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Abstract

Cholangiocytes are epithelial cells that line the intra- and extrahepatic ducts of the biliary tree. The
main physiologic function of cholangiocytes is modification of hepatocyte-derived bile, an
intricate process regulated by hormones, peptides, nucleotides, neurotransmitters, and other
molecules through intracellular signaling pathways and cascades. The mechanisms and regulation
of bile modification are reviewed herein.

Introduction

Cholangiocytes are a heterogeneous, highly dynamic population of epithelial cells that line a
three-dimensional network of bile ducts known as the biliary tree. Their major physiologic
function lies in modification of hepatic canalicular (i.e., primary) bile as it is transported
along the biliary tree. Bile modification occurs through coordinated transport of various
ions, solutes, and water across the cholangiocyte apical and basolateral plasma membranes.
It is modulated by hormones, peptides, nucleotides, neurotransmitters, and other molecules,
including bile acids, through various intracellular signaling pathways and regulatory
cascades. This article reviews the structural and functional diversity of cholangiocytes and
the biliary tree and focuses on the physiologic mechanisms and regulation of bile
modification. Although brief references may be made, cholangiocyte pathophysiology and
immunobiology as well as the digestive properties of bile are beyond the scope of this
review.

Overview of Ductal Architecture and Developmental Origin

The biliary tree is a complex, three-dimensional network of tubular conduits (collectively
referred to as “ducts”) of various sizes and properties. It can be divided grossly into two
anatomically and functionally different compartments: intra-hepatic and extrahepatic (162,
221, 247, 256) (Fig. 1A and b). In humans, the nomenclature of the biliary conduits of the
intrahepatic compartment is categorized by size and proximity (Fig. 1C). The smallest (< 15
pm in luminal diameter) and most proximal of the conduits are the ductules, which emerge
from the canals of Hering, specialized channels lined by both hepatocytes and
cholangiocytes which represent the anatomic and physiologic transition from entirely
hepatocyte-lined canaliculi to entirely cholangiocyte-lined ductules
(24,42,135,167,168,183,195,230,232,234,235,256). These microscopic ductules serially
converge to form interlobular ducts, which measure 15 to 100 um in luminal diameter. Two
or more interlobular ducts combine to form septal ducts (lumen diameter 100-300 pum),
which then drain into area ducts (luminal diameter 300-400 um), which are the first of the
“large” ducts. Area ducts converge into segmental ducts (luminal diameter 400-800 um) and
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then right and left hepatic ducts (lumen diameter >800 pm), which mark the beginning of
the extrahepatic biliary tree (162, 167, 221, 247). The extrahepatic biliary tree goes on to
include the common hepatic duct, cystic duct, gallbladder (absent in rats), and common bile
duct, the distal portion of which drains into the duodenum (162, 221, 247) (Fig. 1).

Small intrahepatic bile ducts are lined by 4 to 5 cholangiocytes circumferentially (i.e., in
cross section), while large intrahepatic bile ducts may be lined by up to 40 cholangiocytes
(104, 179, 235). In addition, large intrahepatic ducts are lined peripherally (within their
fibromuscular walls) by peribiliary glands, as are the extrahepatic ducts (208).

In rodents, the intrahepatic biliary tree is categorized only into small bile ducts (lumen
diameter < 15 pm) and large bile ducts (lumen diameter > 15 ym) (7, 11, 35, 108, 167). As
in humans, the lumen of small bile ducts is formed by 4 to 5 cholangiocytes
circumferentially, but large bile ducts are encircled by only 8 to 15 cholangiocytes (11, 35,
108, 136).

Current understanding holds that cholangiocytes lining the intrahepatic biliary tree are
derived from hepatoblasts, which are also precursor cells to hepatocytes (277). In contrast,
cholangiocytes lining the extrahepatic biliary tree derive from endoderm and share a
common developmental origin with the pancreas and duodenum (162,221). Thus,
cholangiocytes of the intrahepatic biliary tree have a close embryological link to
hepatocytes, while those lining the extrahepatic biliary tree and gallbladder have a close
embryological link to epithelial cells of the pancreas and duodenum. During morphogenesis,
the extrahepatic biliary tree develops before the intrahepatic biliary tree; the mechanisms by
which the two anastomose are unknown (162).

The biliary tree runs along the portal tracts adjacent to a branch of the portal vein and
hepatic artery (159); this forms a hallmark anatomical arrangement known as the portal triad
(Fig. 2). Portal triads demarcate the liver lobule, which is a basic hepatic architectural unit
consisting of plates of hepatocytes lined by sinusoids that radiate toward and are drained by
a central vein. Small branches of the hepatic artery form a network of minute vessels around
bile ducts, termed the peribiliary vascular plexus, which provides blood supply to the biliary
tree. Blood from the peribiliary vascular plexus ultimately drains into a portal venous branch
or directly into hepatic sinusoids (96-98, 125, 262, 285). It is now known, despite continued
use of the classic name, that portal triads may also include nerves and lymphatic vessels
(130).

Cholangiocyte morphology and ultrastructure

As with bile ducts, cholangiocytes themselves differ in size—from 6 to 15 pm in diameter—
as well as in morphology, being flattened or cuboidal in small bile ducts, columnar in large
bile ducts (7, 11, 35, 126, 136, 232, 235). Cholangiocyte size generally follows ductal size,
that is, large cholangiocytes are found in large ducts (24).

Small and large cholangiocytes differ in their nuclear-to-cytoplasmic ratio; this ratio is
greater in small cholangiocytes, suggesting that they are less differentiated and have greater
plasticity as compared to large cholangiocytes (35, 179). Indeed in the rat, small
cholangiocytes, which are normally mitotically dormant, may proliferate in response to
various stimuli (e.g., histamine, secretin, a-naphthylisothiocyanate, and acute carbon
tetrachloride) (90,93,105,107,165,196,207) and insults (e.g., partial hepatectomy) (9, 179)
and acquire functional features of large cholangiocytes (92,104,171,179). Similar
proliferation and plasticity is thought to occur in human and mouse cholangiocytes (4, 207,
242). Therefore, we and others speculate that, in contrast to the more differentiated large
cholangiocytes, small cholangiocytes may represent a functional hepatobiliary progenitor
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cell population (265). However, it remains to be determined experimentally whether this is
true.

Cholangiocytes possess an apical (luminal) and a basolateral plasma membrane. Adjacent
cholangiocytes are joined by tight junctions (zonula occludens) located near the apical
membrane (126, 279) (Fig. 3). These junctions play a central role in establishing and
maintaining epithelial cell polarity (246). Cholangiocytes also possess gap junctions,
channels that permit direct cytoplasmic communication between adjacent cells (41).
Extending from the apical membrane of cholangiocytes are numerous microvilli, which
provide a fivefold increase in cell surface area (10, 126, 168, 279) (Fig. 3). Each
cholangiocyte also contains a single primary cilium—a long, tubular organelle which
extends from the apical plasma membrane and protrudes into the bile duct lumen (31, 123,
126, 185, 189, 190, 193). The primary cilium consists of a membrane-bound axoneme
composed of microtubules and a centriole-derived basal body (i.e., kinetosome), a
microtubule-organizing center from which the axoneme emerges (155) (Fig. 4). The
axoneme of a primary cilium has a 9 + 0 microtubule arrangement, that is, nine peripheral
microtubule doublets with no central pair of microtubules, and lacks dynein arms, in contrast
to that of a motile cilium which has a 9 + 2 axoneme pattern and requires the motor protein
dynein (31, 37, 233).

In rat liver, primary cilia, which have the same 9+0 ax-oneme pattern, are heterogeneous in
length but are generally proportional to the diameter of the duct they are located in (123). In
large bile ducts, the cilia measure 6-8 pum in length, approximately twice as long as in small
ducts. Basal bodies also vary in size, with ranging from 0.14 to 0.26 ym in diameter and
0.26 to 0.48 pm in length in small and large bile ducts, respectively (123, 189). In cultured
normal rat and mouse cholangiocytes, primary cilia appear at day 3 post-confluence and
grow progressively up to day 10 to a maximal length of approximately 7 to 10 um, at which
point the majority of cells possess a cilium (123) (Fig. 4). Unlike in rodents, the dimensions
of primary cilia along the biliary tree have not been systematically characterized in humans.

