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Abstract
To establish the role of the biliary epithelium in bile formation,
we studied several aspects of biliary physiology in control rats
and in rats with ductular cell hyperplasia induced by a 14-d
extrahepatic biliary obstruction. Under steady-state condi-
tions, spontaneous bile flow was far greater in obstructed rats
(266.6±51.9 Mli/min per kg) than in controls (85.6±10.6 d1/
min per kg), while excretion of 3-hydroxy bile acids was the
same in the two groups. Infusion of 10 clinical units (CU)/kg
per h secretin produced a minimal choleretic effect in controls
(+3.8±1.9 ,l/min per kg) but a massive increase in bile flow in
the obstructed animals (+127.8±34.9 ,l/min per kg). Secretin
choleresis was associated with an increase in bicarbonate bili-
ary concentration and with a decline in 1'4C]mannitol bile-to-
plasma ratio, although solute biliary clearance significantly
increased. Conversely, administration of taurocholate (5
,umol/min per kg) produced the same biliary effects in control
rats and in rats with proliferated biliary ductules. In the ob-
structed animals, the biliary tree volume measured during tau-
rocholate choleresis (67.4±15.8 .I/g liver) was significantly
greater than that determined during the increase in bile flow
induced by secretin (39.5±10.4 ,l/g liver). These studies indi-
cate that, in the rat, the proliferated bile ductules/ducts spon-
taneously secrete bile and are the site of secretin choleresis.
Furthermore, because the proliferated cells expressed pheno-
typic traits of bile ductular cells, our results suggest that
whereas under normal conditions the biliary ductules/ducts in
the rat seem to contribute little to bile formation, secretion of
water and electrolytes is a property of biliary epithelial cells.

Introduction
Current concepts indicate that bile is formed primarily at the
bile canaliculus where osmotic gradients, generated by the bili-
ary translocation of bile acids and/or other unidentified mole-
cules, allow net movement of water from plasma into the can-
alicular lumen (1, 2). Before reaching the duodenum or the
gallbladder, however, canalicular bile is thought to be signifi-
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cantly modified while flowing through the collecting bile duc-
tules and ducts. Support for a role of biliary epithelium in bile
formation has been obtained primarily in the dog in which
studies of electrolyte biliary secretion (3), secretin choleresis
(4), inert carbohydrate biliary clearance (5, 6), "white bile"
formation (7), and water and electrolyte movement across an
isolated segment of the extrahepatic bile duct (8) are all con-
sistent with the hypothesis that both secretory and reabsorptive
mechanisms are operative at sites distal to the hepatic paren-
chyma. At least in the rat, however, no convincing evidence
supports a transport function of biliary epithelial cells. Gold-
farb et al. (9) suggested that the biliary epithelial structures in
the rat secrete water and electrolytes based on the observation
that ductular cell hyperplasia (DCH)' associated with chronic
a-naphthylisothiocyanate feeding resulted in hydrocholeresis.
Similarly, Kountouras et al. (10) recently demonstrated an
increased responsiveness to the choleretic effect of secretin in
rats with DCHinduced by prolonged biliary obstruction (BO).
In neither report, however, was evidence presented to support
the concept that the distal biliary ductules/ducts were indeed
responsible for the increased secretory activity.

In the present studies, we have attempted to obtain more
direct evidence for a role of biliary epithelium in bile forma-
tion in the rat by resorting to a strategy similar to that de-
scribed by Goldfarb et al. (9) and Kountouras et al. (10). We
have induced DCHby chronic BOand studied the effect of
taurocholate, which is known to stimulate canalicular bile
flow, and secretin, the choleretic effect of which is thought to
originate at the bile ductules/ducts (4), on bile flow and com-
position in both control rats and rats with DCH. Subsequently,
because DCHwas associated with a massive increase in bile
secretion both under spontaneous conditions and during se-
cretin administration, we carried out a number of experiments
to establish the origin of the increased secretory activity and
the nature of the proliferating cells. Our results provide con-
clusive evidence that the proliferated bile-ductlike structures
secrete water and electrolytes both spontaneously and under
the effect of secretin. Moreover, because the proliferated cells
expressed phenotypic traits of bile ductular cells, the present
findings indicate that such a secretory activity is an important
property of proliferated biliary epithelial cells, which may be of
physiologic relevance.

Methods
Animals and induction of ductular cell hyperplasia. Male Sprague-
Dawley rats, weighing 220-280 g, were obtained from Perfection
Breeders, Douglasville, PA, and housed in a temperature-controlled

1. Abbreviations used in this paper: BO, extrahepatic biliary obstruc-
tion; B/P, bile-to-plasma ratio; BTV, biliary tree volume; DCH, bile
ductular cell hyperplasia; G-6-P, glucose-6-phosphatase; 'y-GT, y-glu-
tamyl transpeptidase.
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room (22°C) with alternate 12-h light-dark cycles for at least a week
before being used. The animals were fed standard lab chow ad libitum,
had free access to water, and were not fasted before use. DCHwas
induced by BOwhich was in turn produced as described by Accatino et
al. (I 1). Under pentobarbital anesthesia (50 mg/kg, i.p.), the common
bile duct was cannulated (PE 50 cannula, Clay-Adams, New York,
NY) through a small abdominal incision. After free flow of bile was
established, the bile duct cannula (4-5 cm long) was sealed at its open
end with a flame and secured to the abdominal wall with several
ligatures. The abdomen was then sutured, and the animal allowed to
recover and kept in a standard rat cage under the conditions described
above. During the obstruction period, some BOanimals died, but the
mortality rate never exceeded 40% and was much less during the first
12 d of BO(10-20%). All surgically obstructed animals lost significant
weight by the end of the first week of BO (15-20% of their original
weight), but partially recovered during the remaining 5-8 d. In all
instances, only those rats which at the time of experiment had not lost
> 15% of their original body weight (- 80%of survivors) were used in
these studies. Control rats (sham-operated) underwent laparotomy but
no BOwas induced.

