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Background & Aims: After partial hepatectomy, liver
regeneration occurs with the return of hepatocyte mass
to normal. Limited data exist regarding the renewal of
the biliary tree after partial hepatectomy. This study
tested the hypothesis that, after partial hepatectomy,
the biliary tree regenerates by proliferation of the re-
maining cholangiocytes, leading to an increase in se-
cretin-induced ductal bile secretion. Methods: After
70% partial hepatectomy, cholangiocyte proliferation
was assessed in situ by morphometric analysis and
in vitro by measurement of *H-thymidine incorporation.
Ductal secretion was estimated by measurement of
secretin receptor gene expression and adenosine 3',5'-
cyclic monophosphate (cAMP) levels in vitro and by
the effect of secretin on ductal bile secretion in vivo.
Results: DNA synthesis was undetectable in control
cholangiocytes, increased and peaked at day 3 after
partial hepatectomy, and returned to normal by day 28.
Morphometric analysis showed regrowth of the biliary
tree beginning at day 1 with restoration by day 10.
The expression of secretin receptor gene and secretin-
induced cAMP levels and secretin-induced bicarbonate-
rich choleresis increased during the period of bile duct
renewal. Conclusions: After partial hepatectomy, the
increase in secretin-induced ductal bile secretion ob-
served during bile duct renewal results from prolifera-
tion of remaining cholangiocytes.

he liver is comprised of two types of epithelia: (1)

hepatocytes, which account for as much as 60% of
the nucleated liver population,' and (2) intrahepatic bile
duct epithelial cells or cholangiocytes, which line the
intrahepatic biliary tree and represent only 3% —5% of
the total hepatic population.”™* Cholangiocytes modify
bile of canalicular origin by a series of absorptive and
secretory processes.” " A number of gastrointestinal hor-
mones, including secretin, modify ductal secretion of
water and anions.””® Secretin enhances ductal secretory
activity by interaction with specific receptors on cholan-

giocytes, which causes an increase in intracellular adeno-
sine 3’,5’-monophosphate (cAMP) levels.®® Increased
intracellular cAMP levels lead to activation of Cl™ chan-
nels”'’ and CI"/HCO; ™~ exchanger activity,”'" which re-
sults in the secretin-induced bicarbonate-rich choler-
esis.”®

In normal liver, cholangiocytes have low basal DNA
synthesis.'>"> However, cholangiocytes markedly prolif-
erate in a number of experimental models of cholesta-
sis.”>®'1"% Three types of cholangiocyte proliferation
(typical, atypical, and oval cell proliferation) have been
defined.”*'*=** Typical cholangiocyte proliferation is ob-
served after bile duct ligation (BDL), tt-naphthylisothio-
cyanate (ANIT) feeding, or combined BDL/furan treat-
ment and results in ductal proliferation confined to portal
areas.”>"17101821-2 Arynical cholangiocyte proliferation
is observed in prolonged cholestatic liver diseases such
as primary sclerosing cholangitis and is characterized by
irregular proliferation of bile ducts sprouting into lobular
regions.”"'?? Oval cell proliferation occurs in the early
stages of chemically induced hepatocarcinogenesis™®?*
and is characterized by a disorganized proliferation of
ductal structures with a poorly defined lumen. Cholan-
giocyte proliferation after BDL, for example, is closely
associated with an increase in (1) secretin receptor (SR)
gene expression® and secretin-induced cAMP levels in
vitro®® and (2) secretin-induced bicarbonate-rich chole-
resis in vivo.>*'°

In response to resection, the liver has the capacity to
regenerate back to its original size.”’~>’ Although all
cell types in rat liver may proliferate after 70% partial
hepatectomy, most studies have focused on the role of
hepatocytes in this regenerative model.” >’ Previous re-

Abbreviations used in this paper: ANIT, a-naphthylisothiocyanate;
BDL, bile duct ligation; CK-19, cytokeratin 19; GGT, y-glutamyl trans-
peptidase; SR, secretin receptor.
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ports*® ! have shown that, after partial hepatectomy, the
regrowth of the intrahepatic biliary tree occurs through
proliferation of remaining cholangiocytes. However,
these studies do not address the contribution of re-
maining cholangiocytes to ductal bile secretion after par-
tial hepatectomy using physiological relevant markers of
cholangiocyte secretion (e.g., SR gene expression, secre-
tin-stimulated cAMP levels, and secretin-induced chole-
resis), as we accomplished in these studies.

To begin to address the mechanisms regulating the
regrowth of the biliary tree after partial hepatectomy at
different intervals (i.e., 1, 3, 6, and 12 hours and 1, 3,
5,7, 10, 14, 21, and 28 days), we studied (1) the extent
of cholangiocyte proliferation by morphometric analysis,
(2) the effect of secretin on both bile secretion and bicar-
bonate excretion in vivo, and (3) DNA synthesis and the
molecular and functional expression of SR in cholangio-
cyte preparations isolated from control rats and from rats
at serial intervals after partial hepatectomy. Because of
the peculiar characteristics of cholangiocytes (e.g., dor-
mancy in normal state and prolonged G, phase compared
12133132 e hypothesized that, after
partial hepatectomy, cholangiocytes would return to a

with hepatocytes),

normal quiescent basal state later (i.e., 28 days) than that
observed in hepatocytes (i.e., 10—14 days).” =’

Materials and Methods
Animal Model

Male Fisher 344 rats (75—100 g) were purchased from
Charles River (Wilmington, MA), maintained in a tempera-
ture-controlled environment (20—22°C) with a 12-hour light-
dark cycle, and fed ad libitum with standard rat chow. In our
studies, we used normal rats and rats at different intervals after
partial hepatectomy (i.e., 1, 3, 6, and 12 hours and 1, 3, 5,
7,10, 14, 21, and 28 days). After administration of isoflurane/
oxygen anesthesia, 70% partial hepatectomy was performed as
previously described.” Before each experiment (e.g., liver tis-
sue collection for morphometric analysis, liver perfusion for
cell isolation, or surgery preparation for bile collection), rats
were anesthetized with pentobarbital (50 mg/kg intraperitone-
ally). When necessary, the animals were killed with an overdose
of pentobarbital (200 mg/kg intraperitoneally). In all animals
used (n = 20), both wet liver weight and wet liver weight to
body weight ratio were determined.