Cholangiocytes possess an actin cytoskeleton which is fundamentally involved in structural
and functional support of the plasma membrane, establishing and maintaining cell polarity,
and regulating vesicle trafficking and membrane protein distribution (68, 69). Coated pits
and vesicles have been identified on both the apical and basolateral plasma membrane
domains, suggesting that receptor-mediated endocytosis occurs in these regions (127, 128).
In addition, lysosomes and multivesicular bodies (MVBs), cellular organelles integrating
both endocytic and secretory pathways, are also present near the apical domain of
cholangiocytes (183, 186). Some MVBs fuse with lysosomes, resulting in degradation of
their contents, while other MVBs fuse with the cholangiocyte apical plasma membrane and
exocytically release their contents into the lumen of the bile duct (186). Also released in an
exocytic manner from cholangiocytes are exosomes, small (30-100 nm in diameter),
membrane-enclosed vesicles (50, 63, 153, 182, 186, 238, 249, 250, 281). Although these
vesicles may be released from a variety of cell types and have been implicated in a number
of physiological processes, their precise functional significance and processing remains
largely obscure (153, 249, 250, 276). One function of exosomes appears to be specific
delivery of proteins, lipids, MRNAs and miRNAs to neighboring or distant target cells, thus
triggering downstream signaling events therein (225, 238, 249).

Cholangiocytes have a prominent Golgi apparatus located near the apical membrane, an
inconspicuous and sparse endoplasmic reticulum, and small perinuclear mitochondria (35,
126, 179, 183). Their nucleus is round to oval, oftentimes notched, and typically located
basally (Fig. 3).
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Biochemical and functional heterogeneity of cholangiocytes

In addition to being morphologically heterogeneous, cholan-giocytes also demonstrate
biochemical and functional heterogeneity. For example, while many proteins are expressed
in both small and large cholangiocytes, some proteins are expressed only in small
cholangiocytes or vice versa. In humans, both small and large cholangiocytes express
pancreatic lipase, pancreatic a-amylase, trypsin (263, 264), and the CI"-HCO3~ exchanger,
AE2 (177, 264). In contrast, only small cholangiocytes express blood group antigens (e.g., A
and B) (214) and the antiapoptotic protein, Bcl-2 (53,55), while only large cholangiocytes
express cytochrome P4502E1 (61, 152). Differential protein expression is also seen in the
mouse (94, 202, 254, 273) and rat biliary tree (8, 9, 11, 13, 165, 197, 248).

With respect to functional heterogeneity of cholangiocytes, the working model has it that
large but not small cholangiocytes are actively involved in bile modification (94, 104, 136,
179). Recent observations, however, suggest that the functional heterogeneity of large and
small cholangiocytes is more complex, and that both large as well as small cholangiocytes
may contribute to bile modification (106,283).

Physiology of Bile Formation and Modification
Basic principles

Bile formation and modification require structural and functional integrity of both
hepatocytes and cholangiocytes. Initial formation and secretion of primary bile into
canaliculi, the rate-limiting step in bile biosynthesis, is driven primarily by active excretion
of organic solutes and ions into the canalicular space followed by osmatic entry of water
(183). The vectorial transport of bile salts into the canaliculi results in “bile-salt-dependent”
canalicular bile secretion, whereas excreted reduced glutathione and bicarbonate (HCO3")
drive “bile-salt-independent” bile secretion (33, 42, 76, 209).

Canalicular bile subsequently enters the lumen of the canals of Hering and then percolates
through the biliary tree, where it is extensively modified via a series of reabsorptive and
secretory processes executed predominantly by large cholangiocytes and possibly small
cholangiocytes (based on data from mice) (Fig. 5) (94, 106). These processes include
secretion of CI7, HCO3™~, and water from cholangiocytes and reabsorption of bile acids,
amino acids, and glucose into cholangiocytes (Fig. 5) (272). The molecular physiology of
bile modification is hereinafter discussed in detail.

Cholangiocyte secretion

Physiologically, bile secretion is a functional response of the liver to a meal. In the
postprandial state, acidic pH and peptides in the duodenal lumen stimulate S cells in the
duodenum and jejunum to release secretin into the portal venous circulation. Secretin
regulates a number of physiological functions, including secretion of HCO3™-rich bile
(42,135,256). HCO3™ secreted by cholangiocytes determines the alkalinity, hydration, and
pH of bile, minimizes passive cholangiocyte absorption of protonated glycine-conjugated
bile acids by forming the biliary HCO3™ umbrella, and significantly contributes to the
intestinal luminal pool of HCO3™ required for digestion (39, 42, 135, 183).

At the molecular level, bile secretion is initiated by opening of various CI~ channels on the
cholangiocyte apical plasma membrane, resulting in movement of CI~ out of the cell. An
apically located CI7/HCO3~ exchanger is then activated by the established CI~ gradient, and
HCOj3™ is secreted into the bile duct lumen in exchange for CI~. HCO3™ secretion is
followed by osmatically driven efflux of water into the ductal lumen (Fig. 6). An alternative
mechanism involves stimulation of basolateral M3 muscarinic receptors with acetylcholine
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(ACh), resulting in a local increase in IP3. This increase in IP3 leads to a release of Ca2*
from basolateral (types I and I1) IP3Rs, thus leading to apical CI7/HCO3™ secretion (192,
204).

A number of channels, transporters, and exchangers expressed on both the apical and
basolateral plasma membranes function in concert to achieve physiologic secretion of bile.
These cholangiocyte plasma membrane proteins are depicted in Figure 7, and their
characteristics are described individually in the sections below.

cAMP-regulated Cl~ channel, CFTR—Several CI~ conductances with different
biophysical characteristics have been demonstrated in cholangiocytes, including ones
activated by cyclic adenosine 3',5’-monophosphate (¢AMP), and others by intracellular Ca*
(86). The cAMP-activated CI~ channel was identified as being the cystic fibrosis
transmembrane conductance regulator (CFTR) (88). CFTR (the gene mutated in the human
disease cystic fibrosis, which in some cases has a cholestatic phenotype) belongs to a family
of adenosine triphosphate (ATP)-binding cassette (ABC) proteins that is expressed in
human, rat, and mouse liver, exclusively in large cholangiocytes (7, 62). It contains
intracellular N and C termini and has five domains, two of which span the plasma membrane
(six times each) (43, 243). These two transmembrane domains are separated by an
intracellular regulatory (R) domain containing phosphorylation sites for both protein kinase
A (PKA) and protein kinase C (PKC) (54, 84).

Under basal conditions, CI~ transport across the cholangiocyte apical membrane is low;
stimulation with cCAMP increases it by 20- to 40-fold (88, 199). It was believed that cAMP-
dependent PKA phosphorylation of CFTR resulted in CFTR channel opening and efflux of
CI™ ions into the bile duct lumen (42, 183) (Fig. 6). However, recent studies challenge the
role of CFTR as a primary route of CI~ efflux in bile formation; instead, a regulatory role of
CFTR in CI~ secretion by Ca2*-activated CI~ channels has been proposed (84, 204).
According to this model, CFTR functions in regulating release of ATP from cholangiocytes
into the ductal lumen, the mechanism of which remains uncertain. It is hypothesized that
release of ATP occurs through ATP-permeable channels and/or by exocytosis of ATP-
containing vesicles (87), and that ATP then activates apically located P2 receptors, resulting
in an increase in intracellular Ca2* and Ca%*-activated CI~ secretion. Thus, CFTR-dependent
ATP release followed by Ca2*-activated CI~ secretion is likely a dominant mechanism in the
initial steps of bile formation (83, 84, 204).

Ca?*-activated CI~ channels—Ca?*-activated CI~ currents have been recorded in
human, rat, and mouse cholangiocytes. CI~ currents occur in response to cholangiocyte
swelling, fluid flow, and ATP accumulation, and, can be associated with swelling-activated
CI™ channels, fluid flow-stimulated CI~ channels, and ATP-stimulated CI~ channels (73, 86,
88, 89, 282, 283). The molecular identity of the Ca2*-activated CI~ channels in
cholangiocytes remains unknown (73, 86, 282, 283).

