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Table 1. Evaluation of Body Weight, Biliary Expression of SR, Lobular Necrosis, Percentage of PCNA- or TUNEL-Positive Large
Cholangiocytes, and Large IBDM in Liver Sections

Percentage of Large

Percentage of Large Percentage of Large

Body Weight Cholangiocytes Lobular Cholangiocytes Cholangiocytes

Groups (8) Positive for SR Necrosis Positive for PCNA Large IBDM Positive by TUNEL
WT normal 4 NaCl, 1 week 278 = 0.8 19.83 = 1.96 (-) 6.20 = 0.97 0.17 = 0.03 ND
WT normal -+ secretin, 1 week 25.6 = 0.5 30.60 + 2.04* (—) 40.80 + 2.29* 0.35 * 0.02* ND
Normal SR™/~ + NaCl, 1 week 286 = 0.7 ND (-) 420 * 0.66 0.18 = 0.02 ND
Normal SR~/ + secretin, 1 week 29.0 = 1.8 ND (-) 533 = 1.08 0.18 = 0.03 ND
WT BDL, 3 days 232 £ 0.7 39.0 £ 2.07* (+) 60.62 + 2.30 1.26 = 0.06 ND

SR™~ BDL, 3 days 22.0 = 0.5 ND (+=) 39.67 * 2.16t 0.57 *= 0.06t 10.50 = 1.08
WT BDL, 7 days 232 = 0.7 41.33 + 2.35* (+) 47.67 = 1.50 2,51 *+ 0.12 ND

SR~/ BDL, 7 days 26.2 = 0.6 ND (++) 30.83 * 2.07t 1.40 + 0.111 13.33 = 0.88

Body weight values are derived from 10-20 animals per each group. Evaluations were performed in liver sections (4- to 5-pm-thick). IBDM was measured as the
area occupied by cytokeratin-19-positive bile duct/total area x 100. Lobular necrosis was scored as follows: —, O foci; +/—, <2 foci; +, 2-4 foci; ++, >4 foci.

Data are expressed as the mean * SEM.

Abbreviations: ND, not detected; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
*P < 0.05 versus the corresponding value of WT normal mice treated with NaCl for 1 week.
tP < 0.05 versus the corresponding value of WTmice with BDL for 3 and 7 days, respectively.

days; or (2) for sham operation or BDL (for 3 and 7
days).”**** Because our previous studies’  showed
that SR~/ mice have a renal defect in water reabsorp-
tion and associated polyuria and polydipsia, experi-
ments were performed to determine whether the
response of SR™'~ mice to BDL was due to the lack
of SR rather than severe dehydration. Thus, we eval-
uated changes in body weight and mortality rate in
the experimental groups of Table 1. In addition, both
WT and SR™'™ mice (after BDL or administration of
secretin) received oral hydration therapy, consisting of
up to 1 ml of normal saline subcutaneously up to
twice daily along with water in gel form on the
ground and food supplements. Because there were no
differences in cholangiocyte proliferation between nor-
mal WT and normal SR™" mice and their corre-
sponding sham mice, we did not show the results
from the sham animals.

Immortalized and Freshly Isolated Cholangiocy-
tes. The in vitro studies were performed in freshly iso-
lated or immortalized™® large cholangiocytes. The ra-
tionale for performing these studies only in large
cholangiocytes is based on the fact that secretin stimu-
lated 77 vivo the proliferation of only large bile ducts
and that following BDL, large but not small cholan-
giocytes proliferate.” Freshly isolated large cholangio-
cytes (=99% by cytokeratin-19 immunohistochemis-
try)>?® were purified by centrifugal elutriation "'
followed by immunoaffinity separation by a monoclo-
nal antibody, rat IgG,, (provided by Dr. R. Faris,
Brown University, Providence, RI), against an antigen
expressed by all mouse cholangiocytes.” Our large
mouse cholangiocyte lines, which display morphologi-
cal, phenotypic, and functional features similar to that

of freshly isolated large cholangiocytes were cultured as
described.”™”

Evaluation of Secretin Receptor Expression. We
evaluated the expression of SR by immunohistochemis-
try in paraffin-embedded liver sections from the exper-
imental groups of Table 1. Because immunohistochem-
istry shows that only large bile ducts from WT (but
not knockout) animals express SR, we evaluated the
expression of SR by way of immunofluorescence and
real-time polymerase chain reaction (PCR) in freshly
isolated large cholangiocytes from normal and 3- and
7-day BDL WT mice. Semiquantitative immunohisto-
chemical analysis of SR expression in sections was per-
formed as described.” Light microscopy photographs
of liver sections were taken by Leica Microsystems
DM 4500 B Light Microscopy (Weltzlar, Germany)
with a Jenoptik Prog Res C10 Plus Videocam (Jena,
Germany). Immunofluorescence for SR was also per-
formed in large cholangiocytes from normal and 3-
and 7-day BDL WT mice.”*® Images were visualized
using an Olympus IX-71 confocal microscope. For all
immunoreactions, negative controls (with normal se-
rum from the same species substituted for the primary
antibody) were included.

In freshly isolated large cholangiocytes from normal
and BDL WT mice, messenger RNA and protein
expression of SR were evaluated by way of real-time
PCR?>® and western blot analysis, respectively.”® For
real-time PCR, RNA was extracted from cholangio-
cytes using the RNeasy Mini Kit (Qiagen Inc, Valen-
cia, CA) and reverse-transcribed using the Reaction
Ready First Strand cDNA synthesis kit (SuperArray,
Frederick, MD). These reactions were used as tem-
plates for the PCR assays using an SYBR Green PCR

- 380 -



HEPATOLOGY, Vol. 52, No. 1, 2010

master mix and specific primers designed against the
mouse secretin receptor gene NM_()010]2322,24 and
glyceraldehyde 3-phosphate dehydrogenase, the house-
keeping gene (SuperArray, Frederick, MD) in the real-
time thermal cycler (ABI Prism 7900HT sequence
detection system). A AACt analysis was performed
using normal large cholangiocytes as the control sam-
ple. Data are expressed as fold-change of relative mes-
senger RNA levels * standard error of the mean
(SEM) (n = 6).

Evaluation of Liver Histology, Cholangiocyte Apo-
ptosis, and Proliferation. All liver sections were scored
by two board-certified pathologists who were blinded to
the identity of the samples. Lobular necrosis was evaluated
in liver sections stained with hematoxylin-eosin.?> Lobular
necrosis was scored as follows: —, 0 foci; +/—, <2 foci;
-+, 2-4 foci; 4+, >4 foci.”> Secrions were examined in a
coded fashion by BX-51 light microscopy (Olympus, To-
kyo, Japan) equipped with a camera. We measured (1) the
percentage of cholangiocyte apoptosis by semiquantitative
terminal deoxynucleotidyl transferase—mediated dUTP
nick-end labeling kit (Apoptag; Chemicon International,
Inc.); (2) cholangiocyte proliferation by evaluation of the
percentage of small and large cholangiocytes positive for
PCNA’; and (3) intrahepatic bile duct mass (IBDM) of
small (<15 um)l and large (>15 um)’ bile ducts. IBDM
was measured as the area occupied by cytokeratin-19—pos-
itive bile duct/total area x 100. Proliferation was eval-
uated by immunoblots™ for PCNA in protein (10 Ug)
from lysate from spleen (positive control) and large chol-
angiocytes from WT and SR™'~ BDL mice. Blots were
normalized by B-actin.” The intensity of the bands was
determined by way of scanning video densitometry using
the Storm 860 and the ImageQuant TL software version
2003.02 (GE Healthcare, Littde Chalfont, Buckingham-
shire, England).