Materials

Reagents were purchased from Sigma Chemical Co.
(St. Louis, MO) unless otherwise indicated. The pGEM4Z vec-
tor was obtained from Promega Corp. (Madison, WI). Porcine
secretin was purchased from Peninsula (Belmont, CA). The
mouse anti—cytokeratin 19 (CK-19) antibody was purchased
from Amersham (Arlington Heights, IL). The secondary anti-
body, a biotinylated horse anti-mouse immunoglobulin G that
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was rat adsorbed, was obtained from Vector Laboratories Inc.
(Burlingame, CA). Cel-Tak was purchased from Collaborative
Biochem Products (Bedford, MA). Dulbecco’s phosphate-buf-
fered saline (PBS) was obtained from Celox (Hopkins, MN).

In Situ Determination of Ductal Mass

We assessed in situ ductal mass by point count analy-
sis?* by determining the number of ducts, stained for either
Y-glutamyl transpeptidase (GGT) or CK-19 (two cholangio-

. 2,3,15,36,37
cyte-specific markers),”'>?

present in each coded section
(n = 6) and obtained randomly from normal and partial hepa-
tectomy rat livers. Immunohistochemistry for CK-19 was pet-
formed as previously described by us."” Briefly, after the
blocking of nonspecific binding sites by incubation with 1.5%
normal horse serum, frozen liver sections (4—6 Wm thick) were
incubated in a humidified chamber for 2 hours at room temper-
ature with a 1:10 dilution of mouse anti—CK-19 antibody.
After several washes with Dulbecco’s PBS, the liver sections
were incubated in a humidified chamber for 30 minutes at
room temperature with a 1:200 dilution of a secondary anti-
body, a biotin-labeled horse anti-mouse immunoglobulin G
rat adsorbed. The final peroxidase product was developed using
the substrate 3-amino-9-ethylcarbazole. Histochemistry for
GGT in frozen liver sections was performed as previously de-
scribed.”® After light counterstaining with hematoxylin, sec-
tions were examined in a coded fashion with a Zeiss micro-
scope. In each liver section, the entire area was examined using
multiple photographs taken in a mosaic fashion. From the
total number of points over hepatic tissue and the number of
points over CK-19— and GGT-positive ducts, we calculated
the volume percent of liver occupied by ducts.**** Intrahepatic
bile duct mass was estimated by multiplying volume percent
of bile ducts from morphometric data by liver weight, from
which the sections were obtained assuming equal density of
biliary structures and the remainder of the liver. This technique
is identical to the approach of Weibel et al.,”*** who used
point counting morphometry to estimate the relative volume
percent and weight of different cell types or subcellular struc-
tures in liver. Point counting analysis®**> has also been applied
by us to assess ductal mass in normal rac liver.*”

Isolation and Phenotypic Characterization
of Cholangiocytes From Normal and Partial

Hepatectomy Rat Livers

Cholangiocytes from normal and partial hepatectomy

. . . . . . 6.39
rat livers were isolated by immunoaffinity isolation®**’

using
a monoclonal antibody ubiquitously expressed by all intrahe-
patic cholangiocytes.” Briefly, after standard collagenase perfu-

193637 3 cholangiocyte-enriched fraction (40% —55% pure

sion,
by GGT) was obtained from intact portal tracts as previously
described by Ishii et al.”® and subsequently purified by immu-
noaffinity separation.’®” Cell purity was assessed using trypan
blue exclusion. The diameter of individual cholangiocytes from
control rats and from rats 3 days after partial hepatectomy
was determined by computerized image analysis as previously

described by us.”’ Cholangiocyte preparations from normal
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and partial hepatectomy rat livers were also characterized by
molecular analysis of CK-19 and albumin messenger RNAs,
specific markers of cholangiocytes,"> and hepatocytes,”'® re-
spectively. We used the ribonuclease protection assay, a very
sensitive assay for determining steady-state levels of selected
messages (see below).?

Measurement of DNA Synthesis

In cholangiocytes from normal and partial hepatectomy
rat livers, DNA synthesis was assessed by *H-thymidine incor-
poration as previously described.” This approach was recently
used by us'® to measure DNA synthesis in cholangiocyte sub-
populations from BDL rat liver. Briefly, 90 minutes after an
intraperitoneal injection of 1 UCi/g body wt of [methyl}-*H-
thymidine (6.70 Ci/mmol; DuPont New England Nuclear
Products, Boston, MA), isolated cholangiocyte preparations
from normal and partial hepatectomy rat livers (2.0 X 10°,
=97% pure) were first treated with 3 mol/L KOH at 37°C
for 30 minutes and then with a solution containing 15%
trichloroacetic acid and 6N HCI at 4°C for 12 hours. After
centrifugation at 10,000g for 20 minutes at 4°C, DNA was
extracted from the cell pellet with HCIO, at 80°C for 15
minutes. After spinning, supernatant was transferred and the
radioactivity incorporated into DNA was measured in dupli-
cate. Samples were kept for 12 hours at 4°C in the dark to
avoid chemiluminescence and counted with a Beckman LS
3801 Liquid Scintillation Counter (Irvine, CA).