CaZ* extrusion systems

The two major Ca2* extrusion systems of eukaryotic cells are the Na*/Ca2* exchanger
(NCX) and the plasma membrane Ca2* pump (PMCA). The relative role of these two
systems in handling cellular Ca2* homeostasis varies with the tissue and cell type. The
mechanisms and role of these systems in cholangiocyte Ca2* extrusion are not well
understood and are thus only briefly addressed below.

Mammals express three NCX genes coding for NCX 1-3, all of which are expressed at low
levels and seem to play a minor role in CaZ* regulation in the liver (220). Specific
information on NCX isoform expression and Ca?* signaling in cholangiocytes is lacking,
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but this extrusion system may play a role in preventing Ca* overload and hepatocyte injury
following oxidative stress (38, 40).

PMCAs belong to the ATP2B family of P-type ATPases and use ATP to pump CaZ* ions
across the plasma membrane against a large concentration gradient (38, 44). They are the
sole high-affinity transporter dedicated exclusively to Ca?* removal from the cell (38).
Mammalian PMCAs are encoded by four genes, and alternative splicing generates additional
diversity by way of isoforms (259). The major isoform expressed in liver is PMCA1Db, but
other isoforms, including PMCAA4b, are also present (67). In hepatocytes, the PMCA
appears to be predominantly in the basolateral (i.e., sinusoidal) membrane, with less of the
pump in the apical canalicular membrane. Our unpublished data show that cholangiocytes
express PMCALb and PMCAJb, but their relative levels, cellular localization, and
involvement in Ca2* signaling (e.g., oscillations, secretion, and gene regulation) remain to
be determined (203).

Na*-independent CI=/HCO3™~ exchanger, SLC4A2/AE2—Cholangiocytes possess a
number of specific proteins and mechanisms for intracellular HCO3™ homeostasis (252).
Among these is the Na*-independent CI7/HCO3~ exchanger, SLC4A2/AE2, which functions
in electroneutral and reversible exchange of CI~ and HCO3™ across human and rodent
cholangiocyte plasma membranes (2, 30, 33, 177, 252, 258). SLC4A2/AE?2 (implicated in
the pathogenesis of the human disease primary biliary cirrhosis) is a member of the SLC4
family of HCO3™ transporter (2, 30, 33, 177, 252, 258); this family consists of eight
members, three of which, SLC4A1/AEL, SLC4A2/AE2, and SLC4A3/AE3 (and
controversially, SLC4A4/AE4), are Na* independent (2). SLC4 polypeptides have three
structural domains: intracellular N and C terminal domains of 400 to 700 amino acids and 30
to 100 amino acids, respectively, and a C terminal polytopic transmembrane domain of
approximately 500 amino acids (2). Apically located SLC4A2/AE2 mediates HCO3™
secretion into bile in a CI™ gradient-regulated manner, in accordance with intracellular pH
(159), and is also critical to establishing a protective apical cholangiocyte plasma HCO3~
umbrella (121). The transcription factor HNF1a (hepatocyte nuclear factor 1a) may
upregulate AEb; and AEb, expression, suggesting the potential for liver epithelial cells to
increase expression of these AE2 isoforms when needed for increased HCO3™ secretion (21,
170).

Na*-dependent CI=/HCO3~ exchanger—In humans, the electrogenic cholangiocyte
basolateral membrane Na*-dependent CI-/HCO3~ exchanger (NCHE) counterbalances
apical HCO3™ efflux mediated by AEZ2, thereby contributing to maintenance of intracellular
HCO3™. Carbonic anhydrase 1, an enzyme that generates HCO3™ and H+ from CO5 and
H,0, together with NHE1/SLC9A1 (discussed below), are additional mechanisms that
maintain the concentration of intracellular HCO3™ (146, 274).

Na*-HCO3~ cotransporters—Murine cholangiocytes express an apical plasma
membrane Na*-HCO3~ cotransport carrier, Slc4a4/Nbc1, that transports one Na* and three
HCO3™ into the ductal lumen. Such Na*-HCO3™~ cotransport was not detected in rat
cholangiocytes, suggesting that it is mouse specific (275).

Rat cholangiocytes express a basolateral Na*-HCO3™ cotransporter, an analog to human
NCHE. This, together with NHE1/SLC9AL1 and carbonic anhydrase, functions to maintain a
high concentration of intracellular HCO3™ (252).

Na*/H* exchanger—The electroneutral exchange of intracellular H* for extracellular Na™,

which is critical for transepithelial Na* transport, is performed in different cell types by the
NHE/SLC9 family of Na*/H* exchangers (NHE). NHEs are highly regulated

Compr Physiol. Author manuscript; available in PMC 2013 November 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabibian et al.

Page 7

phosphoproteins with two functional domains: an N terminal domain, which constitutes the
cation antiport machinery, and a large C terminal cytoplasmic tail domain, which serves a
modulatory role by interacting with protein kinases and regulatory factors (52, 218).

The presence of the first of nine Na*/H* exchanger orthologs (i.e., NHE1/SLC9AL) on the
human and rat cholangiocyte basolateral plasma membrane was shown by functional studies
(252). NHE1/SLC9AL1 has several physiological functions, including regulation of
transepithelial HCO3™ transport.

K* channels—Although CI~ channels are believed to provide the main driving force for
biliary secretion, complementary actions by membrane K* channels are also required (72).
In secretory epithelia, it is thought that activation of K* channels leads to membrane
hyperpolarization by which the electrical driving force for continued CI~ efflux is
maintained (72).

The biliary epithelium possesses two known K* channels. On the apical plasma membrane,
human and rodent cholangiocytes express a Ca2*-activated small conductance K* channel,
SK2 (183). This 63 kDa protein has six transmembrane domains and is activated by small
increases in intracellular Ca2* concentration (81, 226). Activation of apical plasma
membrane SK2 results in a small K* conductance (approximately -4 pA/cm?), which
enhances cholangiocyte secretion of CI™ in response to regulatory stimuli (81).

On the basolateral plasma membrane of human and rat cholangiocytes, two types of Ca2*-
activated K* channels are expressed, SK2 and the intermediate-conductance Ca%*-activated
K* channel 1, IK-1 (72,81,198). These two channels function in a complimentary manner
and contribute to cholangiocyte secretory responses by hyperpolarizing the basolateral
plasma membrane (72).

Na*/K* ATPase—Human and rat cholangiocytes possess a Na*/K*-ATPase pump (240,
269, 271), which, as in many other cell types, transports Na* and K* against their
electrochemical gradients. The Na*/K*-ATPase couples the energy released by hydrolysis of
one ATP with transporting 3 Na* out of and 2 K* into the cell, creating a strong
electrochemical gradient of approximately 60 mV (183). This favors Na* influx from an
extracellular Na* concentration of approximately 140 mmol/L to an intracellular Na*
concentration of approximately 14 mmol/L, with a rate of transport of 103 to 108 ions/s (86).
In cholangiocytes, the inwardly directed Na* gradient provides energy for transport of
organic solutes (e.g., bile acids, amino acids, and glucose).

Na*-K*-CI~ cotransporter—Functional studies suggest that rat cholangiocytes possess
an electroneutral Na*-K*-CI~ cotransporter on the basolateral plasma membrane that
maintains a high intracellular CI~ concentration (82). In most cell types, Na*-K*-CI~
cotransporters mediate transport of 1Na*:1K*:2CI~ ions into cells in an electrically neutral
manner (115). Basolateral Na*-K*-CI~ cotransport and CI7/HCO3~ exchange function as
active CI~ uptake mechanisms that maintain the concentration of intracellular CI~ above
electrochemical equilibrium. An increase in apical plasma membrane permeability to CI~
also results in activation of basolateral K* channels (i.e., SK2), through which K* that is
taken up by the Na*-K*-CI~ cotransporter and Na*/K*-ATPase is cycled back out. The
lumen-negative transcholangiocyte electrical potential generated by these processes may
drive passive paracellular transport of Na* (and water) from blood to the ductal lumen (183).