Measurement of cAMP Levels and Phosphoryla-
tion of ERKI1/2. These experiments were performed
in large cholangiocytes from WT and knockout 7-day
BDL mice, a period where a marked ductal hyperpla-
sia is observed.”’* We evaluated basal and secretin-
stimulated ¢cAMP levels (a functional parameter of
cholangiocyte growth)'>'® by commercially available
RIA kits®®; and phosphorylation of ERK1/2 by immu-
noblots in protein (10 pg) from cholangiocyte lysate.
The intensities of the bands were determined by scan-
ning video densitometry using a phospho-imager.

In Vitro Effect of Secretin on the Proliferation,
Protein Kinase A Activity, and ERK1/2 Phosphoryl-
ation of Large Cholangiocytes. Our small (negative
control) and large cholangiocytes® were treated at 37°C
with 0.2% bovine serum albumin (BSA) (basal) or secre-
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tin (100 nM) for 48 hours in the absence or presence of
preincubation (1 hour) with H89 (protein kinase A
[PKA] inhibitor, 30 uM) or PD98059 (mitogen-acti-
vated protein kinase kinase [MEK] inhibitor, 10 nM)
before evaluating proliferation by CellTiter 96 Cell Pro-
liferation Assay™ (Promega Corp., Madison, WI). Ab-
sorbance was measured at 490 nm on a microplate spec-
trophotometer (Molecular Devices, Sunnyvale, CA).
Data were expressed as the fold change of treated cells
compared with vehicle-treated controls. In  separate
experiments, large cholangiocytes were treated with
0.2% BSA (basal) or secretin (100 nM) for 6 hours in
the absence or presence of H89 (30 yM) or PD98059
(10 nM) before evaluating PCNA expression by way of
immunoblotting,” PKA activity,?® and phosphorylation
of ERK1/2 by way of immunoblotting.” The intensity
of the bands was determined as described above.

Stable Transfected Knockdown of Secretin Recep-
tor in Large Cholangiocytes. To provide conclusive
evidence that SR is a key proproliferative regulator sus-
taining large cholangiocyte growth, we stably knocked
down the expression of this receptor in large cholangio-
oyte lines.* The mouse cell line lacking SR was estab-
lished using SureSilencing short hairpin RNA (Super-
Array, Frederick, MD) plasmid for mouse SR containing
a marker for neomycin resistance for the selection of sta-
bly transfected cells, according to the instructions pro-
vided by the vendor as described.”® A total of four
clones were assessed for the relative knockdown of the
SR gene using real-time PCR and a single clone with
the greatest degree of knockdown was selected for subse-
quent experiments. In selected and mock-transfected
clones, the degree of SR knockdown was also evaluated
by way of fluorescence-activated cell sorting (FACS)
analysis and western blot analysis as described.*

The two cell lines—mock-transfected clone (trans-
fected with control vector) and the SR knockdown
clone (80% knockdown efficiency of the message by
real-time PCR [data not shown] and 50% knockdown
of protein expression by FACS)—were then treated
with 0.2% BSA (basal) or secretin (100 nM for 5
minutes) before evaluation of cAMP levels by way of
RIA*7*18 o1 0.2 BSA (basal) or secretin (100 nM)
before measuring proliferation by way of MTS assay
(48-hour incubation). The mock-transfected and SR
knockdown clones in large cholangiocytes were incu-
bated in culture medium before evaluating basal prolif-
erative activity by MTS proliferation assay (after incu-
bation for 6, 24, 48, and 72 hours).

Statistical Analysis. All data are expressed as the
mean = SEM. Differences between groups were ana-
lyzed using the Student unpaired r test when two
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Fig. 1. Evaluation of SR expression by (A) immunohistochemistry in liver sections from WT and SR /= normal mice, and mice with BDL for 3
and 7 days, (B) immunofluorescence, (C) real-time PCR, and (D) immunoblots in freshly isolated large cholangiocytes from normal and 3- and
7-day BDL WT mice. (A) Large bile ducts from normal and BDL WT mice express SR (red arrows). Original magnification x40. (B) Specific immu-
noreactivity for SR in representative fields is shown in red; cell nuclei were stained with 4',6-diamidino-2-phenylindole (blue). Scale bar = 25
um. (C,D) Data are expressed as the mean = SEM of six experiments. *P < 0.05 versus normal.

groups were analyzed, and by way of analysis of var-
iance when more than two groups were analyzed, fol-
lowed by an appropriate post hoc test.

Results

Evaluation of Secretin Receptor Expression. In
liver sections, we demonstrated that large but not

small bile ducts from normal and BDL WT mice
express SR (Fig. 1A and Table 1). The expression of
SR in large bile ducts was higher in: normal WT mice
treated with secretin compared to saline-treated mice
(Table 1) and WT BDL compared with normal WT
mice (Table 1). There was no positive staining for SR
in bile ducts from normal and BDL SR™'~ mice (Fig.
1A). The expression of SR was confirmed by way of
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Secretin

Fig. 2. Evaluation of the number of (A) large PCNA-positive cholan-
giocytes and (B) large IBDM in normal mice treated with saline or se-
cretin for 1 week. In WT mice treated with secretin, there was an
increase in the number of (A) large PCNA-positive cholangiocytes (red
arrows) and (B) large IBDM (red arrows) compared with normal WT
mice treated with saline. Original magnification x40 (A) and x 20 (B).

immunofluorescence in large cholangiocytes purified
from normal and BDL WT mice (Fig. 1B). Real-time
PCR and immunoblot assay revealed that the expres-
sion of SR messenger RNA and protein was higher in
large BDL cholangiocytes compared with normal large
cholangiocytes (Fig. 1C,D).

Evaluation of Liver Weight, Lobular Necrosis,
Cholangiocyte Apoptosis, and Proliferation. No sig-
nificant differences in body weight and mortality rates
were observed among the experimental groups of Table
1. No difference in lobular necrosis was observed in
normal WT and SR™™ mice, whereas the typical ne-
crosis present in the BDL model showed only a
smaller increase (not significant) in SR™'™ BDL mice
compared with WT BDL mice. The chronic adminis-
tration of secretin to normal WT mice increased the
percentage of large PCNA-positive cholangiocytes and
large IBDM compared with normal WT mice treated
with saline (Fig. 2A,B and Table 1); secretin did not
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increase the proliferation of small ducts that do not
express SR (not shown).” In normal SR/~ mice, se-
cretin did not induce changes in cholangiocyte prolif-
eration or apoptosis (Fig. 2A,B and Table 1). Follow-
ing BDL, there was an increase in the percentage of
PCNA expressing cholangiocytes and IBDM in large
bile ducts compared with normal mice (Fig. 3A,B and
Table 1). Similar to previous studies,'® large IBDM
was enhanced in parallel with the increased duration
of BDL (Fig. 3B and Table 1). Knockout of SR
reduces large cholangiocyte proliferation and large
IBDM induced by BDL>® compared with WT BDL
mice (Fig. 3A,B and Table 1).