Cholangiocyte Gene Expression

The expression of selected genes in lysates obtained
from tissues/organs (=100 mg) and cholangiocytes (2.0-3.0
X 10°) was assessed by the lysate ribonuclease protection assay
kit (Direct Protect; Ambion Inc., Austin, TX) according to
the instructions of the vendor. This procedure was previously
used to determine steady-state levels of selected genes in other
cell systems.*"**? The comparability of the cholangiocyte lysates
used in this assay was assessed by hybridization with the
housekeeping gene cyclophilin.*> Antisense riboprobes were
transcribed from linearized complementary DNA templates
with either T; or SP; RNA polymerase using {0->*Pluridine
triphosphate (800 Ci/mmol) (Amersham).

We used the following [**Pluridine triphosphate—labeled
single-strand antisense riboprobes. A 350—base pair riboprobe,
encoding for the message of the rat CK-19 gene, was generated
from pBlueScript CK-19 (a gift from A. Quaroni, Ithaca, NY);
a 345—base pair riboprobe, encoding for the sequence of the
albumin gene, was transcribed from pGEM4Z/albumin 345 (a
gift from D. Shafritz, Albert Einstein Hospital, Bronx, NY);
a probe 103 base pairs long, encoding sequences complemen-
tary to rat cyclophilin messenger RNA, was obtained from
Ambion Inc.; and a 318—base pair riboprobe encoding the
message for SR was transcribed from pGEM4Z-SR (a gift from
Dr. N. F. LaRusso, Mayo Clinic, Rochester, MN).

Intracellular cAMP Levels

Both basal and secretin-altered intracellular cAMP lev-
els in cholangiocytes from normal and partial hepatectomy
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rat livers were determined as previously described.®™®** After
purification, each cholangiocyte preparation was incubated for
1 hour at 37°C to restore surface proteins damaged by treat-
ment with proteolytic enzymes.” From each fraction, 1.0 X
10’ cholangiocytes were stimulated with secretin (10~ mol/
L) for 5 minutes at 22°C. In each experiment, 0.5 mmol/L
3-isobutylmethylxanthine, a phosphodiesterase inhibitor, was
added. After ethanol extraction, basal and agonist-induced
cAMP formation was measured by radioimmunoassay using
commercial kits (Amersham) according to the instructions sup-
plied by the vendor.

Chloride Bicarbonate Exchanger Activity

Cholangiocytes were obtained from rats at 3 days after
partial hepatectomy and examined for CI"/HCO;~ exchanger
activity. The CI"/HCO;"~ exchanger activity was determined
by fluorescence measurements of the rate of intracellular alka-
linization in cholangiocytes after the abrupt removal of chlo-
ride from the media as previously described by us®® and oth-
ers”'" in cholangiocytes from normal rat liver. Briefly, freshly
isolated cholangiocytes were placed on glass coverslips coated
with Cel-Tak and then incubated at 37°C for 1 hour. Cholan-
giocytes were then loaded with the pH-sensitive fluorescent
dye 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein
methyl ester (1 lmol/L) for 10 minutes at 37°C and transferred
to a perfusion chamber on the stage of an inverted Nikon

acetoxy-

fluorescence microscope (Tokyo, Japan) ficted with an Omega
Optical (Brattleboro, VT) quantitative fluoroscein filter set.
The intracellular pH of cholangiocytes was measured by alter-
nating excitations of 490/440 nm by a motor-driven rotating
filtering wheel (Ludh Electronic Products Ltd., Hawthorne,
NY) and by a single photon counting photomultiplier tube
(Hamamatsu, Hamamatsu City, Japan). The 490/440 fluores-
cence intensity ratio was converted to intracellular pH using
a nicergin calibration curve as previously described.”*® The
signal-to-background fluorescence ratio, measured as pre-
viously described,"" exceeded 55 in all experiments. Cholangio-
cytes were first perfused with Krebs—Henseleit bicarbonate
solution (pH 7.4) containing 1% bovine serum albumin (Cal-
biochem, La Jolla, CA) with or without secretin (1077 mol/L
for 5 minutes at 22°C). Then the media Cl~ was abruptly
replaced with equimolar amounts of gluconate. The Cl™/
HCO; ™ exchanger activity was determined by both the overall
pH increase and the rate of intracellular pH increase as pre-
viously described.?*"

In Vivo Biliary Physiology

After administration of anesthesia, rats were surgically
prepared for bile collection as previously described by us™'®
and others.® One jugular vein was incannulated with a PE-50
cannula (Clay-Adams, New York, NY) to infuse either Krebs—
Henseleit bicarbonate solution or the hormone secretin (10~
mol/L) dissolved in Krebs—Henseleit bicarbonate solution.
Blood was withdrawn every 10 minutes from one carotid artery
(PE-60) to assess the arterial hematocrit, which remained con-

stant (41% —45%) in all animals during bile collection. The
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rate of fluid infusion was adjusted according to both the rate
of bile flow and the value of the arterial hematocrit and ranged
from 0.738 to 2.964 mL/h. Body temperature was monitored
with a rectal thermometer (Yellow Springs Instruments, Yel-
low Springs, OH) and maintained at 37°C by using a heating
pad. When steady-state bile flow was achieved (60—70 minutes
from the beginning of bile collection), secretin at 10~ mol/L
was infused for 30 minutes, followed by a final infusion of
Krebs—Henseleit bicarbonate solution for 60 minutes. At the
end of bile collection, the animal was killed with an overdose
of sedative (200 mg/kg intraperitoneally) and the liver removed
and weighed. Throughout the experiment, bile was collected
every 10 minutes in preweighed tubes and immediately stored
at —20°C before determining bicarbonate concentration. Bile
volume was determined by weight, assuming a density of 1.0
g/mL. Bile flow was expressed as microliters per minute per
kilogram body weight. Bicarbonate concentration (measured
as total CO,) in bile from control and partial hepatectomy
rats was determined by a Natelson microgasometer apparatus
(Scientific Industries, Bohemia, NY).