Aquaporins—HCO3™ secreted into bile duct lumen establishes an osmotic gradient that

drives efflux of water from cholangiocytes through water channels known as aquaporins
(AQPs) (187, 188). AQPs (AQPO0-12) are small (26-34 kDa) integral membrane proteins
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consisting of 6 transmembrane alpha-helical domains with 5 interhelical loop regions (A-E)
and cytoplasmically oriented N and C termini. Connecting loops B (cytoplasmic) and E
(extracellular) contain the highly conserved NPA (asparagine-proline-alanine) motif and
form the hourglass-shaped structure through which water passes (131). With a diameter of
approximately 3 A, the size of this water pore is sufficient to allow effective passage of
water molecules in a single file in either direction (51, 124, 280). AQPs have extremely high
water transporting capability, as exemplified by AQP1, which transports approximately 3 x
10° water molecules per channel per second.

In humans, AQP1 is expressed in interlobular and terminal bile ducts (212). In the rat, AQP1
is principally present within intracellular vesicles, and in low amounts, in the basolateral
plasma membrane when in the basal state (172, 174); when rat cholangiocytes are stimulated
by secretin, AQP1 is subsequently translocated to the apical plasma membrane (128, 129).

In the mouse, AQP1 is present in both small and large bile ducts (110, 202); however,
although important, AQP1 does not appear to be a rate-limiting factor for ductal bile
secretion (202). It is thought that AQP8, expressed particularly abundantly in large murine
cholangiocytes, may play the main role in AQP-mediated water transport in murine biliary
epithelia (273).

AQP4 is exclusively expressed on the rat cholangiocyte basolateral plasma membrane (173).
The high water permeability of AQP4 suggests that AQP4 can effectively balance water
permeability between the apical and basolateral membranes (183). In contrast to AQP1,
AQP4 expression, and localization in isolated rat cholangiocytes is secretin unresponsive
(173). This supports the notion that AQP4 is constitutively present in the basolateral plasma
membrane, or alternatively, that its functions are driven by signaling pathways not involving
secretin (183).

Studies on enclosed, polarized, microperfused isolated bile duct units (IBDUs) harvested
from normal rats and mice have shown AQP-dependent water transport into the lumen of
IBDUs in response to inward (i.e., secretory) osmotic gradients (64, 110, 184, 191). Water
secretion into the lumen of IBDUs was not inhibited by protamine, a protein that disrupts
tight junctions, but was inhibited by mercuric chloride (HgCl,), an AQP-inhibiting
compound (64), as well as by small interfering RNAs to AQP1 (253).

Cholangiocyte absorption

Cholangiocytes contribute to ductal bile modification not only by secretion, but also by
absorption of ions, bile acids, amino acids, glucose, and other molecules. The cholangiocyte
apical and basolateral plasma membrane both express transport proteins that enable these
absorptive functions (Fig. 8), and these are individually reviewed in detail below.

Na*/H* exchangers—An NHE ortholog, NHE3/SLC9A3, has been identified on the rat
and mouse cholangiocyte apical plasma membrane (201). Functional studies in IBDUs from
NHE3/SLC9A3 knockout mice and from normal rats and mice treated with an NHE
inhibitor, 5-(N-ethyl-N-isopropyl)-amiloride, have shown that NHE3/SLC9A3 is involved in
cholangiocyte fluid absorption and counterbalancing fluid secretion (201). In addition to
these functions, NHE3/SLC9A3 may also be a site for regulation of cholangiocyte HCO3™~
and fluid secretion, presumably through upregulation of CFTR via protein-protein
interactions (201). The presence of another ortholog, NHE2/SLC9A2, on the rat
cholangiocyte apical plasma membrane has also been reported (176, 252).

Bile acid absorption—A fraction of the bile acids secreted by hepatocytes into bile

canaliculi is absorbed by cholangiocytes and returned to hepatocytes instead of being
delivered to the intestine. In this pathway, referred to as the cholehepatic shunt (as opposed
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to the enterohepatic circulation), unconjugated bile acids secreted into bile by hepatocytes in
an anionic form become protonated and passively diffuse into cholangiocytes through their
apical plasma membrane (120, 183) (Fig. 9). These unconjugated bile acids are then
transported into the peribiliary vascular plexus and returned to hepatocytes. They are then
resecreted into bile canaliculi, stimulating HCO3™ secretion (66). In contrast, conjugatedbile
acids are transported across the cholangiocyte apical and basolateral membranes by specific
transporters (8, 36, 119, 156, 158).

Located on the apical plasma membrane is the Na*-dependent bile acid transporter ASBT/
SLC10A2, a 48 kDa integral membrane protein identical to that cloned from rat ileal and
renal epithelial cells (8, 156). ASBT/SLC10AZ2 is a highly efficient transporter of conjugated
bile acid that mediates coupled bile acid and Na* uptake in a 2:1 ratio (65). The low level of
ASBT/SLC10A2 expression on the cholangiocyte apical plasma membrane, however,
suggests only a modest role of this transporter in conjugated bile acid uptake (66).
Alternative splicing of the ASBT gene generates a truncated, 19 kDa form of ASBT/
SLC10A2, t-ASBT (158); this truncated form of ASBT is found on the basol/ateral plasma
membrane and has the complementary function of bile acid efflux from the cholangiocyte
(158).

Given the cytotoxic effects associated with intracellular accumulation of bile acids, the
mechanisms for bile acid efflux from cholangiocytes into the peribiliary vascular plexus are
extensive and redundant. These include t-ASBT, multidrug resistance protein 3 (MRP3/
ABCB4), MRP4, organic anion transporting polypeptide 3 (Oatp3), and the organic solute
transporter Ost alpha-Ost beta (25, 28, 36, 119, 158), the lattermost of which appears to play
a central role in this process (25, 28).

Glucose absorption—Glucose initially enters canalicular bile at a concentration equal to
plasma (= 5.0-7 mmol/L) and is subsequently reabsorbed from bile by cholangiocytes,
resulting in a low glucose concentration (< 1.0 mmol/L) in common bile duct bile (114). The
vectorial transport of glucose from bile to blood is accounted for by a sodium-dependent
glucose cotransporter, SGLT1, expressed on the cholangiocyte apical plasma membrane (as
well as in small intestinal epithelial cells, similar to the case of ASBT), and by a facilitative
glucose transporter, GLUTL, which is expressed on the basolateral plasma membrane (157).

SGLT1 is one of seven proteins of the SLC5A gene family. It has 14 transmembrane
domains and extracellularly oriented N and C termini. Domains 10 to 13 form the sugar
binding/translocation domain, and the Na* binding/translocation domain is located at the N
terminus (284). SGLT1 uses the energy of the Na* electrochemical gradient created by the
Na*/K* ATPase pump to transport glucose across the apical membrane against its gradient
(i.e., secondary active transport) (284).

GLUT1, also known as solute carrier family 2, facilitated glucose transporter member 1, has
12 transmembrane domains and cytoplasmically oriented N and C termini. This transporter
facilitates energy-independent diffusion of glucose down its gradient across the
cholangiocyte basolateral plasma membrane (45).

The transport of biliary glucose by cholangiocytes is functionally important for at least two
reasons. First, by absorbing glucose from bile, cholangiocytes actively participate in
determining the chemical composition and properties of bile. Second, absorbed glucose
provides an osmotic gradient that favors reabsorption of water from bile into cells
(114,166,191). It has been shown in humans and rats that as biliary glucose absorption
increases following D-glucose infusion into the femoral vein or portal vein, the rate of bile
flow decreases (114). Similarly, in isolated rat liver, the rate of bile secretion decreased by
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approximately one-fifth when it was perfused with a D-glucose-containing solution (166).
The converse is also true in that as biliary glucose absorption decreased following
administration of phlorizin, a competitive inhibitor of SGLT1, bile flow increased (114,
216). In addition, direct studies on glucose microperfused isolated rat IBDUs showed rapid
absorption of glucose via SGLT1 followed by AQP-mediated water absorption (191).