Studies of biliary physiology. These experiments were carried out 14
d after induction of BO, or 12-14 d after animals were sham-operated
(controls). In both groups of rats, we measured bile flow and composi-
tion, the biliary clearance of ['4C]mannitol and [3H]sucrose (Amer-
sham Corp., Arlington Heights, IL), and the choleretic effects of tauro-
cholate (Sigma Chemical Co., St. Louis, MO) and secretin (Kabi AB,
Greenwich, CT). Secretin-Kabi preparation contains a lyophilized,
highly purified natural porcine hormone with a potency of at least
3,000 clinical units (CU)/mg peptide and no contaminating bile acids.
All animals were anesthetized with pentobarbital sodium (50 mg/kg,
i.p.) and surgically prepared for bile collection by cannulating the
trachea (PE 205), both internal jugular veins (PE 50, for fluid infusion),
one carotid artery (PE 60, for blood withdrawal) and, in those rats
receiving ['4C]mannitol and [3HJsucrose, by ligating the renal pedicles.
In BO rats, the bile duct cannula previously installed was freed from
the abdominal ligatures, exteriorized, cut at its occluded end, and
connected to a PE 90 cannula (6-8 cm long) to allow collection of bile.
In control rats, the common bile duct was cannulated with a PE 50
cannula following a midline abdominal incision. Of the 15 BO rats
scheduled for studies of bile formation, only 10 could be used. In two
rats, there was no bile flow after the mechanical obstruction was re-
leased. At autopsy, the distended extrahepatic bile ducts were found to
be filled with a highly pigmented, tarry material. In three rats, bile was
flowing normally but traces of blood were present. As expected, no
difficulties were encountered with control rats.

In all animals, bile was collected for an initial 10-20-min period to
obtain a blood and bile sample for background purposes. Thereafter,
an infusion of ['4C]mannitol (- 0.3 gCi/h, i.v.) and [3H]sucrose
(- 0.5 uCi/h, i.v.) was started and, when bile flow rate reached steady
state (70-90 min from the beginning of bile collection), taurocholate
was infused at 5 ,umol/min per kg for 30-50 min, followed by an
equilibration period (usually 60 min), and by an infusion of secretin at
10 CU/kg per h for 30-40 min. After a final collection period of 60
min, the animal was killed with an overdose of pentobarbital, the liver
removed, and its weight determined. Liver samples (0.5-1.4 g) were
obtained for hepatic water content determination. Throughout the
experiment, the animal was kept at 37°C and bile and blood were
collected every 10 min. Blood was obtained at the midpoint of each
bile collection period as previously described (12). All solutions for
intravenous infusion were prepared in Krebs-Henseleit bicarbonate
solution, and fluid infusion rates were established using as a reference
index the rate of bile flow and the value of the arterial hematocrit
determined every 10 min. The hematocrit remained constant (42-46%
in controls and 35-39% in BOrats) when the total rate of fluid infusion
exceeded that of bile flow by at least 2 ml/h. Similarly, plasma con-
centrations of [14C]erythritol and [3H]sucrose were roughly constant
during the experiment, although a slight but progressive increase in
[3H]sucrose concentrations occurred with time in some studies.

Measurement ofbiliary tree volume. To determine the site at which
secretin produces choleresis, we measured the biliary tree volume
(BTV) during taurocholate choleresis and compared it with that ob-
tained during secretin administration. Experiments were carried out in
four control rats and in six rats obstructed for 14 d. Animals were
surgically prepared as described above and infused with ['4C]taurocho-
late (New England Nuclear, Boston, MA; sp act, 46.7 mCi/mmol) at
0.5 ulCi/h to estimate the biliary transit time. BTV was determined
during infusion of 5 jimol/min per kg taurocholate and 10 CU/kg per h
secretin as described by Wheeler and Mancusi-Ungaro (4). Through-
out the experiment, bile was collected every 3 min, except during the
first 60-min equilibration period in which bile collections were made
over 10-min intervals (see Fig. 5 for a representative experiment).

Hepatic histology and histochemistry. Liver samples for light mi-
croscopy were obtained from a control rat and from rats sacrificed at 7
(n= 1), 12(n= 1), 14(n=2), 16(n= 1),and28(n= l)dafterBOwas
induced. Liver blocks were obtained from anesthetized animals (pen-
tobarbital sodium, 50 mg/kg i.p.), fixed in buffered formalin, and
processed for hematoxylin and eosin (H & E) staining by standard
procedures. DCHwas also assessed by histochemical analysis of y-glu-
tamyl transpeptidase (y-GT) which, in normal rat liver, is a reliable
histochemical marker of biliary epithelial cells (13). Staining for Y-GT
was carried out in four control livers and in the same six BOlivers used
for hepatic histology. The assay was performed on frozen sections
permeabilized in cold acetone for 10 min as described by Rutenberg et
al. (14).