Evaluation of Proliferation, cAMP Levels, and
Phosphorylation of ERK1/2 in Isolated Large Chol-
angiocytes. In large cholangiocytes from 7-day SR™/~
BDL mice, there was decreased PCNA expression
compared with cholangiocytes from WT BDL mice
(Fig. 4A). Basal cAMP levels of large cholangiocytes
from SR™'~ BDL mice were significantly lower than

BDL 3 da;

Fig. 3. Evaluation of the number of (A) large PCNA-positive cholan-
giocytes and (B) large IBDM in WT and SR™/~ mice with BDL for 3
and 7 days. Original maghnification x40 (A) and %20 (B).
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Fig. 4. Evaluation of (A) PCNA protein expression, (B) basal and secretin-stimulated cAMP levels, and (C) ERK1/2 phosphorylation in large
cholangiocytes from WT and SR™/~ 7-day BDL mice. (A) Data are expressed as the mean * SEM of seven experiments. *P < 0.05 versus
PCNA protein of large cholangiocytes from WT 7-day BDL mice. (B) Data are expressed as the mean = SEM of seven experiments. *P < 0.05
versus 0.05 versus basal cAMP levels of large cholangiocytes from WT 7-day BDL mice. (C) Data are expressed as the mean = SEM of seven
experiments. *P < 0.05 versus 0.05 versus ERK1/2 phosphorylation of large cholangiocytes from WT 7-day BDL mice.

the corresponding levels of cholangiocytes from WT
BDL mice (Fig. 4B). Secretin increased cAMP levels
of large cholangiocytes from WT (but not SR
BDL mice (Fig. 4B). In large cholangiocytes from
SR~ BDL mice, there was a decreased ERK1/2
phosphorylation compared with large cholangiocytes
from WT BDL mice (Fig. 4C).

Secretin Stimulates In Vitro Large Cholangiocyte
Proliferation. Large (but not small) cholangiocytes
proliferate after the administration of secretin (Fig.
5A). Secretin-stimulation of large cholangiocyte prolif-
eration was blocked by H89 and partially by the MEK
inhibitor, PD98059 (Fig. 5A). Secretin increased
PCNA expression of large cholangiocytes, an increase
that was blocked by H89 and PD98059 (Fig. 5B).
There was increased PKA activity (Fig. 5C) and
ERK1/2 phosphorylation (Fig. 5D) in large cholangio-
cytes treated with secretin compared to BSA-treated
cells.

Silencing of the Secretin Receptor Gene Decreases
the Proliferative Capacity of Large Cholangiocy-
tes. The knockdown of SR protein expression by
50%, as demonstrated by FACS (Fig. 6B), was con-
firmed by way of western blot analysis (Fig. G6A).
When we knocked down the gene for SR in large
cholangiocytes, secretin did not increase cAMP levels
(Fig. 6C) and proliferation (Fig. 6D, 48 hours of incu-
bation) in these cells compared with the increase
shown in large mock-transfected cholangiocytes. In
support of the hypothesis that SR is a key trophic reg-
ulator in the regulation of biliary growth, there was a

decrease in the basal proliferative capacity (Fig. 7) of
SR-silenced large cholangiocytes compared with large
mock-transfected cholangiocytes.

Discussion

In our study, we show that SR is an important
trophic regulator sustaining large cholangiocyte prolif-
eration during extrahepatic cholestasis. In the SR
mouse model, we show that proliferation of large chol-
angiocytesu’m is reduced (~50%) during BDL com-
pared with BDL WT mice, concomitant with elevation
of biliary apoptosis. The reduction of cholangiocyte
hyperplasia was associated with a decrease in both ba-
sal and secretin-stimulated cAMP levels and phospho-
rylation of ERK1/2 in large cholangiocytes compared
with BDL cholangiocytes. /n vitro, secretin increased
the proliferation of large cholangiocytes by activation
of cAMP—PKA—ERK1/2 signaling. Silencing of the
SR gene induces a decrease in the basal proliferative
capacity of large cholangiocytes compared with large
mock-transfected cholangiocytes.

In our evaluation of SR expression, we found a
time-dependent increase in the expression of SR in
large cholangiocytes during BDL compared with nor-
mal large cholangiocytes. This finding was consistent
with previous studies showing that: (1) in the rodent
liver SR is only expressed by large cholangio-
cytes,l‘/”s’g’12 (2) SR expression is up-regulated follow-
ing BDL ligation in large cholangiocytes,''” and (3)
the extent of effects cholangiocyte

secretin on
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Fig. 5. (A) Effect of 0.2% BSA (basal) or secretin (100 nM) for 48 hours at 37°C on the proliferation of small and large cholangiocytes (MTS
assay). Data are expressed as the mean + SEM of 14 experiments. *P < 0.05 versus its corresponding basal value. (B) Data are expressed as
the mean = SEM of 14 experiments. *P < 0.05 versus its corresponding basal value. Secretin increased (C) PKA activity (n = 4) and (D)
ERK1/2 phosphorylation (n =7) in large cholangiocytes compared with large cholangiocytes treated with BSA. *P < 0.05 versus its correspond-

ing basal value.

functions parallel with the duration of BDL.'® This
finding parallels recent findings that mouse cholangio-
cytes share a similar heterogeneous profile as rat chol-
angiocytes’ and freshly isolated and immortalized large
mouse cholangiocytes are the only cell types to express
the SR.>*'¥ In human, SR expression is present in the
biliary tract in normal bile ducts and ductules and the
majority of cholangiocarcinomas, but is not present in
hepatocytes or hepatocellular carcinoma.”**” Consist-
ent with animal models of cholestasis, SR expression
was up-regulated in ductular reactions in liver
cirrhosis.””

In our 7n vive model, the level of the reduction of
cholangiocyte proliferation is consistent with the para-
digm that cholangiocyte proliferation is regulated in
autocrine and paracrine mechanisms by a number of
stimulatory neurohormonal factors."®*%?® In a knock-
out mouse model for a-calcitonin gene-related peptide,

the lack of circulating a-calcitonin gene-related pepride

also reduces biliary proliferation during BDL to a sim-
ilar degree as the lack of SR,* which indicates that
the regulation of biliary proliferation during extrahe-
patic cholestasis is multifactorial and a complex regula-
tory sysv:em.lg’zo’28

The trophic effects of secretin were dependent upon
the activation of the cAMP/PKA/ERK1/2 signaling.
The second messenger system, cAMP, is a key factor
for the function of large cholangiocytes."*”*!? Secre-
tin stimulates bicarbonate secretion of large bile ducts
through activation of cAMP-dependent CFTR—CIl ™/
HCO;™ anion exchanger 2."*7?'% Also, the activa-
tion of the cAMP/PKA/ERK1/2 pathway modulates
cholangiocyte proliferation.'®'>'®%% In fact, the direct
stimulation of adenylyl cyclase activity by the chronic
administration of forskolin stimulates normal cholan-
giocyte proliferation both 7z vive and in vitro, which is
associated with activation of the PKA/Src/MEK/
ERK1/2 pathway.*” Maintenance of cAMP levels by
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autosomal recessive polycystic kidney disease. Down-
regulation of cAMP levels and cAMP-dependent sig-
naling reduces biliary growth and increases cholangio-
cyte damage by apoptosis.]2’14‘20‘30 The involvement
of the cAMP-dependent ERK1/2 pathway in secretin-
dependent biliary proliferation during cholestasis was

24-hr incubation
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Fig. 7. Effect of secretin receptor
gene silencing on the basal prolifer-
ative activity of large cholangiocytes
following incubation for 6, 24, 48,
and 72 hours with 0.2% BSA (MTS
assay). Data are expressed as the
mean * SEM of four experiments.
*P < 0.05 versus its corresponding
value of mock-transfected large
cholangiocytes.