Results
Measurement of Liver Mass

Liver mass (assessed by measurement of wet liver
weight) was markedly reduced by partial hepatectomy
as expected and returned to normal between days 7 and
10 (results not shown). Liver weight to body weight
ratio was decreased after 70% partial hepatectomy and
returned to control values between days 10 and 14 (re-
sults not shown). These results are similar to those of
other studies.”””?

Histochemistry and Immunohistochemistry
of the Intrahepatic Biliary Tree

Before partial hepatectomy, only 2—3 bile ducts
staining for either GGT or CK-19 were observed per
portal area of liver section from control rats (results not
shown). In contrast, a marked increase in the number of
intrahepatic bile ducts per portal area was seen 1—3 days
after partial hepatectomy (results not shown). The num-
ber of bile ducts returned to normal by day 28 after
partial hepatectomy. Neither portal inflammation nor
peribiliary fibrosis was observed in partial hepatectomy
rat livers. Morphometric quantitative measurement of
bile ductal volume percent (Figure 1A) showed a signifi-
cant increase of bile duct density at days 1—3 after partial
hepatectomy compared with control liver (0.41% =
0.028% vs. 0.27% = 0.051%, P < 0.05 by unpaired ¢
test; Figure 1A). The total mass of the intrahepatic biliary
tree, estimated from morphometric studies, increased sig-
nificantly beginning at day 1 and continued to increase
until day 10, at which point it was comparable to control
values, indicating complete restoration of the biliary tree

GASTROENTEROLOGY Vol. 111, No. 6

(Figure 1B). Further increases in bile duct mass 10 days
after partial hepatectomy was related to normal liver
growth and maturation of the rats.

Characteristics of Cholangiocyte
Preparations From Normal and Partial
Hepatectomy Rat Livers

In our laboratory, immunoafhnity purification
commonly yields cholangiocyte preparations =97% pos-
itive for GGT but negative for glucose-6-phosphatase
histochemistry (results not shown). Most of the cells con-
taminating our cholangiocyte preparations were cells of
mesenchymal origin, which correlates to our previous
studies.”” Cell viability was =98%. No significant (P >
0.05) changes in diameter were observed in cholangio-
cytes from rats 3 days after partial hepatectomy (11.46
* 0.27 [mean * SE}) compared with cholangiocytes
from control rats (12.1 = 0.15). The data are in agree-
ment with our previous observations™'”'® showing that
proliferating cholangiocytes from BDL rat liver have a
diameter similar to that of normal cholangiocytes.

Measurement of DNA Synthesis in
Cholangiocytes From Normal and Partial
Hepatectomy Rat Livers

Before partial hepatectomy, DNA synthesis, as-
sessed by measurement of "H-thymidine uptake, was vir-
tually absent in control cholangiocytes (Figure 2), a find-
ing that parallels previous studies by us"’ and others."
After partial hepatectomy, DNA synthesis increased,
reached a peak at day 3, and returned to control quiescent
values at day 28 (Figure 2). The data are consistent with
the hypothesis that remaining cholangiocytes proliferate
after partial hepatectomy, thus participating in the resto-
ration of the intrahepatic biliary tree.

In Vitro Molecular Analysis

As shown in Figure 3A, purified cholangiocytes
from normal and partial hepatectomy rat livers expressed
CK-19 but not albumin messenger RNA (Figure 3A).
Cyclophilin, the housekeeping gene, was similarly ex-
pressed among purified cholangiocytes (Figure 3A). In
agreement with our previous studies,” the message for
the SR gene was detected in control cholangiocytes. Par-
allel to changes in DNA synthesis, SR gene expression
increased at day 1 after partial hepatectomy, reached a
maximum at days 3—5 (an approximately sevenfold in-
crease), and declined to control levels at day 28. Densi-
tometry analysis of selected messages is shown in Figure
3B.
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Figure 1. (A) The volume density of bile ductal structures in livers from normal and partial hepatectomy rats was determined by morphometric
analysis by determining the number of ducts stained for either GGT or CK-19 present in frozen sections (n = 6) obtained randomly from normal
and partial hepatectomy rat livers. (B) From volume density and liver weights, bile duct mass was estimated. A transient increase of duct
density is observed at days 1 and 3, coinciding with the histochemical staining for GGT (results not shown). Bile duct mass, reduced by partial
hepatectomy, is restored by day 10. Statistical analysis was performed by unpaired t test. *P < 0.05.