Isolation and purification of hepatocytes and nonparenchymal liver
cells. To quantitate DCHand to assess the phenotypic traits of paren-
chymal and nonparenchymal liver cells in rats with DCH, we isolated
hepatocytes and nonparenchymal liver cells from control rats and
from rats with DCH(I13-14 d after obstruction was produced). Hepa-
tocytes were isolated by a standard collagenase perfusion followed by
differential centrifugation. The undissociated tissue was used for isola-
tion of nonparenchymal liver cells as described previously (I15). Sus-
pensions of hepatocytes and nonparenchymal liver cells were then
purified by centrifugal elutriation (J2-21 centrifuge equipped with a
JE-6B rotor; Beckman Instruments, Inc., Fullerton, CA). The elutriat-
ing fluid was MEMmedium (Gibco, Grand Island, NY) containing
10% calf serum and 0.006% DNase (Sigma Chemical Co.). Debris, red
blood cells, and dead cells were removed at pump flow rates of 9-13
ml/min (rotor speed, 1,000 rpm for hepatocytes and 2,500 rpm for
nonparenchymal liver cells). Hepatocytes and nonparenchymal liver
cells were obtained as blow-out fractions (rotor rpm, 0) at a pump flow
rate of 20 ml/min. Aliquots of hepatocyte and nonparenchymal liver
cell suspensions were used for determining cell concentration, size
distribution, and cell viability (trypan blue exclusion). Several cell
smears were also prepared, air dried, and some fixed in glutaraldehyde
(1%), while others were immersed in cold acetone (-20°C) for 10 min.
Smears were used immediately or stored at -70°C.

Cytochemistry and immunocytochemistry techniques. Smears of
hepatocytes and nonparenchymal liver cells fixed in glutaraldehyde
were used for cytochemical expression of glucose-6-phosphatase (G-6-
P) as described by Wachstein and Meisel (16). Acetone-treated cell
smears were instead used for cytochemical expression of y-GT, immu-
nofluorescent detection of albumin and a-fetoprotein, and immuno-
peroxidase demonstration of cytokeratin. 'y-GT activity was deter-
mined as described by Rutenberg et al. (14). For immunofluorescent
detection of albumin, cell smears were incubated at 22°C for 60 min
with fluoresceine-conjugated, goat anti-rat albumin antibodies (Coo-
per Biochemical Inc., Malvern, PA). For a-fetoprotein expression, cell
smears were incubated with fluorescein-conjugated sheep anti-rat a-
fetoprotein antibodies (Nordic Immunological Laboratories, Capis-
trano Beach, CA) for 60 min at 22°C (pH 7.2). Cytokeratin was de-
tected by incubating cell smears (60 min at 22°C, pH = 7.4) with a
cocktail of mouse monoclonal antibodies reactive against keratins No.
8, 14, 15, 16, 18, and 19 (Triton Biosciences, Alameda, CA). After
washing, smears were incubated with affinity-purified, peroxidase-
conjugated sheep anti-mouse IgG (Sigma Chemical Co.). As a positive
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control for a-fetoprotein, we used smears of acetone-treated hepato-
cytes isolated from fetal rat livers at day 16 of gestation. In all immuno-
assays, control smears were always incubated with the respective non-
immune serum or IgG (Sigma Chemical Co.). Hepatocytes (fetal and
adult) and nonparenchymal liver cells never showed positive staining
when nonimmune sera were used.

Analytical procedures. The biliary clearance of ['4C]mannitol and
[3H]sucrose was calculated as the product of bile flow and the bile-to-
plasma ratio (B/P) of radioactivity. Total bile acids in bile were esti-
mated by the hydroxysteroid dehydrogenase procedure as previously
described ( 17). Total bile acids in serum were quantitated with Enza-
bile (Seragen Diagnostics, Indianapolis, IN). Serum levels of glucose,
total and conjugated bilirubin, alkaline phosphatase, alanine amino
transferase, aspartate amino transferase, y-GT, total protein, albumin,
globulins, and cholesterol; and serum and bile concentrations of so-
dium, potassium, chloride, and bicarbonate (measured as total C02)
were obtained by standard clinical chemistry methods with the SMAC
(Technicon, Tarrytown, NY) and Monarch (Allied Instrumentation
Laboratory, Lexington, MA) systems. Bile osmolality was measured by
freezing point depression (Osmette, Precision Systems, Inc., Sudbury,
MA). Cholesterol and phospholipid concentrations in bile were deter-
mined enzymatically, using commercial kits from Boehringer-Mann-
heim, Indianapolis, IN, and Wako Chemicals, Dallas, TX, respec-
tively. Amylase activity in serum and bile was determined with the
Phadebas amylase test (Pharmacia Fine Chemicals, Piscataway, NJ).
Blood samples were collected for serum chemistry, erythrocyte and
leukocyte counts, and for hematocrit determination. Hepatic H20
content was determined by the difference between wet and dried
(95°C) weights of liver specimens. Statistical differences were estab-
lished by the paired and nonpaired Student's t test.