SR knockdown

- 386 -



HEPATOLOGY, Vol. 52, No. 1, 2010

confirmed in BDL SR™'~ mice, which had reduced
levels of phosphorylated ERK1/2 in isolated large chol-
angiocytes. As expected, large cholangiocytes isolated
from SR™" did not respond to secretin, which was
evidenced by lack of accumulation of intracellular
cAMP levels.

Finally, we demonstrated that SR expression is criti-
cal for basal cholangiocyte proliferation in large mouse
cholangiocytes that have stable knockdown of SR by
transfection with short hairpin RNA for SR. These SR
stable knockdown cells displayed decreased basal and
secretin-stimulated  proliferative  capacity compared
with control-transfected cholangiocytes. As expected,
these stable knockdown SR cells lacked secretin-stimu-
lated intracellular cAMP levels. Decreased basal prolif-
erative rates that we observed in the cells with stable
knockdown of SR compared with the mock-transfected
controls are suggestive of the regulation of the basal
proliferative rates by secretin perhaps in an autocrine
mechanism. Consistent with our current study, we
have previously shown that secretin stimulates the pro-
liferation of two normal human cholangiocyte cell
lines: H-69 and HiBEpiC.*® Collectively, the findings
of our study revealed that secretin is a trophic factor
for cholangiocytes that differentially regulated the
growth of large cholangiocytes by acting on the specifi-
cally expressed SR under normal and pathological
conditions.

De novo SR expression in small cholangiocytes is of-
ten found in models of liver damage that alter the SR-
dependent functional capacity of large cholangiocytes
such as CCly acute hepatoxicity.'* We also have pre-
liminary findings (unpublished data) that suggest that
secretin has a protective role versus CCly-induced
damage of large cholangiocytes."* These findings are
consistent with the lack of secretin-dependent signaling
resulting in an increase in the basal apoptotic activity
in cells lacking SR that we observed in the SR knock-
down cells. In addition, our other studies in which
large cholangiocyte damage was prevented by adminis-
tration of bile acids (such as taurocholate)*> and
cAMP agonists” suggest that secretin, a cAMP agonist,
would have a role as a protective factor during large
bile duct damage. Further studies are necessary to con-
firm this role, but are suggestive that secretin or other
cAMP agonists could prevent biliary loss in ductopenia
pathologies such as drug-induced vanishing bile duct
syndrome or graft versus host disease.

The discovery of a novel proproliferative function of
secretin in cholangiocytes, along with the demonstra-
tion that in vitro and in vivo molecular manipulations
of the SR gene ablated the proliferative and apoptotic
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responses of large cholangiocytes, may shed light on
the development of new therapeutic approach for the
management of cholestatic liver diseases. Overexpres-
sion of SR or secretin administration might open new
avenues for the treatment of ductopenic liver diseases.
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Adenosine Triphosphate Release and Purinergic (P2)
Receptor—-Mediated Secretion in Small and Large
Mouse Cholangiocytes

Kangmee Woo,' Meghana Sathe," Charles Kresge," Victoria Esser,” Yoshiyuki Ueno,” Julie Venter,’
Shannon $. Glaser,” Gianfranco Alpini,** and Andrew P. Feranchak’

Adenosine triphosphate (ATP) is released from cholangiocytes into bile and is a potent
secretogogue by increasing intracellular Ca®* and stimulating fluid and electrolyte
secretion via binding purinergic (P2) receptors on the apical membrane. Although mor-
phological differences exist between small and large cholangiocytes (lining small and
large bile ducts, respectively), the role of P2 signaling has not been previously evaluated
along the intrahepatic biliary epithelium. The aim of these studies therefore was to char-
acterize ATD release and P2-signaling pathways in small (MSC) and large (MLC) mouse
cholangiocytes. The findings reveal that both MSCs and MLCs express P2 receptors,
including P2X4 and P2Y2. Exposure to extracellular nucleotides (ATP, uridine triphos-
phate, or 2',3'-O-[4-benzoyl-benzoyl]-ATP) caused a rapid increase in intracellular Ca®*
concentration and in transepithelial secretion () in both cell types, which was inhibited
by the CI™ channel blockers 5-nitro-2-(-3-phenylpropylamino)-benzoic acid (NPPB) or
niflumic acid. In response to mechanical stimulation (low/shear or cell swelling second-
ary to hypotonic exposure), both MSCs and MLCs exhibited a significant increase in the
rate of exocytosis, which was paralleled by an increase in ATP release. Mechanosensitive
ATP release was two-fold greater in MSCs compared to MLCs. ATP release was signifi-
cantly inhibited by disruption of vesicular trafficking by monensin in both cell types.
Conclusion: These findings suggest the existence of a P2 signaling axis along intrahepatic
biliary ducts with the “upstream” MSCs releasing ATP, which can serve as a paracrine sig-
naling molecule to “downstream” MLCs stimulating Ca”*-dependent secretion. Addition-
ally, in MSCs, which do not express the cystic fibrosis transmembrane conductance
regulator, Ca’*-activated Cl~ efflux in response to extracellular nucleotides represents
the first secretory pathway clearly identified in these cholangiocytes derived from the
small intrahepatic ducts. (HeratoLoGY 2010;52:1819-1828)

holangiocytes, the epithelial cells that form
the intrahepatic bile ducts, represent an im-
portant component of the bile secretory unit.
Although bile formation is initiated at the hepatocyte
canalicular membrane, cholangiocytes subsequently
modify the composition of bile through regulated ion
secretion throughout the network of bile ducts.' Inter-

estingly, secretory mechanisms along the intrahepatic
bile ducts are not uniform. In all biliary models stud-
ied, including human, rat, and mouse bile ducts, chol-
angiocytes are known to be morphologically and func-
tionally heterogeneous. Large cholangiocytes, from
large ducts, express secretin receptors on the basolateral
membrane and express cystic fibrosis transmembrane

Abbreviations: AE2, anion exchanger 2; ATE adenosine triphosphate; Bz-ATE 2 ,3'-O-(4-benzoyl-benzoyl)-ATP; cAMP cyclic adenosine monophosphate;
CFTR, cystic fibrosis transmembrane conductance regulator; fitra-2-AM, fura-2-acetoxymethyl ester; IP3, inositol 1,4, 5-triphosphate; Isc, transepithelial short-civcuit
current response; MLC, mouse large cholangiocyte; MSC, mouse small cholangiocyte; NPPB, 5-nitro-2-(-3-phenylpropylamine)-benzoic acid: RT-PCR, reverse

transcription polymerase chain reaction; UTE uridine triphosphate.
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conductance regulator (CFTR) and the HCO3/Cl™
anion exchanger 2 (AE2) on the apical membrane, >
and hence respond to secretin with an increase in
[cAMP] (intracellular cyclic adenosine monophosphate
concentration), and subsequent CI™ and HCOj3 efflux
into the lumen. Conversely, small cholangiocytes, from
small ducts, do not express secretin receptors, CFTR,
or HCO3/Cl™ exchanger and do not exhibit a secre-
tory response to secretin.” In human liver, parallel to
the findings observed in the rat and mouse, secretin-
stimulated duct secretory activity is heterogeneous,
because only medium and large interlobular bile ducts
express the CI"/HCOj; exchanger AE2.