Intracellular Levels of cAMP

cAMP formation was determined because intra-
cellular levels are closely coupled to proliferative and
secretory activity in cholangiocytes®® and other cell
types.”*® Before partial hepatectomy, basal cAMP for-
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Figure 2. Ninety minutes after an intraperitoneal injection of 1 uCi/
g body wt of [methyl]-*H-thymidine, the radioactivity incorporated into
DNA was measured in preparations of cholangiocytes (=~2.0 x 10°
cells; =97% pure) obtained by immunoaffinity separation®®° from
normal and partial hepatectomy rat livers. DNA synthesis was absent
in normal cholangiocytes. Note that, after partial hepatectomy, DNA
synthesis increased, reached a peak at day 3, and returned to control
quiescent values at day 28. *P < 0.05 compared with control cholan-
giocytes. Statistical analysis was performed by unpaired t test.

mation in cholangiocytes (14.32 *+ 0.8 fmol/1 X 10’
cells; Figure 4) was similar to that reported in other
studies.” After partial hepatectomy, basal cAMP levels
markedly increased in cholangiocytes, reached a peak at
day 5 (28.07 = 0.7 fmol/1 X 10’ cells; P < 0.05 by
unpaired ¢ test), and returned to values similar to that
of control cholangiocytes at day 28 (Figure 4). In control
cholangiocytes, the increase in secretin-induced cAMP
levels (+9.72 + 1.9 fmol/1 X 10’ cells; Figure 4) was
similar to that of other studies.” Secretin-induced cCAMP
levels in cholangiocytes from partial hepatectomy rat liv-
ers were increased in parallel to SR gene expression,
higher as early as at 1 hour after partial hepatectomy,
peaked between days 5 and 7 (+21.3 £ 1.1 and 25.7
+ 6.2 fmol/1 X 10’ cells, respectively; P < 0.05 by
unpaired ¢ test), and then gradually returned to control
values (+8.89 * 1.9 fmol/l X 10’ cells) at day 28
(Figure 4).

Chloride Bicarbonate Exchanger Activity

To further address if secretory activity of cholan-
giocytes was enhanced after partial hepatectomy, we
measured Cl"/HCO;~ exchanger activity of individual
cholangiocytes isolated from control rats and rats 3 days
after partial hepatectomy (Figure 5 and Table 1). The
maximum rate of increase of intracellular pH and the
overall intracellular pH increase after the abrupt removal
of CI” from the media, indices of CI"/HCO;™ exchanger
activity, were measured in cholangiocytes from control
and partial hepatectomy rat livers in the presence and
the absence of 10~ mol/L secretin (Figure 5 and Table
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1). In single experiments, shown in Figure 5, secretin
enhanced the rate of intracellular alkalinization in chol-
angiocytes from partial hepatectomy livers on day 3
(Figure 5D) to a greater degree compared with control
cholangiocytes (Figure 5C). The maximum rate of alka-
linization was enhanced by secretin in cholangiocytes
from partial hepatectomy rat livers (secretin, 0.34 =+
0.08; basal, 0.14 = 0.04; P < 0.05) compared with
control cholangiocytes (secretin, 0.22 * 0.06; basal,
0.11 = 0.04; P < 0.05) (see Table 1). In the absence
of secretin, after Cl~ removal, the rate of the overall
increase in intracellular pH in cholangiocytes from par-
tial hepatectomy rat liver was not statistically different
with respect to control cholangiocytes (P > 0.05 by
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Figure 3. (A) The expression of selected messages was determined
by direct ribonuclease protection assay using cell lysate samples each
containing 4.50 X 10° pure cholangiocytes obtained from control rats
and rats at different intervals after partial hepatectomy. The compara-
bility of the cholangiocyte lysates used was assessed by hybridization
for cyclophilin, the housekeeping gene. (B) After exposure for 24 hours
at —70°C, autoradiograms were quantified by densitometry.
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unpaired ¢ test). These data indicate that partial hepatec-
tomy is associated with increased secretin-induced Cl™/
HCO;  exchanger activity in individual cholangiocytes.

In Vivo Effect of Secretin on Ductal Bile
Flow and Bicarbonate Excretion

During the first 24 hours after partial hepatec-
tomy, before the onset of DNA synthesis,”” both basal
bile flow and biliary bicarbonate output were markedly
reduced (an approximate 2.0-fold decrease) as expected,
returning to control values by day 3 and remaining
slightly higher from days 5 to 28 after partial hepatec-
tomy (Figure 6A and B and Table 2). Before partial
hepatectomy, secretin had no effect on either bile flow
(Figure 6A and Table 2) or bicarbonate output (Figure
6B and Table 2) as expected.z’g’16 Within the first 12
hours after partial hepatectomy, secretin produced no
significant changes in either ductal bile secretion (Figure
6A and Table 2) or bicarbonate output (Figure 6B and
Table 2). In contrast, secretin significantly increased
both bile flow (+23.1 *= 0.9 UL - min~" - kg body wt ™"
vs. basal value, P < 0.05 by unpaired 7 test; Figure 6A
and Table 2) and bicarbonate output (+1.12 = 0.1
UEq - min~ " +kg body wt™' vs. basal value, P < 0.05
by unpaired # test; Figure 6B and Table 2) from days 1
to 5 after partial hepatectomy before gradually declining
to normal values at day 28 after partial hepatectomy.
Our studies of biliary physiology are summarized in
Table 2.
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Figure 4. Basal and secretin-induced cAMP levels in cholangiocytes
isolated from control and partial hepatectomy rat livers. *Basal cAMP
levels of cholangiocytes from partial hepatectomy rat livers differing
from basal cAMP levels of cholangiocytes isolated from control rats
are indicated by P < 0.05. **Secretin-induced cAMP levels of cholan-
giocytes from rats that have undergone partial hepatectomy differing
from secretin-induced cAMP levels from control cholangiocytes are
indicated by P < 0.05. Statistical analysis was performed by unpaired
t test. Data are expressed as the means *+ SE for =4 rats. ll, Basal;
O, 1077 mol/L secretin.
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Figure 5. Effects of secretin (10~" mol/L) on CI-/HCO;~ exchanger activity in cholangiocytes isolated from (A and C) control rats and (B and
D) rats at 3 days after partial hepatectomy. The CI”/HCO3;~ exchanger activity was determined by fluorescence measurements of intracellular
pH in cholangiocytes during the abrupt removal of CI~ as described in Materials and Methods. Although the maximum rate of change of
intracellular pH was significantly increased by 10~7 mol/L secretin in cholangiocytes from both (A and C) control and (B and D) partial hepatectomy
rat livers, secretin-enhanced ClI-/HCO3;~ exchanger activity was significantly greater in cholangiocytes from partial hepatectomy livers compared
with control cholangiocytes. (A) Normal, (C) normal plus secretin, (B) partial hepatectomy, and (D) partial hepatectomy plus secretin.