Results

Serum chemistry and hematologic findings. The results are
summarized in Table I. In BOrats, electrolyte serum concen-
trations were normal, but serum levels of cholesterol, biliru-
bin, phospholipid, and bile acids were all increased. Biochemi-
cal activities of alkaline phosphatase, alanine amino transfer-
ase, aspartate amino transferase, and y-GT were also higher in
the obstructed rats, whereas serum glucose and albumin levels
were lower. Consistent with previous observations (18), mild
anemia and leukocytosis were present in BO animals. The
latter could be accounted for by an increase in neutrophyls and
lymphocytes.

Liver histology and histochemistry. In the control sham-
operated rat, hepatic morphology was normal. In all BOani-
mals studied, DCHwas the most striking structural abnormal-
ity. Portal inflammation and moderate peribiliary fibrosis
were also observed. DCHwas already seen 7 d after BO, but a
more extensive proliferation of bile-ductlike cells was observed
12-16 d after obstruction was produced (Fig. 1). At this time,
lobular architecture was preserved, yet at least six bile duc-
tules/ducts were present per portal area, as opposed to one to
two seen in the control liver. In BOanimals, DCHwas also
demonstrated by histochemical staining of frozen liver sec-
tions for y-GT. In control livers, y-GT activity was confined to
the biliary epithelial cells and only one to two positive bile
ductules/ducts were observed per portal area (Fig. 2 A). In
obstructed livers, studied 12-16 d after induction of BO, histo-
chemical expression of y-GT was also confined to biliary
structures within portal areas, but the number of bile-ductlike
structures positive for the enzyme was much greater (Fig. 2 B).

Biliary physiology. Because the histologic and histochemi-
cal results indicated that extensive DCHwas present in rats

Table L Serum Chemistry and Hematologic Data in Control
Rats and in Rats with Biliary Obstruction

Controls BOrats
Unit (n = 5-10) (n = 6-9)

Na+ mEq/liter 141.6±2.6 142.3±1.5
K+ mEq/liter 4.7±0.7 5.2±0.7
Cl- mEq/liter 101.4±2.3 103.5±1.3
HCO5 mEq/liter 27.5±4.6 27.2±3.2
Glucose mg/I00 ml 175.8±22.6 120.9±14.5*
Total cholesterol mg/l00 ml 59.6±10.2 84.9±12.8*
Phospholipids mg/ 100 ml 119.4±21.3 194.2±33.2*
Bile acids uEq/liter 12.6±8.5 253.2±98.1*
Bilirubin (total) mg/100 ml 0.4±0.07 7.2±1.3*
Bilirubin (conjugated) mg/100 ml 0.1±0.05 6.0±1.1*
Total protein g/100 ml 5.5±0.4 5.4±0.6
Globulins g/100 ml 2.2±0.3 2.4±0.5
Albumin g/100 ml 3.3±0.2 2.7±0.3*
Alkaline phosphatase U/liter 231.5±46.3 627.8±76.4*
Alanine amino

transferase U/liter 67.4±7.5 275.6±39.6*
Aspartate amino

transferase U/liter 119.6±26.4 618.8±73.3*
y-GT U/liter 1.8±0.8 20.9±8.2*
Erythrocytes 106/1,l 6.8±0.7 5.9±0.6
Leukocytes 1031/, 5.1±0.8 23.8±11.2*
Hematocrit % 42.4±2.3 35.9±2.9*

Analyses were performed 14 d after induction of BOor 12-14 d after
rats were sham-operated (controls). *P < 0.05-0.001 when compared
with the control value.

obstructed for 12-16 d without major alterations in parenchy-
mal architecture, the biliary physiology studies were all carried
out 14 d after induction of BO. A representative experiment is
shown in Fig. 3, and all the results are summarized in Table II
and Fig. 4. The major findings can be outlined as follows.

(a) Steady-state bile flow, achieved within 30-50 min from
the release of the obstruction in experimental rats and within
20-40 min from cannulation of the commonbile duct in phys-
iologic animals (Fig. 3), was much higher in BO rats than in
controls. The increase in spontaneous bile flow in the ob-
structed rats was associated with an increased biliary clearance
of [14C]mannitol, although solute B/P was lower in BO rats.
Conversely, biliary entry of [3H]sucrose was much higher in
BOrats, and solute biliary clearance was - 15 times greater in
obstructed rats than in controls. Under steady-state condi-
tions, the excretion rate of cholesterol, phospholipid, and bile
acids were the same in controls and BOrats. Meanbicarbonate
concentration in bile was also the same in the two groups of
animals, but bicarbonate concentrations in BOrats varied sig-
nificantly from animal to animal (13-29 mEq/liter). Interest-
ingly, bicarbonate biliary concentrations in BO rats were sig-
nificantly higher (P < 0.05 by the paired t test) immediately
after biliary obstruction was released (25-39 mEq/liter) than
when steady-state secretory conditions were reached.

(b) Taurocholate (5 umol/min per kg) produced essen-
tially the same effects in controls and BO rats. Bile flow,
[14C]mannitol biliary clearance, and biliary excretions of bile
acids, phospholipid, and cholesterol all increased by the same
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Figure 1. Portal area of a liver from a rat obstructed for 14 d. Note extensive proliferation of bile-ductlike structures, slight infiltration with in-
flammatory cells, and mild peribiliary fibrosis. No significant hepatocellular necrosis is observed (H & E, x 64).

magnitude in both groups of animals, whereas bicarbonate
biliary concentrations slightly and similarly decreased. The
only difference was the effect of taurocholate on [3H]sucrose
biliary clearance, which was much greater in BO rats than in
controls.