Amino acid absorption—RBile contains the amino acids glutamate, cysteine, and glycine.
They are the hydrolysis products of the tripeptide glutathione, the principal driving force for
“bile salt-independent” canalicular bile secretion (27, 29, 42). Glutathione, which is secreted
by hepatocytes, is degraded in bile by y-glutamyltranspeptidase, an enzyme found
abundantly on the canalicular hepatocyte and ductal cholangiocyte apical plasma
membranes (116). Functional studies suggest that cholangiocytes absorb biliary glutamate,
cysteine, and glycine by Na*-dependent and independent transport mechanisms that are
distinct from those in hepatocytes (26, 42). Absorption of these amino acids by
cholangiocytes may conserve them for glutathione resynthesis and thus be involved in “bile
salt-independent” canalicular bile secretion (183); in addition, it may generate osmotic
gradients of 3 to 12 mOsm that favor water absorption and thereby be directly involved in
ductal bile modification (85).

Bidirectional transport of proteins and organic ions—Bile contains a variety of
molecules such as proteins and organic anions and cations that are transported
bidirectionally by cholangiocytes through their apical and basolateral plasma membranes,
that is, both into and from bile, via various channels and pumps. For example, human and rat
cholangiocytes express the ATP-dependent conjugate efflux pumps MRP3/Mrp3 and MRP4
(22, 147, 228, 251), which transport a broad range of organic anionic substrates from bile
into the systemic circulation (22, 119, 150). Transported in the opposite direction, that is,
into bile, are molecules such as epidermal growth factor (EGF) and polymeric IgA. In rat
cholangiocytes, EGF is internalized from the basolateral membrane via receptor-mediated
endocytosis and then transported into bile by transcytosis (128). In humans, polymeric IgA
is secreted into bile by a mechanism involving the IgA receptor (154). Also transported into
bile a number of plasma proteins, including ceruloplasmin, asialoceruloplasmin,
carcinoembryonic antigen, and asialocarcinoembryonic antigen, into bile (149, 217, 267).
The transport of these proteins into bile is believed to occur through anatomical
communications between the fenestrated peribiliary capillary endothelium and the
basolateral cholangiocyte plasma membrane (255).

Cholangiocytes are continuously exposed to noxious or toxic agents, many of which are
organic cations excreted into canalicular bile by hepatocytes (42,206). The transmembrane
gradient of such agents may favor their passive entry and accumulation in cholangiocytes
with potentially injurious effects (183). Cholangiocytes possess several proteins and
mechanisms that can mitigate such effects (Fig. 10). For example, the multidrug resistance
P-glycoprotein (also known as ABC subfamily B, a member of which is implicated in the
human disease progressive familial intrahepatic cholestasis type 3) gene products, multidrug
resistance 1 (MDR1) and Mdr1a, are expressed in human and rat biliary epithelia and
localized to the cholangiocyte apical plasma membrane (99, 240, 266). These proteins are
ATP-dependent trans-membrane efflux pumps with broad substrate specificity including
lipophilic cytotoxic drugs, glucocorticoids, peptide antibiotics, Ca*2 channel blockers, and
others (144). The apical localization of MDR1 and Mdrla in cholangiocytes (99, 240, 266)
and Mdrla-mediated transport of rhodamine 123 (a P-glycoprotein substrate) into the lumen
of rat IBDUs suggest that MDR1 and Mdrla may counteract accumulation of organic
cations in cholangiocytes by excreting them back into bile (183). Furthermore, they can
excrete into bile exogenous and endogenous lipophilic compounds that have entered
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cholangiocytes from the peribiliary vascular plexus through the cholangiocyte basolateral
plasma membrane (99).

Intracellular Signaling

To function in a coordinated manner and balance secretion with absorption, cholangiocyte
transport proteins are regulated by a variety of extracellular stimuli via intracellular
signaling mechanisms. The major cholangiocyte intracellular signaling pathways are
associated with cAMP and Ca2* and are described below.

cAMP signaling

Adenylate cyclase (AC), the enzyme that catalyzes ATP cyclization to generate CAMP and
inorganic pyrophosphate, has nine membrane-bound isoforms (AC1-9) that are associated
with G-protein-coupled receptors and one soluble G-protein-insensitive AC (sAC, also
known as AC10) that have been identified in mammalian cells (132, 260). AC isoforms are
tissue specific, have different expression profiles, and are uniquely regulated.

ACs are activated or inhibited depending on the coupling of receptors to heterotrimeric G
proteins, which are composed of a, B, and y subunits. There are several classes of a-
subunits, including activating (i.e., as) and inhibitory (i.e., ;), each of which respectively
determines the functional characteristics of a given G protein. The ag-subunit hydrolyzes a
molecule of GTP to GDP, and a complex of f-and y-subunits anchors the G protein to the
membrane. Some stimuli induce dissociation of the ag-subunit from G protein and binding
of it to ACs, resulting in an increase in cAMP production. Other stimuli release a;-, -, and
y-subunits from the G; protein complex, which, in turn, inhibit ACs. In addition, different
isoforms of ACs are activated (e.g., AC8) or inhibited (e.g., AC5 and ACB6) by an increase in
intracellular Ca2* (132, 260).

Rat cholangiocytes express a total of 7 ACs: six membrane-bound ACs (AC4-9) and sAC,
suggesting the presence of multiple mechanisms of the cAMP signaling pathway therein (31,
123, 257). Indeed, ACs are heterogeneously expressed along the rat biliary tree and are
associated with different secretory stimuli. The expression of CaZ*-insensitive ACs (AC4
and AC7) predominates in small cholangiocytes, whereas large cholangiocytes primarily
express Ca2*-sensitive ACs (AC5, AC6, AC8, and AC9) as well as SAC, which is regulated
by intracellular HCO37(31, 123, 257). While AC5, AC6, and AC9 are inhibited by Ca?*,
AC8 is Ca?* activated. Functionally, AC8 and AC9 are linked to cholangiocyte secretion
induced by secretin and by p2-adrenergic receptor agonists, respectively, and sSAC is linked
to cholangiocyte secretion induced by accumulation of intracellular HCO3™ (257).

AC4, AC6, and ACS8 are also localized to cholangiocyte cilia, where they are involved in
cAMP signaling induced mechanically by bile flow or chemically by biliary nucleotides and
bile acids (31,123). Bile acid-induced intracellular cAMP signaling is associated with the
recently discovered G-protein-coupled bile acid receptor TGRS, which acts as a bile acid
sensor coupling biliary bile acid concentrations to bile formation (140-142). TGRS is
expressed in human and rodent cholangiocytes on their apical plasma membrane, on cilia,
and intracellularly, and also in other cell types and tissues (141). Intracellular TGR5 is likely
the result of its internalization into the cytoplasm in response to bile acids (138), whereas the
localization of TGRS on cholangiocyte cilia may represent the molecular link between bile
acids, cilia, and cilia-associated cAMP signaling in cholangiocytes.

In epithelial as well as other cells, cCAMP functions as a second messenger to transduce
extracellular signals into a cellular response via several cCAMP effector proteins, including
PKA and exchange proteins activated by cCAMP (EPACs) (132, 260). PKA is a
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heterotetramer with two regulatory and two catalytic subunits that responds to changes in
cAMP levels and regulates a wide range of intracellular processes. The regulatory and
catalytic subunits of PKA each have four isoforms, Rla, RIB, Rlla, and RIIB and Ca, CB,
Cy, and PrKX, respectively. The biochemical and functional features of PKA are determined
in large part by the structure and properties of the regulatory subunits, which are tissue
dependent and variable depend on the cellular state (i.e., basal vs. stimulated) (241). cAMP
binds to the PKA regulatory subunits (2 to each regulatory subunit), leading to dissociation
and activation of the catalytic subunits that can then effectuate the phosphorylation of
different proteins and expression of different genes (241). Rat cholangiocytes express all
four regulatory subunits (32); two of them, RIf and Rllq, are localized to the cholangiocyte
cilium (185).

EPAC proteins are a family of cAMP-activated Rap guanine nucleotide exchange factors
that regulate cellular processes through PKA-independent mechanisms. There are two
different isoforms of EPAC, EPAC1 and EPAC2 (also known as RapGEF3 and RapGEF4,
respectively) that are encoded by different genes (229). Both proteins are expressed in rat
cholangiocytes (32); one of them, EPAC?2, is localized to the cholangiocyte cilium (185).