Correlation Between Cholangiocyte
Proliferation and Secretin-Induced Ductal
Bile Secretion After Partial Hepatectomy

We found a significant correlation (» = 0.6; P <
0.05) between secretin-induced choleresis and cholangio-
cyte proliferation assessed by *H-thymidine uptake into
cholangiocytes (Figure 7). Thus, with the regrowth of
the biliary tree after partial hepatectomy, there is close
coupling of enhanced ductal secretory activity and chol-
angiocyte proliferation. Similarly, significant correlations
were found between *H-thymidine uptake and both in-
tracellular secretin-induced cAMP levels and SR gene
expression (» = 0.6 and r = 0.7, respectively; P < 0.05;
results not shown).

Discussion

The major findings of these studies relate to the
increased proliferative and secretory activity of rat chol-
angiocytes after 70% partial hepatectomy. The data pro-
vide conclusive evidence that cholangiocytes respond
physiologically to partial hepatectomy and participate in
the regrowth of the biliary tree. In situ, partial hepatec-
tomy is associated with a transient increase in the density
of bile ducts in the liver with the histological appearance
of typical cholangiocyte proliferation, which peaks at
days 1-3, indicating the beginning of cholangiocyte rep-
lication. Morphometric studies showed restoration of the
biliary tree by day 10. In vitro, DNA synthesis (assessed
by measurement of “H-thymidine incorporation) was ab-
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Table 1. Effect of Secretin on CI”/HCO3;~ Exchanger Activity in Cholangiocytes From Normal and Partial
Hepatectomy Rat Livers

Normal Partial hepatectomy
Control Secretin Control Secretin
Basal intracellular pH 7.08 = 0.06 7.10 = 0.06 7.11 * 0.07 7.14 = 0.06
Cl~ removal intracellular pH
maximum change 0.18 = 0.05 0.30 = 0.077 0.21 = 0.07 0.48 = 0.117
Intracellular pH maximum
rate of change per minute 0.11 = 0.04 0.22 + 0.067 0.14 = 0.04 0.34 + 0.08%°

NOTE. The CI"/HCO3;~ exchanger activity was assessed in pure cholangiocytes isolated from normal and 3-day partial hepatectomy rat livers
by the maximal intracellular pH increase associated with acute CI~ removal and the maximal rate of intracellular pH increase after CI~ as
described in Materials and Methods. Secretin at 10~7 mol/L was added to perfusate in the presence of 1% in serum bovine albumin; in control

experiments, only albumin was added. Data are expressed as the means + SE of 6 experiments.

“Significantly greater than controls (P < 0.05).

“Significantly greater than secretin-treated normal cholangiocytes (P < 0.05).

sent in control cholangiocytes but increased after partial
hepatectomy, reached its peak at day 3, and returned to
normal values at day 28. In parallel to DNA synthesis
and the period of regrowth of the biliary tree, there
was a transient increase in SR gene expression, secretin-
induced cAMP levels, and CI" /HCO; ™~ exchanger activity
in vitro and secretin-induced choleresis and bicarbonate
output in vivo before they returned to control values at
day 28. Taken together, the data indicate that after par-
tial hepatectomy, there is an increase in secretin-stimu-
lated ductal bile secretion attributable to increased secre-
tory activity per individual cholangiocyte, and this
increased secretory activity is closely coupled to the rate
of ductal regrowth by proliferation of remaining cholan-
giocytes.
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In the normal state, there seems to be a low basal
turnover of cholangiocytes.”'*'? In contrast, cholangio-
cytes proliferate in a group of benign and malignant
human liver diseases called cholangiopathies, including
primary biliary cirrhosis, primary sclerosing cholangitis,
and cholangiocarcinoma.’ In animal models of cholesta-
sis, cholangiocyte proliferation is associated with a
number of pathological perturbations, including
BDL>>%!>1¢1821 and ANIT feeding.”'®'® In the present
studies, we examined whether cholangiocytes contribute
to the regrowth of the biliary tree after partial hepatec-
tomy and if restoration of the biliary tree by remaining
cholangiocytes occurs through a process similar to ductal
hyperplasia observed after BDL.>*'>'® Our in situ mor-
phometric analysis (Figure 1A and B) supports the con-
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Figure 6. Effect of secretin (10~7 mol/L) on both (A) ductal bile flow and (B) biliary bicarbonate excretion in sham-operated rats and rats at
different intervals after partial hepatectomy. (A) Bile was collected every 10 minutes and expressed as microliters per minute per kilogram
body weight. Secretin was infused for 30 minutes through a jugular vein after a 60-minute equilibration infusion period with Krebs—Henseleit
bicarbonate solution. *P < 0.05 vs. basal values by unpaired t test. Data are expressed as the means + SE for =3 rats. [J, Basal; @, 10~
mol/L secretin. (B) Bile collected every 10 minutes in preweighed tubes and immediately stored at —20°C before determining bicarbonate
concentration. Bicarbonate concentrations (measured as total CO,) were determined by a Natelson microgasometer apparatus. Data were
expressed as microequivalent per minutes per kilogram body weight. B, Basal; [J, 10~" mol/L secretin. *Secretin-stimulated biliary bicarbonate
excretion differing from basal values are indicated by P < 0.05. Statistical analysis was performed by unpaired t test.
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Table 2. Bile Flow and Composition in Normal and Partial Hepatectomy Rat Livers
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Bile flow Bicarbonate in bile