(c) Unlike taurocholate, secretin (10 CU/kg per h) pro-
duced quite different effects when infused for 30-40 min into
controls or BOrats. In controls, the hormone induced a mini-
mal choleresis with no measurable change in bile composition.
In obstructed rats, secretin produced a massive increase in bile
flow and bicarbonate concentrations in bile. During secretin
choleresis, [14C]mannitol B/P declined but solute biliary clear-
ance partially and significantly increased. On the other hand,
[3H]sucrose biliary clearance was not affected by the choleretic
effect of the hormone. As expected, the increase in bile flow
produced by secretin in BOrats was associated with no mea-
surable change in the biliary excretion of bile acids, choles-
terol, and phospholipid.

Biliary amylase activity. To ascertain that in BOanimals
bile was not contaminated with pancreatic juice, which could
account for the apparent biliary effects of secretin, a-amylase
activity in serum and bile was determined in three controls
and three BO rats (obstructed for 14 d). Under spontaneous
bile secretion, serum amylase activity averaged 2,475 U/liter
in controls and 1,253 U/liter in BOanimals, and biliary amy-
lase output averaged 0.72 and 0.25 MU/min per g liver in the
two groups, respectively. During secretin administration in BO
rats, enzyme plasma levels remained virtually unchanged
(1,308 U/liter) but biliary amylase activity declined from the
average basal value of 65 U/liter to 53 U/liter, so that steady-

state biliary amylase output (0.28 ,uU/min per kg) was essen-
tially the same as that under unstimulated conditions. These
results are consistent with those previously reported (19, 20)
and indicate that, both in controls and BO rats, bile was not
contaminated with pancreatic juice.

Biliary tree volume determination. The results from these
experiments are reported in Fig. 5 and Table III. In control
rats, BTV measured during taurocholate choleresis averaged
2.93 ul/g liver or 32.8 ,l/total liver. This value is similar to that
obtained previously in the rat using a somewhat different tech-
nique (21). Secretin produced only a minimal increase in bile
flow in control rats so that BTVcould not be measured during
administration of the hormone. In BOrats, BTV determined
during taurocholate choleresis (67.4 jl/g liver or 1071.9 Al/
total liver), was much greater than that obtained in controls,
presumably due to the dilated biliary passages (22, 23) and
increased number and/or length of bile ductules/ducts. During
secretin choleresis, BTV was invariably lower than that mea-
sured during the increase in flow produced by taurocholate,
regardless of whether it was expressed per unit of liver weight
or per total liver mass.

Cytochemistry and immunocytochemistry of isolated hepa-
tocytes and nonparenchymal liver cells. The results are shown
in Tables IV and V. In controls, the number and average size
of isolated hepatocytes and nonparenchymal liver cells were
within the expected range (24, 25). In BOrats, the number of
isolated hepatocytes was 85% of that recovered in controls
when expressed per unit of liver weight, and 62% when ex-
pressed per total liver mass. The average size of parenchymal
liver cells isolated from BO rats was slightly yet significantly
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Figure 2. Histochemical expression of y-glutamyl transpeptidase in the livers of a normal rat (a) and of a rat obstructed for 14 d (b). Note that
while the enzyme activity is confined to portal areas in both livers, the number of bile-ductlike structures positive for the enzyme is much
greater in the obstructed liver (frozen sections counterstained with hematoxylin, X 64).

smaller than that of hepatocytes isolated from controls. On the
other hand, the yield of nonparenchymal liver cells was signifi-
cantly greater in BOrats than in controls, regardless of whether

cell number was expressed per gram of liver or per total liver
mass. The average diameter of nonparenchymal liver cells iso-
lated from BOanimals was also greater, presumably reflecting
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Figure 3. Bile flow and
bile acid excretion rates
in a control rat and in a
rat obstructed for 14 d
(DCH rat). Four points
of the results need em-
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obstructed animal; (b)
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retic effects in both ani-
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mals; (c) secretin increased minimally bile flow in the control rat, but
produced a massive choleresis in the BOanimal; and (d) the excre-

tion rate of 3-hydroxy bile acids was the same in the two animals (.,
BO rat; o, control rat) both under spontaneous secretory conditions
(when steady-state was achieved) and during taurocholate choleresis
(> 90% of the infused taurocholate was recovered in bile).

the higher percentage of biliary epithelial cells (which are on

the average larger than endothelial cells) present in BO livers.
Cytochemical staining of nonparenchymal liver cell smears for
y-GT revealed that, in control rats, only 3.6-4.8% of cells were

positive for the enzyme. Thus, the average number of biliary
epithelial cells isolated and recovered with the present proce-

dure was 0.78 X 106 per g of liver, or 9.32 X 106 for a liver of
approximately 12 g. In BO rats, the percentage of nonparen-
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Figure 4. Net changes (A)in bile flow and mannitol and sucrose bili-
ary clearances (all expressed in /l/min per kg), and in bicarbonate
biliary concentrations (mEq/liter) in control rats (n = 8-1 1, open

bars) and in rats obstructed for 14 d (n = 7-10, solid bars) produced
by taurocholate (5 ,umol/min per kg) and secretin (10 CU/kg per h)
infusion. Taurocholate produced the same effects in both groups of
rats, except for the effect on [3H]sucrose biliary clearance which was

significantly (P < 0.05) greater in BO rats. In control rats, secretin
minimally increased bile flow and did not increase biliary clearances
of ['4C]mannitol and [3Hlsucrose. On the other hand, the increase in
['4C]mannitol biliary clearance observed during secretin choleresis in
BO rats was statistically significant (P < 0.01 by the paired t test).