Recently, secretion mediated by extracellular nucleo-
tides (e.g., adenosine triphosphate [ATP]) acting on
purinergic (P2) receptors on the luminal membrane of
biliary epithelial cells has emerged as functionally im-
portant. ATP is present in bile,” and binding of ATP
to P2 receptors increases K*7,® and Cl™ efflux from
isolated cholangiocytes”’® and dramatically increases
transepithelial secretion in biliary epithelial mono-
layers.'”"" Indeed, the magnitude of the secretory
response to ATP is two-fold to three-fold greater than
that to cAMP.' Interestingly, recent evidence suggests
that even cAMP-stimulated bile flow is mediated by
ATP release into the duct lumen and stimulation of
apical P2 receptors.'” Together, these studies challenge
and extend the conventional model that centers on the
concept that cAMP-dependent opening of CFTR-
related Cl™ channels is the driving force for cholangio-
cyte secretion. Rather, the operative regulatory path-
ways appear to take place within the lumen of intrahe-
patic ducts, where release of ATP into bile is a final
common pathway controlling ductular bile formation.
In light of recent studies demonstrating that the me-
chanical effects of fluid-flow or shear stress at the api-
cal membrane of biliary epithelial cells is a robust
stimulus for ATP release,'> a model emerges in which
mechanosensitive ATP release and Cl™ secretion is a
dominant pathway regulating biliary secretion.

Although cholangiocytes express a repertoire of both
P2X and P2Y receptors,’ B e is unknown if expres-
sion differs between small and large cholangiocytes
and/or if functonal differences exist in ATP release
and signaling along the bile duct. The aim of the cur-
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rent studies therefore was to determine if a potential
P2 signaling axis may exist along the bile duct by eval-
uating mechanosensitive ATP release and exocytosis,
P2 receptor expression and function, and secretion
mediated by extracellular nucleotides in both small

(MSC) and large (MLC) mouse cholangiocytes.

Materials and Methods

Cell Models. Studies were performed in mouse
cholangiocytes isolated from normal mice (BALB/c)
and immortalized by transfection with the simian virus
40 large-T antigen gene.” These cells demonstrate
identical properties to freshly isolated small and large
mouse cholangiocytes.” Cells were maintained in cul-
ture as described.”® Additional studies of P2 receptor
expression were performed in primary cholangiocytes
isolated from C57BL/6 mice (Charles River, Wilming-
ton, MA) as previously described.'®'” All animal
experiments were performed in accordance with a pro-
tocol approved by the Scott & White Institutional
Animal Care and Use Committee and in accordance
with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Total RNA Isolation and RT-PCR Analysis. Total
RNA was extracted using TRIZOL Reagent (Invitro-
gen, Carlsbad, CA) and 1 pug RNA was reverse tran-
scribed in the presence of 100 pmol oligo-deoxythymi-
dine primer. For reverse transcription polymerase chain
reaction (RT-PCR), aliquots of 5% of the total com-
plementary DNA were amplified with TagDNA poly-
merase in a reaction mixture containing 20 pmol of 5’
and 3’ primers specifically designed for various P2X
and P2Y receptors (Supporting Information Methods
and Supporting Information Table 1).

Measurement of Intracellular Ca’* Concentra-
tion. MLCs and MSCs were grown to confluence on
coverglass (Fig. 2), loaded with 2.5 pg/mL of fura-2-
acetoxymethyl ester (fura-2-AM; TEF Laboratories,
Austin, TX), placed in a perfusion chamber (RC-25F/
PHA; Warner Instruments) on the stage of an inverted
fluorescence microscope (Nikon TE2000), and the
inflow and outflow ports were connected to a syringe
pump. Changes of [Ca®™); (the intracellular calcium

Address veprint requests ro: Andrew P Feranchak, M.D., UT Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390-9063. E-mail:
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concentration) were measured at excitation wavelength
of 340 nm (calcium-bound fura-2-AM) and 380 nm
(calcium-free fura-2-AM), and emission wavelength of
510 nm and [Ca®"]; was calculated.

Immunostaining. Confluent MSCs and MLCs were
incubated with acetylated o-tubulin antibody (Sigma),
as a marker for the primary cilium, and rhodamine
phalloidin (Invitrogen) to label actin. Imaging was per-
formed using a PerkinElmer UltraVIEW ERS spinning
disk confocal microscope (PerkinElmer, Boston, MA).
Imaris 5.0 (Bitplane, Inc., Saint Paul, MN) was used
for three-dimensional volume rendering of z-stacks.

Measurement of Exocytosis. Exocytosis was assessed
by real time imaging using the fluorescent dye FM1-
43 (Molecular Probes, Inc., Eugene, OR) as previously
described.'® FM1-43 is weakly fluorescent in aqueous
solution, but its >300-fold
when it binds plasma membrane and, therefore, it is a
useful dye for the measurement of increased plasma

fluorescence increases

membrane due to fusion of vesicle membrane with the
plasma membrane during exocytosis.

Measurement of ATP Release. Bulk ATP release was
studied from confluent cells using the luciferin-luciferase
(L-L) assay as previously described.'>'”** Cell swelling
was induced by adding water to dilute media 33% and
defined shear stress was applied to confluent cells in a par-
allel plate chamber. All luminescence values are reported
as relative change from basal luminescence per total pro-
tein level in the sample (measured in micrograms per
milliliter) to control for any potential differences in lucif-
erase activity or confluency between samples, respectively.
Detailed protocols for measurements of ATP release, ATP
degradation, protein levels, and lactate dehydrogenase are
described in Supporting Information Methods.

Transepithelial Cl— Secretion. MLCs and MSCs
were grown on collagen-coated polycarbonate filters
with a pore size of 0.4 pum (Costar, Cambridge, MA)
and the transmembrane resistance was measured daily
(Evohm voltmeter; World Precision Instruments, Sara-
sota, FL).?! Filters were mounted in an Ussing cham-
ber, filled with standard buffer solution, and transepi-
thelial short-circuit current response (/,.) was measured
under 0 mV voltage-clamp conditions through agar
bridges connected to Ag-AgCl electrodes using an epi-
thelial voltage clamp amplifier (model EC-825; Warner
Instruments, MRA International, Naples, FL). The /.
represents the net sum of the transepithelial fluxes of
anion and cation and the level of ion secretion.'’
Studies included paired, same-day monolayers to mini-
mize any potential effects of day-to-day variability.

Reagents and Statistics. Detailed descriptions of
the reagents, buffer solutions, experimental protocols,
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Fig. 1. Mouse cholangiocytes express P2 receptors. Molecular
expression of P2X and P2Y receptor subtypes was evaluated by RT-
PCR with specific oligonucleotides. (A) P2X receptor expression. P2X4
is the predominant P2X receptor in both mouse large (MLC), left
panel, and mouse small (MSC), right panel, cholangiocytes. (B) P2Y
receptor expression. Both MLCs and MSCs express multiple P2Y recep-
tor subtypes, including P2Y1, P2Y2, P2Y4, P2Y6, P2Y12, P2Y13, and
P2Y14. The arowhead indicates a 564-base pair (bp) ADNA-Hind Il
fragment.

and statistical analysis are provided in Supporting In-
formation Materials.