Basal Secretin Basal Secretin
(uL-min=*- (uL-min=*- Basal Secretin (LEqQ- min~*- (LEq- min~*-
Treatment kg body wt™*) kg body wt™*) (mEq/L) (mEq/L) kg body wt™*) kg body wt™*)
Control 84.9 £ 4.2 84.0 £ 5.5 25.8 + 0.46 26.8 + 0.92 2.18 + 0.16 2.25 + 0.14

pH at 1 hour 411 6.4 41.4 £ 6.3 279 x 2.1 30.7 £ 1.6 1.14 = 0.17 1.39 = 1.6
pH at 3 hours 40.5 + 2.8 43.7 £ 4.2 29.4 + 2.41 33.2 £ 2.48 1.20 = 0.18 1.45 + 0.19
pH at 6 hours 409 £ 1.4 455 x* 2.2 28.0 = 0.98 30.7 £ 1.00 1.14 = 0.06 1.40 = 0.11
pH at 12 hours 30.9 + 4.8 372+ 49 28.9 + 2.09 27.0 £ 1.34 0.89 £ 0.21 1.00 = 0.18
pH at 1 day 33.1 9.3 56.3 + 7.2° 27.7 = 1.18 31.7 +1.72¢ 0.89 = 0.23 2.04 + 0.33°
pH at 3 days 73.1 5.2 90.4 + 3.0°7 28.8 £ 0.77 36.1 + 0.29° 2.10 +£ 0.23 3.08 + 0.13°
pH at 5 days 80.5 + 3.3 100.7 = 2.7° 29.0 + 0.68 41.3 = 1.547 2.34 = 0.25 4.16 = 0.197
pH at 7 days 78.1 + 3.9 93.2 + 2.47 29.5 + 0.69 33.2 + 0.32¢ 242 + 0.11 3.09 + 0.07°
pH at 10 days 81.4 + 3.9 96.3 = 3.27 30.8 + 1.23 33.6 + 1.35 2.63 + 0.34 3.23 £ 0.037
pH at 14 days 842 + 7.6 100.9 = 14 31.3 + 0.79 33.5 + 0.52 2.51 + 0.08 3.39 =+ 0.54
pH at 21 days 80.1 + 2.5 86.7 + 1.5 31.5 +0.41 34.6 + 0.73 2.80 + 0.23 3.04 + 0.14
pH at 28 days 90.1 + 4.9 923 +4.1 32.2 + 0.94 33.6 + 1.40 2.30 = 0.15 3.09 = 0.04

NOTE. Values are expressed as the means = SE for =3 rats and were obtained at steady-state conditions of bile flow. After an equilibration

period of 60 minutes with Krebs—Henseleit bicarbonate solution, secretin was infused via a jugular vein for 30 minutes at 10~ mol/L.

?Values differing from basal are indicated by P < 0.05.

cept that the regrowth of intrahepatic bile ducts after
partial hepatectomy occurs through typical cholangiocyte
proliferation with a significant increase in the density of
ductal structures at days 1—3, thus indicating a transient
burst of proliferation of preexisting cholangiocytes. How-
ever, in contrast to BDL,>*®'*!¢ cholangiocyte prolifera-
tion observed after partial hepatectomy is transitory be-
cause cholangiocyte proliferation ceases before 28 days.
The arrest of ductal growth may be induced by either
cessation of cholangiocyte proliferation attributable to a
decrease in the concentration of specific circulating
growth factors™ or apoptosis.”” Indeed, in support of

25 4

2o 25

o £

B <)) 20

=0

o 2 17.5

£

7] %. 15

o

o9 12.5

ol

.g g: 10

.g ~ 7.5

c £ 5

® E

a ~ 2.5

e

N~ 0

'25 T T T T
0 300 600 900 1200

3H thymidine uptake
{cpm /106 cells)

Figure 7. Regression analysis between 3H-thymidine (com/1 X 10°
cholangiocytes) and secretin-induced choleresis (microliters per min-
ute per kilogram body weight). Note that, after partial hepatectomy,
a significant relationship (r = 0.60; P < 0.05) exists in cholangiocytes
between DNA synthesis and secretin-induced choleresis.

the latter concept, a number of studies*”*® have shown
that regression of cholangiocyte hyperplasia after removal
of the proliferative stimulus may occur through
apoptosis.

Methods to isolate pure cholangiocyte preparations
were required to study proliferative and secretory capac-
ity of cholangiocytes in these studies. Cholangiocytes
from normal and proliferating rat livers have been puri-
fied by a number of techniques, including isopyknic cen-
trifugation’’ and counterflow elutriation."””* However,
these approaches yielded cholangiocyte preparations with
a fair amount of contamination. As a refinement of these
approaches, we used a monoclonal antibody specific to
membrane components present on all intrahepatic chol-
angiocytes.’® By this technique, virtually pure prepara-
tions of cholangiocytes can be isolated from either normal
or proliferating rat liver.?**** To establish whether chol-
angiocytes from partial hepatectomy rat livers retain phe-
notypes of normal cholangiocytes, we determined the
presence of two cholangiocyte-specific markers: GGT by
histochemistry (results not shown) and CK-19 by ribo-
nuclease protection assay (Figure 3A). By molecular anal-
ysis of albumin, these studies excluded in our cholangio-
cyte preparations the presence of hepatocytes (Figure 3A),
which represent the major cell population during liver
regeneration after partial hepatectomy.”” >’ Furthermore,
these data (Figure 3A) indicate that cholangiocytes iso-
lated after partial hepatectomy retain phenotypes of nor-
mal cholangiocytes, a finding consistent with typical
cholangiocyte proliferation as seen in BDL.>">"®