Table II. Bile Flow and Composition and Biliary Clearance of ['4C]Mannitol and [3H]Sucrose in Control Rats and in Rats
with Biliary Obstruction

Controls (n = 5-11) BO rats (n = 6- 1 0)

Unit Basal TC Secretin Basal TC Secretin

Bile flow ,ll/min per kg 85.6±10.6 123.4±14.0* 87.2±9.8 266.6±51.9 310.3±43.8* 359.7±67.3*
Bile flow ul/min per gt 2.25±0.25 3.24±0.35* 2.29±0.26 3.75±0.64 4.82±0.86* 5.49±1.27*
[14C] B/P§ dpm/dpm 0.96±0.03 0.95±0.02 0.94±0.03 0.72±0.06 0.74±0.04 0.60±0.06*
[14C] Clearance ul/min per kg 82.4±8.9 117.1±13.8* 82.0±10.1 191.7±32.8 230.2±34.6* 215.8±40.6*
[3H] B/P"1 dpm/dpm 0.12±0.02 0.11±0.02 0.11±0.02 0.57±0.10 0.62±0.07* 0.43±0.09*
[3H] Clearance ul/min per kg 10.3±1.8 13.7±1.6 9.5±1.7 151.7±28.6 192.9±24.0* 154.8±20.7
Bile acids mEq/liter 15.9±3.1 40.7±4.1* 12.7±1.9 6.2±2.9 14.2±6.6* 4.1±2.2*
Bile acids ,Eq/min per kg 1.39±0.22 4.97±0.73* 1.14±0.16 1.54±0.27 4.48±0.63* 1.52±0.24
Cholesterol mEq/liter 0.37±0.08 0.63±0.14* 0.39±0.07 0.16±0.06 0.31±0.08* 0.13±0.04*
Cholesterol gEq/min per kg 0.03±0.01 0.08±0.02* 0.03±0.02 0.04±0.02 0.10±0.03* 0.05±0.02
Phospholipid mEq/liter 3.31±0.26 4.38±0.27* 2.39±0.34 1.38±0.53 2.46±0.55* 0.76±0.28*
Phospholipid gEq/min per kg 0.29±0.03 0.57±0.06* 0.22±0.04 0.36±0.06 0.75±0.14* 0.28±0.07
HCO- mEq/liter 19.0±2.6 17.5±2.7 19.5±2.8 20.7±4.3 19.0±5.2 33.2±9.7*
HCO3- eEq/min per kg 1.54±0.22 2.07±0.31* 1.61±0.19 5.38±0.88 5.92±0.84* 12.14±1.88*
Na+ mEq/liter 158.2±6.5 161.2±5.4 156.6±3.8 151.8±5.1 153.9±6.9 155.8±7.2
K+ mEq/liter 6.3±0.3 6.9±0.5 6.1±0.4 5.7±0.7 5.7±0.8 6.4±0.8
C1- mEq/liter 99.8±2.6 84.7±3.2* 98.7±2.5 118.1±7.3 112.0±6.9* 110.8±7.2
Osmolality mosmol/liter 302±16 297±8 304±12 314±21 317±16 323±22

LW/BW' % 3.81±0.44 6.65±1.18
Hepatic H20 % 72.32±0.68 75.54±3.32

Data are means±SD (n = no. of animals) and were obtained at steady-state conditions. Rats were studied 14 d after induction of BOor 12-14
d after being sham-operated (controls). Note that basal values shown here are those obtained during the initial period in which bile collection
was initiated (0-70 min) and are not necessarily the same as those observed before secretin infusion. Thus, for net changes produced by the
hormone, see Fig. 4. Taurocholate (TC) was infused at 5 gmol/min per kg, while secretin at 10 CU/kg per h. * Significantly different
(P < 0.05-0.001 by paired t test) when compared with respective basal value. d,ul/min per g liver. § [14C] stands for [14CJmannitol. 11 [3H]
stands for [3H]sucrose. ' Liver weight/body weight.
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Figure 5. Biliary tree volume determination in a control rat and in a

rat obstructed for 14 d (DCH rat). Animals received a constant infu-
sion of trace amounts of ['4C]taurocholate (- 10 nmol/h) as a

marker of biliary transit time. When steady-state biliary excretion of
radioactivity was observed, 5 ,umol/min per kg taurocholate (TC)
were infused for 45 min followed by (a) a 60-min equilibrium pe-

riod; (b) a constant infusion of secretin at 10 CU/kg per h for 30
min; and (c) a final 30-min equilibration period. The biliary tree vol-
ume was calculated (see Methods) by measuring the biliary washouts
(solid areas) of [14C] radioactivity during choleresis produced by the
bile acid and the hormone. (In the control rat only taurocholate was

infused because secretin did not produce a sufficient increase in bile
flow to allow measurement of biliary washout of [14C] radioactivity.)
Note that in the DCHrat, the biliary washout of [14C] radioactivity
was much greater during taurocholate than secretin choleresis. Also
note that the biliary washout of radioactivity associated with tauro-
cholate choleresis was greater in the obstructed animal than in the
control.

chymal liver cells expressing 'y-GT activity ranged from 25 to
31 so that the number of -y-GT positive cells was 10-15 times
greater than that recovered in controls. Immunoperoxidase
staining for cytokeratin, which is also a marker of epithelial
cells (26), yielded roughly the same percentage of positive
nonparenchymal cells as that obtained with y-GT. Hepato-
cytes, isolated from either control or BOrats, were negative for
y-GT, cytokeratin, and a-fetoprotein, and positive for G-6-P
and albumin. Nonparenchymal liver cells were always nega-
tive for G-6-P, albumin, and a-fetoprotein, regardless of
whether they were isolated from controls or BOrats.