The expression of multiple isoforms of ACs, regulatory subunits of PKA, and EPACs
suggests the diverse effects of CAMP signaling in the physiologic processes of
cholangiocytes.

Calcium signaling

Ca?* signaling in cholangiocytes is initiated by two pathways: (i) activation of G-protein-
coupled receptors expressed on both the apical and basolateral plasma membrane and (ii)
influx of extracellular Ca2* into the cell via Ca* channels. These are reviewed individually
below.

Activation of the G-protein-coupled receptors—Activation of specific G-protein-
coupled receptors results in production of inositol 1,4,5-trisphosphate (IP3), which diffuses
into the cytoplasm to release Ca2* from intracellular stores via its interaction with IP3
receptors (IP3R). IP3Rs are tetrameric 1P3-gated Ca2* channels located in the membrane of
the endoplasmic reticulum. Upon IP3 binding, the IP3R undergoes large conformational
changes resulting in opening of Ca2* channels and consequent release of Ca2* from the
endoplasmic reticulum and into the cytoplasm (203). Cholangiocytes express all three
known isoforms of IP3R (i.e., types I, 1I, and I11); however, IP3R type Il is the predominant
isoform. This isoform is most abundant near the apical plasma membrane, whereas isoforms
I and 11 are distributed relatively uniformly throughout the cytoplasm (117, 244).

Activation of any of the IP3R isoforms leads to an increase in the intracellular Ca2*
concentration; however, the patterns of intracellular Ca2* signaling, that is, Ca2* waves and
Ca?* oscillations, depend on the particular IP3R isoform that is activated. The type I11 IP3R
is involved in initiation of Ca2* waves, whereas the type | IP3R is likely involved in both the
spread of Ca* waves and the support of Ca2* oscillations. The precise role of type I IP3R
in intracellular Ca2* signaling in cholangiocytes is unclear (117, 244). Ca* waves induced
by the parasympathetic neurotransmitter ACh and ATP are propagated in cholangiocytes
from the apical to the basolateral pole. ACh-induced Ca?* waves cross cholangiocytes at a
speed of more than 20 microns/s, whereas ATP-induced Ca2* waves appear to cross
cholangiocytes much slower (117). Both ACh and ATP also induce Ca2* oscillations
(repetitive Ca2* increases) in cholangiocytes; however, each of these two agonists induces a
distinct pattern of CaZ* oscillations. For example, lower concentrations of ATP
predominantly induce sustained Ca2* oscillations, whereas higher concentrations
predominantly induce single, brief CaZ* increases. In contrast, ACh does not display clear
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dose dependence, and the spikes it induces tend to be irregular in duration (although
typically longer as compared to ATP induced) and frequency (161, 200, 210). This
variability may enable different stimuli to elicit nuanced and distinct physiological effects
even though they all act through modulation of intracholangiocyte Ca2* signaling (203).

Ca?* channels—Cholangiocytes express three types of Ca?* entry channels that may be
involved in intracellular Ca2* signaling: P2X receptors, polycystin-2 (PC-2), and transient
receptor potential channel vanilloid subfamily 4 (TRPV4).

P2X receptors (P2X1.7), which belong to a larger family known as the purinergic receptors,
are ligand- (ATP) gated, Ca2*-permeable, nonselective cation channels. They have two
transmembrane domains, intracellularly oriented N and C termini, and an extracellular loop
containing the ATP-binding site (183). P2X receptor stimulation by extracellular ATP
results in opening of the ion-permeable pore, an influx of Ca2*, and depolarization of the
cholangiocyte membrane (47). Mz-Cha-1 cells, a human cholangiocarcinoma cell line,
express four of seven P2X receptors (P2X,, P2X3, P2X, and P2X5) (261). Normal rat
cholangiocytes express P2X,, P2X3, P2X,4 and P2X7 (70, 71), with the P2X, receptor
presumably being the dominant one (70).

PC-2 is a 110 kDa protein, member of the transient receptor potential (TRP) superfamily,
that is encoded by the PKD2 gene (mutated in autosomal dominant polycystic kidney
disease) and functions as a nonselective cation channel with a high permeability to Ca2*. It
contains six transmembrane-spanning domains and intracellular N and C termini. PC-2
localization is concentrated in the endoplasmic reticulum, where it functions as a Ca2*-
permeable cation channel (20). In cholangiocytes and other primary cilia-containing
epithelial cells, PC-2 colocalizes with ciliary polycystin-1 (PC-1) and other proteins and is a
component of a mechanosensory complex (123, 211).

TRPV4 is a Ca%* entry channel that was first identified as a channel activated by
hypotonicity-induced cell swelling (183); it is now clear however, that it might integrate
responses to a variety of stimuli (77). It is a member of the OSM9-like transient receptor
potential channel subfamily in the TRP superfamily of nonselective cation channels. It has
six transmembrane domains, with a pore domain between the fifth and sixth, and
intracellular N and C termini. In cholangiocytes, TRPV4 is localized to cilia, where it
functions as an osmoreceptor (112, 113, 185). Activation of ciliary TRPV4 induces
cholangiocyte HCO3™ secretion by a mechanism involving apical ATP release, thus
suggesting the importance of ciliary TRPV4 in ductal bile modification (112).

With respect to small versus large cholangiocytes, it is unknown whether these cells have
functional differences in Ca2* signaling. Based on recently published observations (90, 93,
171, 283), we speculate that both small and large cholangiocytes have similar Ca2*-
signaling machinery but may respond differentially to extracellular stimuli. Indeed, both
small and large cholangiocytes possess the (IP3)/Ca2+-dependent signaling pathway but
have different responses to the same agonist. For example, small mouse cholangiocytes
proliferate in response to stimulation of the H1 histamine receptor (HRHZ1) by activation of
the IP3/CaMK pathway, whereas large cholangiocytes do not proliferate in response to
HRHZ1 activation (90). It has been also demonstrated that in diseases primarily affecting
large cholangiocytes, small cholangiocytes replenish the biliary epithelium by amplification
of Ca?*-dependent signaling and acquisition of large cholangiocyte phenotypes (4, 93, 171).
Also, both small and large mouse cholangiocytes demonstrate rapid increases in intracellular
Ca?* concentration upon exposure to extracellular nucleotides; however, the magnitude of
ATP release is greater in small versus large cholangiocytes, which may reflect differences in
ATP-mediated intracellular Ca2* signaling (283).
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Regulation of Bile Modification

Activation or inhibition of the intracellular cAMP and Ca2* signaling pathways is essential
for modulating bile modification via a number of extracellular regulatory factors. These
factors may be categorized into four groups: (i) regulatory factors stimulating basal
cholangiocyte secretion, (ii) regulatory factors potentiating secretin-stimulated
cholangiocyte secretion; (iii) regulatory factors inhibiting basal and secretin-stimulated
cholangiocyte secretion or stimulating cholangiocyte absorption, and (iv) bile-associated
regulatory factors. Examples of each of these factors are reviewed below and summarized in
Table 1.

Regulation of basal cholangiocyte secretion

Secretin—Secretin, a 27-amino acid neuropeptide, has a paramount role in hormonal
regulation of ductal bile modification. Secretin receptors are exclusively expressed on the
basolateral membrane of cholangiocytes (14, 78, 79), and in rat liver, the secretory response
to secretin is greatest in large ducts (7). As mentioned earlier, secretin’s effects are CAMP
and PKA-dependent and include secretion of HCO3™-rich fluid into bile.

In cholangiocytes, the secretin signal is inactivated by protein phosphatases 1, 2A, or both
(19), which dephosphorylate the regulatory domain of CFTR and promote conformational
changes. These changes result in occlusion of the CI~ conductance pathway and restoration
of the basal quiescent state. Thus, ductal bile secretion stimulated by secretin is regulated at
the level of CFTR by a balance between the activities of kinases (inducing activation) (19)
and phosphatases (inducing inactivation) of this channel (16).

