstein College of Medicine, who helped
perform the bilirubin Tm studies. In particular we wish to
thank Strother Walker, Ph.D., Department of Biometrics,
University of Colorado School of Medicine, who set up the
program to determine Michaelis-Menton constants.

This investigation was supported by grants AM-2019,
05384, and 15851 from the U. S. Public Health Service.

REFERENCES
1. Erlinger, S., D. Dhumeaux, P. Berthelot, and M. Du-

mont. 1970. Effect of inhibitors of sodium transport
on bile formation in the rabbit. Am. J. Physiol. 219:
416.

2. O'Maille, E. R. L., T. G. Richards, and A. H. Short.
1965. Factors determining the maximal rate of organic
anion secretion by the liver and further evidence on
the hepatic site of action of the hormone secretin. J.
Phvsiol. (Lond.). 186: 424.

Alteration of Bile Canalicular Enzymes in Cholestasis 773



3. Schanker, L. S., and H. M. Solomon. 1963. Active
transport of quarternary ammonium compounds into
bile. Am. J. Physiol. 204: 829.

4. Kupferberg, H. J., and L. S. Schenker. 1968. Biliary
secretion of ouabain-3H and its uptake by liver slices in
the rat. Am. J. Physiol. 214: 1048.

5. Alpert, S., M. Mosher, A. Shanske, and I. M. Arias.
1969. Multiplicity of hepatic excretory mechanisms for
organic anions. J. Gen. Ph~siol. 53: 238.

6. Gutstein, S., S. Alpert, and I. M. Arias. 1968. Studies
of hepatic excretory function. IV. Biliary excretion of
sulfobromophthalein in a patient with Dubin-Johnson
Syndrome and a biliary fistula. Isr. J. Med. Sci. 4: 36.

7. Javitt, N. B. Cholestasis in rats induced by taurolitho-
cholate. 1966. Nature (Lond.). 210: 1262.

8. King, J. E., and L. J. Schoenfield. 1971. Cholestasis
induced by sodium taurolithocholate in isolated hamster
liver. J. Clin. Invest. 50: 2305.

9. Schaffner, F., and H. Popper. 1969. Cholestasis is the
result of hypoactive hypertrophic smooth endoplasmic
reticulum in the hepatocyte. Lancet. 2: 355.

10. Forker, E. L. 1969. The effect of estrogen on bile
formation in the rat. J. Clin. Invest. 48: 654.

11. Popper, H., and F. Schaffner. 1959. Pathology of
jaundice resulting from intrahepatic cholestasis. J. Am.
Med. Assoc. 169: 1447.

12. Simon, F. R., and I. M. Arias. 1972. Alterations in liver
plasma membranes and their possible role in cholesta-
sis. Gastroenterology. 62: 342.

13. Gartner, L. M., and I. M. Arias. 1972. Hormonal control
of hepatic bilirubin transport and conjugation. Am. J.
Physiol. 222: 1091.

14. Malloy, H. T., and K. A. Evelyn. 1937. The determina-
tion of bilirubin with the photoelectric calorimeter. J.
Biol. Chem. 119: 481.

15. Neville, D. AM., Jr. 1968. Isolation of an organ specific
protein antigen from cell-surface membrane of rat liver.
Biochimn. Biophvs. Acta. 154: 540.

16. Simon, F. R., 0. 0. Blumenfeld, and I. M. Arias. 1970.
Two protein fractions from hepatic plasma membranes.
Studies of their composition and differential turnover.
Biochinm. Biophys. Acta. 219: 349.

17. Sabatini, D. C., K. Bensch, and R. J. Barrnett. 1963.
Cytochemistry and electron microscopy. The preserva-
tion of cellular ultrastructure and enzymatic activity by
aldehyde fixation. J. Cell Biol. 17: 19.

18. Millonig, G. 1962. Further observations on a phosphate
buffer for osmium solutions in fixation. 5th International
Congress for Electron Microscopy, Philadelphia. S. S.
Breese, Jr., editor. Academic Press, Inc., New York. 8.

19. Luft, J. H. 1961. Improvements in epoxy resin embed-
ding methods. J. Biophys. Biochemn. Cytol. 9: 409.

20. Reynolds, E. S. 1963. The use of lead citrate at high
pH as an electron-opaque stain in electron microscopy.
J. Cell Biol. 17: 208.

21. Bodansky, 0. 1948. The inhibitory effect of DL-alanine,
L-glutamic acid, L-lysine, and L-histidine on the activity
of intestinal, bone and kidney phosphatases. J. Biol.
Chem. 174: 465.