Discussion

Several observations suggest that the biliary ductules/ducts are

involved in bile formation. At least in the rat, however, little is

known about the reabsorptive and secretory activities of bili-
ary epithelial cells. In the present studies, we have examined
several aspects of biliary physiology in rats with DCHin the
attempt to obtain more direct evidence for a role of biliary
epithelium in bile formation. Our line of reasoning was that if
the bile ductules/ducts were involved in secretion or reabsorp-
tion of bile, then conditions associated with an increased num-
ber of biliary epithelial cells, as in prolonged BO, should result
in an amplified secretory or reabsorptive activity. The present
results have indeed demonstrated that induction of DCHis
associated with a massive increase in spontaneous bile flow
and responsiveness to secretin choleresis. Our findings are
consistent with previous reports which have shown that bile
duct obstruction (10, I 1) and a-naphthylisothiocyanate feed-
ing (9), which also induces DCH, are associated with an in-
creased spontaneous bile secretion (9-1 1) and/or responsive-
ness to secretin choleresis (10). Unlike these previous studies,
however, the present experiments provide compelling evi-
dence that the proliferated bile ductules/ducts are the struc-
tures responsible for the increased secretory activity, both
under spontaneous conditions and during secretin administra-
tion.

The conclusion that the proliferated biliary epithelial cells
secrete water and electrolytes and are the site of secretin cho-
leresis is based on the following observations. First, induction
of BOled to an unambiguous increase in the number and/or
length of bile ductules/ducts, and to a moderate but significant
decrease in both the size and number of parenchymal cells,
making it unrealistic to implicate the latter as the structures
responsible for the increased secretory activity. Second, the
composition of bile in BO rats both under unstimulated con-
ditions and during secretin choleresis resembled that of a fluid
secreted primarily at the distal, rather than canalicular, region
of the biliary tree. Bicarbonate concentrations in spontane-
ously secreted bile were in fact, the same as, or higher (immedi-
ately after the obstruction was released) than in controls and,
as observed in other species (4, 27), significantly increased
during secretin choleresis. Although bicarbonate transport
may be involved in hepatocytic bile formation (28, 29), avail-
able evidence favors a ductular/ductal localization of such a
process, at least of the one responsive to secretin stimulation
(4, 27). Third, ['4C]mannitol B/P under spontaneous secretory
conditions was much lower in BOanimals, even though solute
biliary clearance was significantly higher. Wenow know that
this, as well as other inert carbohydrates can cross the distal
epithelial structures (30, 31) so that firm conclusions about the
site at which bile is secreted or reabsorbed cannot be made on

Table III. Biliary Tree Volumes in Control Rats and in Rats with Biliary Obstruction Measured during Secretin
and/or Taurocholate Cholereses

Taurocholate choleresis Secretin choleresis

,ul/g liver ul/total liver uld/g liver AI/total liver

Controls (n = 4) 2.93±0.56 32.8±5.1
BO rats (n = 6) 67.4±15.8* 1071.9±162.6* 39.5±10.4* 628.4±74.8*
BO/control 23.0 32.7

Values are means±SD (n = No. of experiments). Experiments were carried out 14 d after induction of BOor 14 d after rats were sham-operated
(controls). * Significantly different (P < 0.001) when compared with the respective values obtained in controls. * Significantly different
(P < 0.01 by the paired t test) when compared with the respective values obtained during taurocholate choleresis.
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Table IV. Average Size and Number of Hepatocytes and Nonparenchymal Liver Cells, and Number of Nonparenchymal Cells Positive
for y-GT, Isolatedfrom Control Rats andfrom Rats with Biliary Obstruction

Controls (n = 6) BOrats (n = 8) BO/control

Hepatocytes
Diameter (pm) 22.53±0.51 19.16±0.82* 0.85
No./g liver 46.88±4.45 X 106 28.91±6.73 x 106* 0.62
No./total liver 5.61±0.23 X 108 4.78±0.43 x 108* 0.85

Nonparenchymal liver cells
Diameter (Am) 8.23±0.21 9.84±0.42* 1.20
No./g liver 18.64±4.12 X 106 29.21±6.65 x 106* 1.57
No./total liver 2.23±0.45 X 108 4.82±0.58 X 108* 2.16

Nonparenchymal liver cells positive
for y-GT*

% 4.18±0.22 28.65±2.53* 6.85
No./g liver 0.78±0.12 X 106 8.38±1.08 X 106* 10.74
No./total liver 9.32± 1.14 X 106 1.40±0.17 X 108* 15.02