Results

Large and Small Cholangiocytes Express a
Repertoire of P2X and P2Y Receptors. In both
MLCs and MSCs, complementary DNAs were probed
with oligonucleotide primers specific to the seven P2X
subtypes and seven P2Y subtypes in mouse (shown in
Supporting Information Table 1) and amplified using
RT-PCR. Representative studies are shown in MLCs
and MSC:s (Fig. 1), and in primary isolated cholangio-
cytes (Supporting Information Fig. 1). In both MLCs
and MSCs, clear bands corresponding to P2X4 and all
seven P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6,
P2Y11, P2Y12, and P2Y13) are present. These results
are consistent with previous studies of human and rat
biliary cells where a predominance of P2X4 and multi-
ple P2Y receptors were observed.!%1°

Agonist Profile of Nucleotide-Stimulated Ca’*
Fluorescence. To establish the functional significance
of mouse cholangiocyte P2 receptor expression, MSCs
and MLCs were grown to confluence (Fig. 2) and
changes in Ca®' fluorescence measured in response to
P2Y and P2X agonists. Exposure to ATD, UTP, a P2Y-
preferring agonist, or Bz-ATP, a P2X-preferring ago-
nist, all resulted in significant increases in [Ca®"]; in
both MLCs and MSCs (Fig. 3). The ATP-stimulated
increase in [Ca’"], was abolished by the P2Y receptor
blocker, suramin (Fig. 3D). Together, these results
demonstrate that P2X4 and P2Y receptors expressed
by both MLCs and MSCs are functionally active. No
differences were observed between MLCs and MSCs
in either the magnitude or kinetics of the Ca®*
response to any of the nucleotides.
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MSC

Fig. 2. MLCs and MSCs form polarized monolayers. MLCs (left) and MSCs (right) were cultured on coverglass for 5 days and stained for acety-
lated «-tubulin, as a cilia marker protein (green), and phalloidin, for actin localization (red). Bottom panels represent z axis to highlight cilia.

Scale, small hatch marks = 5 pm.

Functional Role for P2 Receptors in Transepithelial
Secretion. When cultured as described, both MSCs
and MLCs developed an increase in transmembrane
resistance by day 3 signifying the development of con-
fluent monolayers with tght junctions (Fig. 4A).
When mounted in an Ussing chamber, confluent
MLCs and MSCs monolayers exhibited a basal 7,
reflecting transepithelial secretion, which increased dra-
matically in response to the addition of ATP (100
UM) to the apical chamber (Fig. 4B,C). The nucleo-
tide-stimulated /. was significantly inhibited by the
channel blocker, 5-nitro-2-(-3-phenyl-

nonspecific Cl

propylamino)-benzoic acid (NPPB), or by the Ca*t-
activated Cl™ channel blocker niflumic acid (Fig.
4C,F). Additionally, preincubation with the IP3 recep-
tor blocker, 2-APB, significantly inhibited the ATP-
stimulated increase in /. in both MLC and MSC (Fig.
4C). In separate experiments, the effect of apical versus
basolateral P2 receptor stimulation on the /. was
determined. For both MSCs and MLCs, an increase in
the /. was observed when nucleotides were added to
either chamber, consistent with functional expression
of P2 receptors on both apical and basolateral mem-
branes. The magnitude of the change in /. was similar

g ° R
25 30 ed :
i MLES e MLC S B
5] MSC 25 - MSC bi ;gi/‘
o el LI C N———
g ® 20 0 20 4 & 80 10C
o 15 o UTP M)
8 f 315 Fig. 3. P2 receptor agonists increase intra-
S 1.0 femmormernicdy = e cellular Ca®™ in mouse cholangiocytes. MLCs
& 2 o0 and MSCs were loaded with fura-2-AM and
05 ATP 05 | utP | exposed to extracellular nucleotides, ATP
60 » e (100 uM), UTP (100 uM), or Bz-ATP (100
1 2 3 4 5 6 " 1 2 3 4 5 8 M) as indicated. The y axis values represent
time (min) the ratio of fluorescence at 340 (f340) and
c at 380 nm (f380). (A-C) Representative stud-
3000 MLC MSC ies. The Ca*" fluorescence increased rapidly
. in both MLCs (solid line) and MSCs (dotted
o line) upon exposure to nucleotides. Insets in
& 2000 (B) and (C) demonstrate dose-response for
8 * 1500 respective agonist. (D) Cumulative data. Val-
e ues represent the maximal [Ca®T], in nM.
=4 1000 [Ca®t]; was calculated based on maximal
2 05 500 and minimal Ca®" fluorescence obtained by
’ BzATP exposure to ionomycin (5 ©M) and EGTA (10
0.0 0 P S mM), respectively (N = 3-6 each). *Suramin
T2 3 4 5 6 £ 5 '{5 Ee & 5 g EB significantly inhibits ATP-stimulated [Ca2-];,
time (min) @ 37 @ 3% P < 0.05.
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Fig. 4. Mouse cholangiocytes form polar- 0 2 4 6 8 10 12 14 16 2 4 6 8 10

ized monolayers and exhibit increases in day irlcfhula)

transepithelial Cl™ secretion in response to C D

extracellular nucleotides. (A) Transmembrane 40 4 MLC MSC 60+ MLC
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resistance (€2.cm°) was measured at the time api: ATP

points indicated in MLCs and MSCs grown on -

semipermeable filters. (B) Representative \L

tracings of MLCs or MSCs mounted in an % < {\

Ussing chamber. The y axis represents short- g f; 0 \'\-\.,‘__ —) \\\_‘,

circuit current (ls) across monolayers meas- 4\

ured under voltage-clamp conditions (uA). o baso: ATP
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solateral additions of ATP (100 puM)-stimu- 20 ‘l’
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4-12 each). *Apical addition of UTP time (min)

increases s, > than basolateral addition (P
< 0.05). **Niflumic acid (NFA, 250 uM)
inhibits UTP-stimulated /s (P < 0.05).

when nucleotides were added to either apical or baso-
lateral compartments for all nucleotides tested except
for UTP which caused a significantly greater increase
in /. when added apically versus basolateral addition.
Thus, both MSCs and MLCs express functional P2
receptors on both apical and basolateral membranes.
Nucleotide binding to P2 receptors causes an increase
in [Caz“'"]i, predominantly through an IP3 receptor-de-
pendent mechanism, which stimulates Ca®"-activated
CI™ channels, and results in transepithelial secretion.
To our knowledge, these represent the first integrated
I, measurements of transepithelial secretion in mouse
cholangiocytes. Furthermore, in MSC, which do not
express CFTR, Ca*"-activated CI™ efflux in response
to extracellular nucleotides represents the first secretory
pathway clearly identified in these cells derived from
the small intrahepatic ducts.