22. Song, C. S., and 0. Bodansky. 1967. Subcellular localiza-
tion and properties of 5'-nucleotidase in the rat liver.
J. Biol. Chent. 242: 694.

23. DeDuve, C., B. C. Pressman, R. Gianetto, R. Wattiaux,
and F. Appelmans. 1955. Tissue fractionation studies 6.
Intracellular distribution patterns of enzymes in rat-
liver tissue. Biochem. J. 60: 604.

24. Emmelot, P., C. J. Bos, E. L. Benedetti, and P. H.
Rumke. 1964. Studies on plasma membranes. I. Chemical
composition and enzyme content of plasma membranes
isolated from rat liver. Biochim. Biophys. Acta. 90: 126.

25. Ma, M. H., and L. Biempica. 1971. The normal human
liver cell. Cytochemical and ultrastructural studies. Am.
J. Pathol. 62: 353.

26. Fiske, C. H., and Y. Subba-Row. 1925. The colorimetric
determination of phosphorous. J. Biol. Chem. 66: 375.

27. Wilkinson, G. N. 1961. Statistical estimations in enzyme
kinetics. Biochem. J. 80: 324.

28. Hoffman, A. 1962. Thin-layer adsorption chromatography
of free and conjugated bile acids on silicic acid. J. Lipid
Res. 3: 127.

29. Dixon, T. F., and M. Purdom. 1954. Serum 5'-nucleo-
tidase. J. Clin. Pathol. (Lond.). 7: 341.

30. Arias, I. M., D. Doyle, and R. T. Schimke. 1969.
Studies on the synthesis and degradation of proteins
of the endoplasmic reticulum of rat liver. J. Biol. Chew.
244: 3303.

31. Ganschow, R., and R. T. Schimke. 1969. Independent
genetic control of the catalytic activity and the rate of
degradation of catalase in mice. J. Biol. Chem.244: 4649.

32. Lowry, 0. H., N. F. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chew. 193: 265.

33. Bartlett, G. R. 1959. Phosphorous assay in column
chromatography. J. Biol. Chem. 234: 466.

34. Abell, L. L., B. B. Levy, B. B. Brodie, and F. E. Ken-
dall. 1952. A simplified method for the estimation of total
cholesterol in serum and demonstration of its specificity.
J. Biol. Chem. 195: 357.

35. Zlatkis, A., B. Zak, and A. J. Boyle. 1953. A new
method for the direct determination of serum choles-
terol. J. Lab. Clin. Mfed. 41: 486.

36. Seifter, S., S. Dayton, B. Novic, and E. Muntwyler.
1950. The estimation of glycogen with the anthrone
reagent. Arch. Biochem. Biophys. 25: 191.

37. Warren, L. 1959. The thiobarbituric acid assay of sialic
acid. J. Biol. Chem. 234: 1971.

38. Zacharias, R. M., T. M. Zell, J. H. Morrison, and
J. J. Woodlock. 1969. Glycoprotein staining following
electrophoresis on acrylamide gels. Anal. Biochem. 30:
148.

39. Shapiro, A. L., E. Vinuela, and J. V. Maizel, Jr. 1967.
Molecular weight estimation of polypeptide chains by
electrophoresis in SDS-polyacrylamide gels. Biochem.
Biophys. Res. Commnun. 28: 815.

40. Goldstein, A. 1964. Biostatistics, An Introductory Text.
The Macmillan Company, New York. 51.

41. Essner, E., A. B. Novikoff, and B. Masek. 1958. Adeno-
sinetriphosphatase and 5-nucleotidase activities in the
plasma membrane of liver cells as revealed by electron
microscopy. J. Biophys. Biochem. Cytol. 4: 711.

42. Wachstein, M., and E. Meisel. 1957. Histochemistry of
hepatic phosphatases at a physiological pH with special
reference to the demonstration of bile canaliculi. Am. J.
Clini. Pathol. 27: 13.

43. Schaffner, F., H. Popper, and V. Perez. 1960. Changes
in bile canaliculi produced by norethandroline: elec-
tron microscopic study of human and rat liver. J. Lab.
Clin. Mled. 56: 623.

44. Goldfisher, S., I. M. Arias, F. Essner, and A. B. Novi-
koff. 1962. Cytochemical and electron microscopic studies
of rat liver with reduced capacity to transport conjii-
gated bilirubin. J. Exp. Mfed. 115: 467.

774 F. R. Simon and I. M. Arias



45. Heikel, T. A. J., and G. H. Lathe. 1970. The effect
of oral contraceptive steroids on bile secretion and
bilirubin T. in rats. Br. J. Pharmiiacol. 38: 593.