Values are means±SD (n = no. of experiments). Cells were isolated 13-14 d after induction of BOor 12-14 d after rats were sham-operated
(controls). * Significantly different (P < 0.05-0.001) when compared with the respective control value. $ The number of cells (biliary epithe-
lial) positive for y-GT was roughly the same as that estimated by cytokeratin immunohistochemistry (see Table V).

the basis of these clearance measurements. However, it is rea-
sonable to assume that the collecting bile ductules/ducts are
less permeable to ['4C]mannitol than the bile canaliculi so that
the lower solute B/P observed in the obstructed rats can best be
explained by postulating that the additional fluid secreted in
BOanimals originated at the distal epithelial structures. The
finding that during secretin choleresis, biliary entry of
['4C]mannitol increased only partially, as observed in other
species (32, 33), and that of the larger solute [3Hjsucrose was
virtually unaffected is in accord with this interpretation.
Fourth, BTV in BO rats measured during secretin choleresis
was significantly smaller than that determined during cholere-
sis produced by the canalicular stimulant taurocholate, a find-
ing similar to that obtained previously in the dog (4) and con-
strued to support a ductular/ductal origin of secretin cholere-
sis. Finally, secretin induced a minimal choleresis in
physiologic rats but a massive increase in bile flow in BO
animals in which extensive DCHwas present, whereas the
canalicular stimulant taurocholate produced the same biliary

effects in both groups of animals. If not for the increased num-
ber of biliary epithelial cells, why would other factors, such as
the hematologic abnormalities and/or the biochemical, regen-
erative (34, 35), structural (22, 23, 36), and permeability (in-
creased [3H]sucrose biliary entry) changes, which also occur in
BO, lead to an increased spontaneous secretory activity and
responsiveness to secretin choleresis, and not modify the bili-
ary effects of taurocholate? Taken together, therefore, the
present results provide compelling evidence that, in BO rats,
the proliferated bile ductules/ducts spontaneously secrete
water and electrolytes and are the site of secretin choleresis.

Because DCHis a toxic hepatic reaction seen in obstruc-
tion (34, 37) and in a variety of hepatobiliary diseases (38-40),
we judged it of importance to establish the origin of the prolif-
erated cells in our BO rats. In fact, if the secretory activity of
the proliferated structures represented an acquired property of
the newly formed cells, then the physiologic relevance of our
findings would be uncertain. At present, the significance of
DCH, including the origin and fate of the proliferating cells, is

Table V. Phenotypic Characteristics of Hepatocytes and Nonparenchymal Liver Cells Isolated
from Control Rats andfrom Rats with Biliary Obstruction

Controls (n = 8-18) BOrats (n = 15-26)

Nonparenchymal Nonparenchymal
Hepatocytes cells Hepatocytes cells

Glucose-6-phosphatase + +

y-Glutamyl transpeptidase - +* -+*
Cytokeratin +§ +§

Albumin + +
a-Fetoprotein +11

Cells were isolated 13-14 d after induction of BOor 12-14 d after rats were sham-operated (controls). (+) Activity. (-) No activity. * 4.18%
and 28.65% of cells were positive for y-GT in controls and DCHrats, respectively (see Table IV). * Hepatocytes from control and BOrats were
negative, although some pale staining was at times observed in a few cells. § 4-5% and 25-30% of cells were strongly positive in controls and
BOrats, respectively (as for y-GT). 11 Isolated from fetal rat livers (hepatocytes isolated from normal adult rats were negative).
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not fully understood. Some reports have suggested that meta-
plasia of hepatocytes may in part account for the proliferated
bile-ductlike structures seen in various forms of chronic liver
disease associated with cholestasis (41-43). In these and other
studies (44, 45), however, the hyperplastic, nonparenchymal
cell population associated with biliary obstruction was invari-
ably negative for G-6-P, albumin, and/or a-fetoprotein,
whereas y-GT activity and cytokeratin expression were con-
sistently detected. Clearly, this does not prove that the prolifer-
ated bile ductules/ducts were derived solely from the existing
biliary epithelial structures, nor that they retained fully the
physiologic properties of bile ductular epithelial cells. In fact, it
is possible that secretion of water and electrolytes is an ac-
quired property of the proliferated cells secondary to the non-
physiologic conditions (e.g., stagnant bile acids and/or other
bile constituents in the biliary ductules/ducts) associated with
obstruction. However, in addition to the phenotypic data
which do support a biliary epithelial origin of the proliferated
cells, the augmented responsiveness to secretin choleresis was
roughly proportional to the increase in BTV and the number
of y-GT positive cells. This suggests that the secretory activity
of the proliferated biliary structures represents a quantitative,
rather than a qualitative change associated with DCH. Hence,
although under normal conditions the biliary ductules/ducts
in the rat seem to contribute little to bile secretion, they do
appear to have the property of secreting a bicarbonate-rich
fluid both spontaneously and under the stimulating effect of
the hormone secretin.

As to the mechanism by which the proliferated biliary epi-
thelial cells secrete fluid, the finding that the stagnant bile
collected immediately after the obstruction was released and
during secretin choleresis contained high bicarbonate concen-
trations supports the existing hypothesis that bicarbonate
transport is somehow involved in the vectorial transport of
water across the biliary ductules/ducts. At this time, however,
this is only conjectural and further studies are needed to eluci-
date the precise mechanism by which the biliary epithelial cells
secrete water and electrolytes.
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