An additional mechanism that may contribute to secretin-induced HCO3™-rich choleresis is
the Na*/H* exchanger NHE3, which, as described earlier, is present on the cholangiocyte
apical plasma membrane (201). NHE3 stimulates absorption of fluid from the biliary lumen,
thus counterbalancing fluid secretion in resting bile duct epithelia (183). PKA, activated by
secretin, inhibits NHE3-mediated fluid absorption, and as a result, leads to an increase in net
(secretin-induced) fluid secretion (201).

Bombesin—Bombesin, also known as gastrin-releasing peptide, is a 14-amino acid
peptide neurotransmitter that directly stimulates cholangiocyte fluid and HCO3™ secretion by
cAMP, cGMP, intracellular Ca%*, and microtubule-independent mechanisms (57, 59, 60). It
is a member of the bombesin ligand family, whose biological activity resides in a common
C-terminal sequence. /nn vivo, bombesin is likely to have both direct and indirect effects on
cholangiocyte biliary secretion, the latter by inducing the release of other secretagogues
(100, 133, 148, 205). Bombesin-stimulated cholangiocyte secretion is due to increased CI~/
HCO3™ exchanger activity, coupled to apical CI~ channels, and is counterbalanced by the
electrogenic Na*-HCO3~ cotransporter and K* channels on the basolateral plasma
membrane (57, 100).

Vasoactive intestinal peptide—Vasoactive intestinal peptide (VIP), a 28-amino acid
neuropeptide thought to be the principal noncholinergic, nonadrenergic neurotransmitter in
the gastrointestinal tract, stimulates cholangiocyte HCO3™-rich secretion (58,213,223,268).
Human cholangiocytes express one of two known VIP receptors, vasoactive intestinal
peptide receptor-1 (VPACL), which is linked to the cAMP signaling pathway (56, 95). In
rats, VIP is a more potent stimulus of biliary secretion than either secretin or bombesin (58).
The specific VIP receptors in rodent cholangiocytes have not yet been identified.
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Corticosteroids—Activation of glucocorticoid receptors expressed in rat cholangiocytes
by dexamethasone or budesonide increases biliary HCO3™ secretion /n vivo (17). In IBDUs
isolated from rats treated with dexamethasone or budesonide, cholangiocyte HCO3™
secretion was increased because of upregulation of two exchangers critical for ductal bile
modification, namely, the apical CI7/HCO3~ exchanger and basolateral Na*/H*-exchanger
(NHEL1 isoform) (17).

of secretin-stimulated cholangiocyte secretion

ACh and adrenergic agonists do not influence basal cholangiocyte secretion of HCO3™ de
novo, but they significantly potentiate cholangiocyte HCO3™ secretion that has been
stimulated by secretin (164, 178). These are described below.

Acetylcholine—The ACh-induced potentiation of secretin-stimulated HCO3™ secretion
results from activation of muscarinic M1 and M3 receptors that are expressed on the
cholangiocyte basolateral plasma membrane followed by an increase of the intracellular
Ca?* concentration (15, 74, 75, 210). In cholangiocytes, ACh does not act via a Ca2*-
activated PKC, but presumably by activation of Ca%*-sensitive AC isoforms, whereby it
effectuates a twofold increase in CAMP (15). Similarly, in isolated bivascularly perfused rat
liver, arterial infusion of ACh accentuates secretin-stimulated HCO3™ secretion (118). A
decrease of secretin-stimulated bile flow and HCO3™ secretion, was observed in
cholangiocytes isolated from the liver of bile duct-ligated rats with total vagotomy; this
further supports the role of parasympathetic innervation and its neurotransmitter, ACh, in
the potentiation of secretin-stimulated HCO3™ secretion (165, 178, 180, 181).

Adrenergic agonists—Rat cholangiocytes and Mz-ChA-1 cells express a1-, 0s-, B1-, and
Bo-, and apa-, Oop-, and dyc-adrenoreceptors, respectively (34, 137, 164). Activation of oy-
adrenergic receptors by phenylephrine in bile duct ligated (BDL) rats /n7 vivo resulted in
potentiation of secretin-stimulated bile flow and HCO3™ secretion. Similarly, in /n vitro
models, phenylephrine alone did not alter basal CAMP levels in cholangiocytes or expansion
of the lumen of enclosed IBDUs (a reflection of cholangiocyte secretion); however, it
significantly potentiated secretin-stimulated cCAMP levels and IBDU expansion.
Phenylephrine’s effects were abolished by benoxanthian hydrochloride, an ay-adrenergic
antagonist, again suggesting the potentiating regulatory effects of adrenergic agonists in
ductal bile modification. Adrenergic regulation of cholangiocyte function in BDL rats
occurs through a Ca?*-dependent, PKC-mediated amplification of the cCAMP signaling
pathway (164).

basal and secretin-stimulated cholangiocyte secretion

Secretin-stimulated cholangiocyte secretion may be terminated or inhibited by several
regulatory factors including somatostatin, gastrin, dopaminergic agonists, alpha2-adrenergic
receptor agonists, endothelin (ET), and gamma-aminobutyric acid (GABA) (91, 183).

Somatostatin—Somatostatin is an inhibitory cyclic tetradecapeptide produced by a
variety of tissues, including but not limited to neurons in the central and peripheral nervous
system and neuroendocrine cells of the gastrointestinal tract (151, 215). In the human, dog,
rat, and mouse, somatostatin inhibits both basal and secretin-stimulated ductal fluid
secretion (111, 151, 169, 175, 222, 224, 270). Somatostatin exerts a wide array of
physiological effects mediated by five somatostatin receptor subtypes (sst1-sst5) (151, 215).
Four of them, sst1-sst4, are expressed in rat and mouse cholangiocytes (9, 111, 270).
Therein, somatostatin inhibits expression of secretin receptors, secretin-stimulated bile flow,
HCO3™ secretion, and insertion of exocytic vesicles into the apical plasma membrane
through interaction with sst2 receptors, followed by inhibition of the cAMP-signaling
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pathways (9, 194, 270). In addition, enhanced ductal fluid reabsorption was suggested as one
of the major mechanism of somatostatin-induced anticholeresis in mice (111) and dogs
(222). Indeed, in IBDUs from normal mice, somatostatin and L-779976, a somatostatin
analog specific for sst2, not only inhibited secretin-stimulated ductal fluid secretion, but also
directly induced ductal fluid absorption; in sst2-knockout mice, these effects were
diminished (111). Thus, somatostatin may regulate ductal bile formation by two
mechanisms: (i) inhibiting secretin-stimulated cholangiocyte HCO3™ and fluid secretion and
(i) directly stimulating cholangiocyte fluid absorption (111, 222).

Gastrin—Gastrin, a linear peptide produced and secreted by G cells in the duodenum and
gastric antrum in response to a variety of stimuli (48), inhibits secretin-stimulated
cholangiocyte secretion among other local effects (6,102,103). The inhibitory effect of
gastrin on secretin-stimulated cholangiocyte secretion is mediated via activation of the
cholecystokinin-B/gastrin receptors, followed by membrane translocation and activation of
the Ca?*-dependent PKCa and abolishment of secretin-stimulated cAMP synthesis (103,
109). Gastrin also induces membrane translocation of PKCa in Mz-ChA-1 cells (134). In
addition, gastrin is associated with increased expression of PKCa, PKCp1, and PKC2 in
BDL rat cholangiocytes (102).

Dopaminergic agonists—Rat cholangiocytes express one of three known dopaminergic
receptors, D2, on their basolateral plasma membrane. Through this, quinelorane, a D2
receptor agonist, can induce an increase in intracellular IP3 and Ca2* levels, resulting in
inhibition of secretin-stimulated cholangiocyte secretion. The effect of quinelorane occurs
through activation of PKCy and inhibition of secretin-stimulated increased cAMP levels and
PKA activity (101).

Alpha2-adrenergic receptor agonists—In a recent study, it was shown that secretin-
stimulated ductal secretion in a BDL animal model could be inhibited by the alpha2-
adrenergic receptor agonist UK 14,304 by downregulation of the cAMP system (91).
Similarly, degeneration of adrenergic innervation with 6-hydroxidopamine in BDL rats was
found to result in a decrease of cholangiocyte cCAMP levels and secretin-stimulated
choleresis (34). These findings add to a growing body of literature regarding the effects of
hepatic nerves and nerve receptor agonists on basal and secretin-stimulated ductal bile
secretion, which collectively have demonstrated the presence and importance of
neuroregulation of bile secretion and modification (15, 18, 163).