Mechanosensitive ATP Release. In human biliary
cells and normal rat cholangiocyte monolayers, me-
chanical stimulation,®” shear stress,' and cell swelling
secondary to hypotonic f:xposure,22 have all been iden-
tified as significant stimuli for ATP release. Studies
were performed to determine if these mechanical stim-
uli result in a similar increase in the magnitude of
ATP release in mouse cholangiocytes. First, in response
to hypotonic exposure (33% dilution) to stimulate cell
swelling, a rapid and large increase in ATP release was
observed in both MLCs and MSCs (Fig. 5A). The
magnitude of the response, which peaked within 30
seconds, was significantly greater in MSCs versus
MLCs (Fig. 5A,C). Separate studies were performed to
assess the effects of shear on ATP release. Under low
shear conditions (shear 0.08 dyne/cm?) no increase in
ATP release was observed; however, increasing shear to
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Fig. 5. Mechanosensitive ATP release from mouse cholangiocytes. ATP in the extracellular media was detected using the luciferin-luciferase

assay and quantified as arbitrary light units (ALU). The y axis represents relative increase from basal luminescence (expressed as relative ALU/
pg/mL protein). (A) Cell swelling-induced ATP release from confluent MLCs and MSCs. Addition of isotonic media to cells led to a small increase
in luminescence. Dilution of media 33% by the addition of water (indicated by bar) led to an increase in ATP release in both MSCs (open
circles) and MLCs (closed circles) much greater than control cells exposed to only a second isotonic exposure. (B) Shear-stimulated ATP release
from confluent MLCs (closed circles) and MSCs (open circles) cells. Cells were perfused with Optimem and 60 sl aliquots were taken from the
efflux every 30 seconds, added to standard L-L reagent, and immediately placed in the Luminometer for luminescence measurement. Bars along
top indicate length of low flow (shear 0.08 dyne/cm?) and high flow (shear 0.64 dyne/cmz) exposure. (C) Cumulative data demonstrating rela-
tive ATP release from both MLCs and MSCs in response to shear (0.64 dyne/cm2, black bar) and hypotonic exposure (33% dilution, gray bar).
Values represent maximum ATP concentration within 30 seconds of shear or hypotonic exposure, mean + SEM. *ATP release is significantly
greater in MSCs versus MLCs, P < 0.05. (D) Inhibition of vesicular trafficking inhibits swelling-induced ATP release in MLCs and MSCs. *Monen-

sin (100 uM x 30 minutes) significantly inhibits ATP release in response 10 hypotonic exposure (33% dilution); P < 0.05, n = 4-6 each.

0.64 dyne/cm” caused a rapid relative increase in ATP
release in both MLCs and MSCs, and again the mag-
nitude of the peak response was significantly greater in
MSCs versus MLCs (P < 0.05, Fig. 5B,C). No differ-
ence was noted in lactate dehydrogenase measurements
before or after stimulus, for either hypotonic or shear
exposure, excluding cell lysis as contributing to meas-
ured ATP (data not shown). In other biliary models,
ATP release has been linked to exocytosis.'® To deter-
mine if exocytosis contributes to ATP release in MLCs
and MSCs, studies were performed in the presence or
absence of monensin, a carboxylic ionophore known
to dissipate the transmembrane pH gradients in Golgi
and lysosomal compartments and disrupt vesicular

trafficking. In both MLCs and MSCs, monensin sig-

nificantly inhibited swelling-induced (33% hypotonic
exposure) ATP release (Fig. 5D). Thus, both MSCs
and MLCs exhibit mechanosensitive ATP release which
is dependent on intact vesicular trafficking pathways.
Additionally, the magnitude of mechanosensitive ATP
release is significantly greater (~two-fold) in MSCs
compared to MLCs.

Mechanosensitive Exocytosis. To determine if the
difference in ATP release observed between MSCs and
MLGCs are the result of generalized differences in total
cellular exocytosis, rates of exocytosis were measured in
response to mechanical stimuli in both cell types. After
equilibration with FM1-43, cells were exposed to hy-
potonic buffer (33%) which was associated with a
rapid increase in fluorescence, reflecting an increase in
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vesicular exocytosis in both (A) MLCs and (B)
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sion analysis. (E) Cumulative data demon-
strating maximum magnitude of exocytosis in
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exocytosis (Fig. 6). In separate studies, exposure to
shear (0.64 dyne/cmz) also resulted in an increase in
exocytosis (Fig. 6). These findings suggest a functional
link between exocytosis and ATP release in both
MLCs and MSCs. There was no significant difference
noted in the rate or magnitude of exocytosis between
MLCs and MSCs in response to either of these me-
chanical stimuli.

ATP Degradation. The concentration of extracellu-
lar ATP in bile is regulated not only through the rate
of ATP release, but also through degradation path-
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ways.” To determine if differences exist in the kinetics
of ATP degradation between MSCs and MLCs, the
media bathing confluent cells was loaded with exoge-
nous ATP (10 nM). Changes in bioluminescence were
monitored continuously until relative ALU returned to
basal levels. As shown in Fig. 7, addition of ATP
(10 nM) to MLCs increased relative bioluminescence
2.7-fold. The time course of degradation was described
by a single exponential (y = ze~*%% 7", 1 = 0.99). By
comparison, addition of ATP to MSCs increased biolu-
minescence 2.5-fold with a similar rate of degradation
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Fig. 7. Kinetics of ATP degradation in mouse cholangiocytes. ATP degradation was assessed after addition of ATP (10 nM, at arrow) to apical
membrane of confluent (A) MLCs and (B) MSCs. The y axis represents relative arbitrary light units (ALU). Values represent means (black points)
+ SEM (gray bars); n = 4 monolayers/time point. Dashed line represents best-fit regression.
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described by a single exponential (y = ae” %% 7", 1 =
0.99). Thus, MLCs and MSCs display functionally simi-

lar ATP degradation pathways.

Discussion

The present studies extend the observations regard-
ing the specialized function of cholangiocytes by iden-
tifying and characterizing the elements of the puriner-
gic signaling axis in cholangiocytes derived from
distinct functional areas along the intrahepatic bile
ducts. Using molecular, pharmacological, and func-
tional biophysical approaches the principal findings in
these studies of mouse cholangiocytes are: (1) both
small and large cholangiocytes express a repertoire of
both P2X and P2Y receptors; (2) both small and large
cholangiocytes develop polarized epithelial monolayers
with a high transepithelial resistance and demonstrate
rapid increases in [Ca®"]; and transepithelial secretion
() upon exposure to extracellular nucleotides; (3) nu-
cleotide-stimulated secretion is dependent on IP3 re-
ceptor-mediated increases in [Ca*"); and Ca’'-acti-
vated Cl™ channel activation; (4) both small and large
cholangiocytes demonstrate  mechanosensitive ATP
release which is dependent on intact vesicular traffick-
ing pathways; and (5) the magnitude of mechanosensi-
tive ATP release is significantly greater in small versus
large cholangiocytes. Thus, these studies demonstrate
that both small and large cholangiocytes express all
components of the purinergic signaling axis and collec-
tively, provide a working model for mechanosensitive
ATP-stimulated secretion along intrahepatic bile ducts.
Additionally, the ATP-mediated secretory pathway
identified in the mouse small cholangiocytes, which do
not exhibit secretin-stimulated secretion,>!” represent
the first identification of a secretory pathway in these
specialized cells. The existence of a gradient along the
biliary axis, wherein ATP released from small cholan-
giocytes “upstream’ may represent an important para-
crine signal to the “downstream” P2 receptor-express-
ing large cholangiocytes, has important implications
for bile formation (Fig. 8).

Although regulated ATP release has been identified
in all liver cells studied, including both human and rat
hepatic cells and biliary epithelial
cells,®®** these are the first studies to characterize ATP
release in mouse cholangiocytes, and several observa-
tions deserve highlighting. First, the magnitude of
ATP release from small cholangiocytes was significantly
greater than that from large cholangiocytes. Because
the mechanism of cholangiocyte ATP release has not
been identified, the cellular basis for this difference in

parenchymal
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Fig. 8. Proposed model of the purinergic signaling axis along the
intrahepatic bile duct. ATP released from small cholangiocytes lining
the “upstream” small intrahepatic bile ducts may contribute impor-
tantly to local purinergic signaling, serve as a source for ATP in bile,
and represent an important paracrine signal to the large cholangio-
cytes lining the larger “downstream” bile ducts. Both small and large
cholangiocytes express a full array of P2 receptors and respond to
extracellular nucleotides with increases in [Ca®*]; and CI™ secretion.