To assess the proliferative response of cholangiocytes
to partial hepatectomy, we assessed DNA synthesis by
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measurement of “H-thymidine uptake, an approach pre-
viously used by us to determine DNA synthesis in chol-
angiocyte subpopulations from BDL rat liver."” Before
partial hepatectomy, DNA synthesis was absent in con-
trol cholangiocytes (Figure 2); these results are in agree-
ment with previous reports.'>'’ After partial hepatec-
tomy, DNA synthesis in cholangiocytes reaches a
maximum at 48 hours after the peak of hepatocyte repli-
cation, a value similar to that of other reports.”>"** For
example, previous studies from Grisham’' and Haber et
al.,’"** aiming to assess peak DNA synthesis of nonpa-
renchymal cells, showed that DNA replication of nonpa-
renchymal cells occurs approximately 24—36 hours after
the peak of hepatocyte DNA synthesis. However, these

- 31,32
studies®’”’

were performed using in situ autoradiogra-
phy’' or in mixed nonparenchymal cell fraction’® (only
3%-5% pure in cholangiocytes)’ *">'**” and do not
accurately measure the peak of DNA synthesis in pure
(=97%) preparations of cholangiocytes as we did in the
present studies. The discrepancy in the timing of the
peaks of DNA synthesis between hepatocytes and cholan-
giocytes is presumably attributable to a more prolonged
G1 phase during the cell cycle of nonparenchymal cells
as compared with hepatocytes.””*"** In agreement with
other studies,” ' the data support the concept that chol-
angiocytes replicate and renew the ductal biliary system
in response to partial hepatectomy.

Because cholangiocyte proliferation in both BDL and
ANIT-fed rats is associated with increased secretory ac-
tivity of the biliary tree, we determined SR gene expres-
sion, basal and secretin-induced cAMP levels, basal and
secretin-induced C1"/HCO; ™~ exchanger activity, and the
in vivo effect of secretin on both ductal bile secretion
and bicarbonate output. The rationale for using secretin
as a physiological end point of ductal bile secretion is
based on a number of observations.>*”~*'"** We have
** that, in the liver, SR messenger RNA is
uniquely expressed by cholangiocytes and is up-regulated
after BDL. Also, secretin induces cAMP formation®® and
Cl /HCO;~ exchanger activity”'" in isolated cholangio-
cytes. Moreover, selective cholangiocyte proliferation is
associated with a marked increase in secretin-induced
bicarbonate-rich choleresis in the BDL rat liver.>*'
Our molecular analysis (Figure 3A and B) shows that SR
messenger RNA was present at low levels in control

shown

cholangiocytes, which is a finding that correlates with
previous studies.”” Indeed, low expression of SR by indi-
vidual cholangiocytes® is believed to explain why secre-
tin produces no changes in bile flow when infused into
normal rats.>®'® As shown in Figure 3A and B, SR is
up-regulated in individual cholangiocytes from partial
hepatectomy rat liver as compared with control cholan-
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giocytes (Figure 3A and B) in a fashion similar to that
of cholangiocytes from BDL rat liver.”* As evidence of
increased biological activity of the SR, we found an en-
hanced physiological responsiveness of cholangiocytes to
secretin by increases of secretin-induced intracellular
cAMP levels and CI"/HCOj;~ exchanger activity in vitro
and bile flow and bicarbonate output in vivo. As shown
in Figure 4, basal cAMP levels were markedly elevated
in cholangiocytes from partial hepatectomy rat livers.
Elevated basal cAMP levels are consistent with cholan-
giocyte proliferative response because a number of re-
ports’”* indicate that cAMP is a major regulatory deter-
minant of cellular proliferation. As evidence of a tightly
regulated process, at completion of regeneration, in-
creased “H-thymidine uptake and SR gene expression,
elevated basal and secretin-stimulated cAMP levels, and
secretin-stimulated bicarbonate rich choleresis all de-
crease in parallel 3—5 days after partial hepatectomy,
gradually declining to normal values by day 28. The
factors that control these series of closely coupled events
remain unknown. There were significant correlations be-
tween cholangiocyte proliferation (assessed by "H-thymi-
dine uptake) and ductal secretory activity as assessed by
secretin-induced choleresis (» = 0.60; P < 0.05) (Figure
7), secretin stimulated cAMP levels (» = 0.60, P < 0.05;
results not shown), and SR gene expression (r = 0.70,
P < 0.05; results not shown).

Our novel studies have physiological and pathophysio-
logical relevance because no information exists with re-
gard to the regulatory mechanisms of the regrowth of
the biliary tree after partial hepatectomy under basal and
hormone-stimulated conditions. Furthermore, because
the partial hepatectomy model is devoid of cholestasis or
inflammation as occurs in other models of cholangiocyte
proliferation,”®'¢ it represents an excellent model to
study mechanisms of cholangiocyte proliferation. Under-
standing the mechanisms by which cholangiocytes re-
spond to proliferative perturbations such as partial hepa-
tectomy may increase our knowledge of the cause of
human cholestatic liver diseases that affect primarily
cholangiocytes, including primary biliary cirrhosis, pri-
mary sclerosing cholangitis, and allograft rejection after
liver transplantation. Based on the concept of functional
cholangiocyte heterogeneity recently developed by
us,””? a direct outgrowth of these studies will be the
isolation and characterization of specific cholangiocyte
subpopulations involved in the regrowth of the biliary
tree.
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