46. Harkavy, M., and N. B. Javitt. 1969. Metabolic effects
of gonadal hormones and contraceptive steroids. Plenum
Publishing Corp., New York.

47. Kreek, M. J., R. E. Peterson, M. H. Sleisenger, and
G. H. Jeffries. 1969. Effects of ethinylestradiol-induced
cholestasis on bile flow and biliary excretion of estra-
diol and estradiol glucuronide by the rat. Proc. Soc.
Exp. Biol. Med. 131: 646.

48. Pohl, S. L., L. Birnbaumer, and M. Rodbell. 1971. The
glucagon-sensitive adenyl cyclase system in plasma mem-
branes of rat liver. J. Biol. Chenw. 246: 1849.

49. Emmelot, P., and C. J. Bos. 1966. Studies on plasma
membranes. III. Mg2+-ATPase, (Na+-K+-Mg2+)-ATPase
and 5'-nucleotidase activity of plasma membranes iso-
lated from rat liver. Biochint. Biophys. Acta. 120: 369.

50. Greim, H., and H. Popper. 1971. Hepatic bile acids
after bile duct ligation in rats. Fed. Proc. 30: A634.

51. Trayer, H. R., Y. Nazaki, J. A. Reynolds, and C. Tan-
ford. 1971. Polypeptide chains from human red blood
cell membranes. J. Biol. Chent. 246: 4485.

52. Lenard, J. 1970. Protein and glycolipid components of
human erythrocyte membranes. Biochemzistry. 9: 1129.

53. Bellhorn, M. B., 0. 0. Blumenfeld, and P. M. Gallop.
1970. Acetylcholinesterase of the human erythrocyte
membrane. Biochem. Biophys. Res. Conmnrn. 39: 267.

54. Siekevitz, P. 1970. The organization of biologic mem-
branes. N. Engl. J. Med. 283: 1035.

55. Evans, W. H. 1970. Glycoproteins of mouse liver smooth
microscomal and plasma membrane fractions. Biochinm.
Biophys. Acta. 211: 578.

56. Ahrens, E. H., Jr., and H. G. Kunkel. 1949. The relation-
ship between serum lipids and skin xanthomata in eigh-
teen patients with primary biliary cirrhosis. J. Clin. In-
vest. 28: 1565.

57. Singh, R., B. Ramaraju, B. K. Sur, D. S. Gahlaut, and
S. N. Agrawal. 1968. Serum sialic acid estimation as
an aid in differentiating hepatocellular from obstructive
jaundice. Judian J. Med. Res. 56: 867.

58. Robinson, J. C., and J. E. Pierce. 1964. Differential
action of neuraminidase on human serum alkaline phos-
phatases. Nature (LoId.). 204: 472.

59. Schmidt, M. L., L. M. Gartner, and I. M. Arias. 1967.
Studies of hepatic excretory function. III. Effect of
hypopituitarism on the hepatic excretion of sulfobromo-
phthalein sodium in man. Gastroenterology. 52: 998.

60. Reid, E., and B. M. Stevens. 1958. Hormones and liver
cytoplasm: 5 enzymes concerned in nucleic-acid catabo-
lism as affected by hypophysectomy or adrenalectomy.
Biochem. J. 68: 367.

61. Balint, J. A., D. A. Beeler, D. H. Treble, and E. C.
Kyriakides. 1972. Defective hepatic excretion-a poten-
tial cause of cholesterol gallstone formation. Gastroen-
terology. 62: 187.

62. Chandrasekhara, N., and K. A. Narayan. 1971. Rat
liver plasma membranes in essential fatty acid deficiency.
J. Nutr. 100: 477.

63. Budillon, G. C., C. del Vecchio-Blanco, and M. Coltorte.
1970. Enzyme changes of plasma membranes isolated
from mouse liver during experimental viral hepatitis.
Eii-nviol. Biol. Clini. 11: 504.

64. Machado, E. A., E. A. Porta, W. S. Hartroft, and F.
Hamilton. 1971. Studies on dietary necrosis. II. Ultra-
structural and enzymatic alterations of the hepatocytic
plasma membrane. Lab. Inivest. 24: 13.

65. Gartner, L. M., and I. M. Arias. 1969. The transfer of
bilirubin from blood to bile in the neonatal guinea pig.
Pediatr. Res. 3: 171.

66. DeWolf-Peeter, C., R. DeVos, and V. J. Desmet. 1971.
Electron microscopy and histochemistry of canalicular
differentiation in fetal and neonatal rats. Gut. 12: 759.

Alteration of Bile Canalicular Enzymes in Cholestasis 7751-