ATP release cannot be determined. Although CFTR
has been proposed as a regulator of ATP release,'*%°
MSC do not express CFTR," suggesting alternate
ATP release pathways in these cells. One proposed
alternate exocytosis of ATP-
enriched vesicles. In fact, biliary cells possess a dense
population of vesicles ~140 nm in diameter in the
subapical space,”® and increases in cell volume increase
the rate of exocytosis to values sufficient to replace
~30% of plasma membrane surface area within
minutes. In the current studies, stimuli associated with
ATP release were also associated with parallel increases
in the rate of exocytosis, and disruption of vesicular
trafficking significantly decreased ATP release. Notably,
overall rates of exocytosis in response to mechanosensi-
tive stimuli did not vary significantly between MLCs
and MSCs, despite a significantly greater release of
ATP from MSCs, given the same stimulus. This may
suggest the existence of distinct vesicle populations
contributing to regulated ATP release. In fact, recent
findings in rat liver cells suggest that a distinct popula-
tion of ATP-enriched vesicles may contribute to regu-
lated ATP release.”” In some cell types, the concentra-
tion of ATP within secretory vesicles may approach 50
mM?® and, therefore, only several vesicles per cell may
account for substantial differences in the concentration
of ATP released into the extracellular space. Differen-
ces observed in the magnitude of ATP release between
MSCs and MLCs may be related to variation in the
regulation and/or trafficking of specific vesicles
involved in ATP transport (either ATP-containing

mechanism involves
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vesicles and/or vesicles transporting an ATP transporter
to the membrane). This regulation may occur at the
level of vesicle “priming”, trafficking, or membrane
fusion/release, though clearly further work is required.
Nonetheless, if these observations apply to 7z vive con-
ditions, greater ATP release from small cholangiocytes
would translate into a significant increase in the con-
centration of ATP in bile in the “upstream” intrahe-
patic ducts, given their smaller cross-sectional area and
relative volume.*”

Second, it is notable that extracellular nucleotides
elicit secretory responses when applied at both apical
and basolateral membranes. The apical membrane spe-
cifically represents an anatomic orientation that is well
suited for hepatocyte-to-cholangiocyte or cholangio-
cyte-to-cholangiocyte signaling by release of ATP into
bile. This is notably distinct from secretin and other
hormones that are delivered to the basolateral mem-
brane through the bloodstream." ATP release from the
hepatocyte canalicular membrane may signal to down-
stream small and large cholangiocytes through apical
P2 receptor stimulation in a process known as hepato-
biliary coupling. Hepatobiliary coupling has also been
described for bile acids, which are released from the
hepatocyte canalicular membrane and may be trans-
ported into “downstream” cholangiocytes via the apical
Na™-dependent bile acid transporter located on large,
but not small, cholangiocytes.”® Interestingly, Urso-
deoxycholic acid is associated with cholangiocyte ATP
release and Cl™ secretion.”® Thus, the ductal concen-
tration of ATP appears to be an important determi-
nant of bile formation and may represent a final com-
mon pathway in coupling hepatocyte transport to
cholangiocyte secretion.

Lastly, the relative importance of secretin- versus P2
receptor-mediated  secretion, in bile formation is
unknown. The molecular identity of the Cl™ chan-
nel(s) activated in response to ATP remains undefined
in biliary epithelium, though it appears to be unrelated
to CFTR."’ Furthermore, although we have previously
identified the Ca’'-activated K" channels, SK2 and
IK-1, in rat and human biliary epithelial cells,”® the
expression and contribution of these channels to secre-
tion in mouse cholangiocytes has not been defined.

In conclusion, the present studies represent a func-
tional characterization of the purinergic signaling axis
in mouse cholangiocytes from distinct areas of the in-
trahepatic biliary tree. The findings support a model
wherein ATP released from small cholangiocytes lining
the “upstream” small intrahepatic bile ducts may con-
tribute importantly to local purinergic signaling, serve
as a source for ATP in bile, and represent an impor-

WOO ET AL, 1827

tant paracrine signal to the large cholangiocytes lining
the larger “downstream” bile ducts. Targeting P2 re-
ceptor-mediated signaling pathways in intrahepatic bil-
iary epithelial cells may provide new and innovative
strategies for stimulating bile formation in the treat-
ment of cholestatic liver diseases.
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Cyclooxygenase-2 gene promoter polymorphisms affect
susceptibility to hepatitis C virus infection and

disease progression
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of Medicine, Tokyo, Japan

Aim: Because polymorphisms of cyclooxygenase-2 (COX-2)
and osteopontin (OPN) promoter regions and a promoter/
enhancer region of forkhead box protein 3 (FOXP3) gene are
known to affect immune responses, we examined whether
these polymorphisms can influence susceptibility to hepatitis
C virus (HCV) infection and progression of liver disease.

Methods: Peripheral blood samples were obtained from 104
Japanese patients with chronic HCV infection and 74 healthy
Japanese donors. Polymerase chain reaction single-stranded
conformational polymorphism analysis of genomic DNA was
performed to determine the polymorphisms.

Results: The risk of persistent HCV infection was decreased
in subjects with —1195GG genotype of the COX-2 promoter
region. However, in patients with chronic HCV infection, the
-1195GG genotype was associated with advanced-stage liver
disease. A luciferase reporter assay performed to analyze the
effect of single nucleotide polymorphisms (SNP) (-1195A or
-1195G) in COX-2 gene on transcriptional activity using the

HepG2, Huh7 and Hela cell lines indicated that the -1195G
genotype showed higher transcriptional activity than the
-1195A genotype. SNP of OPN and FOXP3 did not differ
between patients with chronic HCV infection and controls.
However, the —443TT genotype of the OPN promoter region
was associated with increased inflammatory activity of the
liver.

Conclusion: These results suggest that the —1195GG geno-
type of the COX-2 promoter region protects against HCV infec-
tion in the Japanese. However, once chronic infection is
established, the —443TT genotype of the OPN promoter
region and the —1195GG genotype of the COX-2 promoter are
thought to promote inflammation and contribute to the pro-
gression of liver disease.

Key words: cyclooxygenase-2, forkhead box protein 3,
hepatitis C virus, osteopontin, single nucleotide
polymorphisms

INTRODUCTION

EPATITIS C VIRUS (HCV) infection causes chronic
hepatitis (CH), liver cirrhosis (LC) and eventually
leads to hepatocellular carcinoma (HCC). Immune
responses are thought to play important roles in the
pathogenesis of viral hepatitis and inflammation is
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thought to be an important factor in the progression of
liver injury.

Cyclooxygenase-1 (COX-1) and COX-2 are enzymes
that convert arachidonic acid into prostaglandins and
thromboxanes. COX-1 is constitutively expressed in
various tissues and plays important roles in homeo-
stasis. In contrast, COX-2 is involved in inflammation,
angiogenesis, anti-apoptosis and carcinogenesis.'*
COX-2 has been reported to be overexpressed in inflam-
matory tissues and cancers.’™

The HCV core, NS3 and NS5A proteins are shown
to stimulate COX-2 expression.”'® Overexpression of
COX-2 has been reported in CH, LC and HCC tissues.
Furthermore, the COX-2 expression level has been
reported to correlate with HCV liver injury activity and
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