Endothelin—Cholangiocytes express both ET receptors, ET and ETg. ET-1, a 21-amino-
acid polypeptide with multifunctional properties (139), inhibits secretin-stimulated
cholangiocyte secretion by interacting with ET a receptors through 1Ps- and Ca%*-dependent
inhibition of AC activity (49).

Gamma-aminobutyric acid—Both small and large rat cholangiocytes express both
classes of GABA receptors, GABA and GABAg. Their activation by GABA, a principle
inhibitory neurotransmitter in the nervous system of vertebrates, results in inhibition of
secretin-induced increases in CAMP levels and CI™ efflux (171).

Bile-associated regulatory factors

The chemical composition, osmolarity, and flow rates of bile percolating through the biliary
tree vary over time and space. These properties significantly affect cholangiocyte secretory
and absorptive functions via a number of channels and receptors expressed on the
cholangiocyte apical plasma membrane and primary cilia.
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ATP and other nucleotides—ATP is recognized as an autocrine/paracrine signaling
molecule, acting through activation of specific P2X (reviewed above) and P2Y receptors
(71, 82, 83, 87, 200, 227, 231, 236, 237, 287). The P2Y family of purinergic receptors
consists of eight members in mammals—P2Y 1, P2Y;, P2Yy, P2Yg, P2Y11, P2Y 13, P2Y 13,
and P2Y 14 (1). Rodent cholangiocytes express six (i.e., P2Y1, P2Y5, P2Y4, P2Yg, P2Y 19,
and P2Y13) of eight mammalian P2Y receptors (71, 185, 231, 236, 286). Recently, a P2Y
receptor functionally similar to cloned human P2Y 14 has also been identified in rat
cholangiocytes (286).

From a phylogenetic and structural (i.e., amino acid sequence) point of view, and based on
selectivity of primary G protein coupling (i.e., signal transduction mechanisms), P2Y
receptors can be divided into two subgroups: the first includes P2Y 1, P2Y 5, P2Y 4, P2Yg,
and P2Y 14, which are coupled to G protein and associated with activation of phospholipase
C and Ca?* release from IP3-sensitive intracellular stores (1, 46). P2Y 1 is also coupled to
G protein and associated with activation of ACs and an increase in intracellular cAMP (1,
278). The second subgroup of P2Y receptors consists of P2Y 15, P2Y 13, and P2Y 14, which
are coupled to G;j protein and associated with inhibition of ACs and decreased cAMP levels
(1, 47, 160, 239, 278).

P2X and P2Y receptors are expressed on both the apical and basolateral cholangiocyte
plasma membrane (70, 71, 80, 226). P2Y receptors on the apical membrane are equally
activated by ATP and other nucleotides (e.g., ADP, UTP, and UDP) (71, 231, 236). In
contrast, the basolateral membrane P2Y receptors are preferentially activated by ADP >
ATP = UTP (231, 236). Activation of apically located P2Y receptors in rat cholangiocytes
causes a rapid and substantial increase in membrane CI~ permeability, favoring efflux of CI~
from the cell into the ductal lumen, which presumably occurs through Ca2*-activated CI~
channels (82, 231, 236). In rat IBDUSs, both basolateral and apical membrane P2Y receptor
activation results in an increase in intracellular Ca2* concentration and biliary HCO3~
secretion, thus suggesting the importance of this mechanism in ductal bile modification (71,
210). Activation of basolateral P2Y receptors by ATP and other nucleotides is less effective,
however, in increasing intracellular Ca2* concentration compared to apical P2Y receptor
activation (71).

One of the P2Y receptors, P2Y 15, is also localized to primary cilia in rat cholangiocytes
(185). This receptor appears to be critically important in nucleotide-induced cAMP signaling
in cholangiocytes. It has been shown that deciliated cholangiocytes (i.e., cholangiocytes that
have lost their cilia due to treatment with the deciliating agent, chloral hydrate) still respond
to ATP by an increase in intracellular Ca2* (concentration (123), but ATP-induced changes
in CAMP levels were abolished by deciliation. Therefore, biliary ATP and other nucleotides
appear to induce an increase in intracellular Ca* concentration in cholangiocytes via
apically located P2Y receptors through cilia-independent mechanisms (71, 73), whereas
their effect on cholangiocyte cCAMP signaling is seen only if primary cilia are structurally
and functionally intact (185).

The P2Y 1, receptor is coupled to the G; protein and thus is involved in inhibition of the
cAMP-signaling pathway. In rat cholangiocytes, activation of the P2Y 1, receptor does not
affect basal cCAMP, but it inhibits CAMP increase after stimulation with forskolin (an
activator of AC) via cilia-associated mechanisms involving AC6 (185). This suggests that
the cilia-associated P2Y 1, receptor is important for downregulation of the cAMP signaling
pathway once activated by other signaling molecules (185).

P2Y 12 is coexpressed with the ciliary A-kinase anchoring protein (AKAP) signaling
complex. The components of this complex include AKAP-150, ACs, PKA, and EPAC. The
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colocalization of P2Y12, ACs, PKA, and EPAC in cholangiocyte cilia suggests the
interconnectivity between EPAC- and PKA-mediated signaling in these organelles (185).

Bile acids—As mentioned earlier, unconjugated bile acids absorbed by cholangiocytes
indirectly stimulate a HCO3™-rich choleresis when chole hepatically shunted. They also
increase intra-cellular Ca2* concentration and CI~ efflux through CI~ channels expressed on
the cholangiocyte apical plasma membrane, thus stimulating HCO3~ secretion via Ca%*-
activated CI™ channels either directly (245) or more likely through CFTR-dependent ATP
secretion (84).

In a BDL rat model, wherein the number of cholangiocytes dramatically increases as a result
of ductular proliferation, taurocholic and taurolithocholic acid interact with cholangiocytes,
and an associated increase in secretin receptor gene expression, CAMP levels, and CI7/
HCO3™ exchanger activity is seen; these suggest the role of bile acids in stimulating
cholangiocyte ductal secretion (3, 6, 12, 24, 181). Tauroursodeoxycholic acid (TUDCA) and
taurohyodeoxycholic (THDCA) acid also have choleretic effects; treatment with TUDCA
was associated with increased HCO3™ secretion, and THDCA treatment led to an increase in
biliary secretion of phospholipids (23). TUDCA effects on cholangiocyte secretion occur
through activation of the Ca*-dependent PKC-a (3). In addition, in a bile acid-fed rat
model, different conjugated bile acids upregulated or downregulated the expression of the
bile acids transporters ASBT and t-ASBT, further suggesting their functional importance in
regulation of ductal bile modification (3, 5, 145).

Bile flow—-Bile flowing through the ductal lumen exerts mechanical forces on the
cholangiocyte apical plasma membrane is. The cholangiocyte senses bile flow via the
primary cilium on its apical plasma membrane as well as by yet unknown mechanisms
associated with ATP release in response to mechanical forces applied to the apical plasma
membrane (123,185,282).

Cholangiocyte primary cilia express PC-1 and PC-2 that act as a mechanoreceptor and a
Ca?* channel, respectively. The flow rate in the lumen of rat intrahepatic bile ducts causes a
cilia-mediated increase in intracholangiocyte Ca2* concentration and inhibition of cCAMP
signaling, suggesting that luminal mechanical stimuli affect both the intracellular Ca2* and
cAMP signaling pathways (190). Bile flow also induces a cilia-mediated increase in
intracellular pH, a reflection of CI~ and HCO3™ transport, thus suggesting that mechanical
stimuli transmitted to cholangiocytes via cilia activate the intracellular Ca2* second
messenger pathway, followed by Ca2*-dependent regulation of CI~ transport (190).

Recent findings also suggest that the flow-induced increase in intracellular Ca2*
concentration in various epithelia is caused or augmented by a flow- or stretch-induced ATP
release that acts as a paracrine signal activating epithelial P2 receptors (73, 129, 219). The
involvement of cilia in this process is essential (122).

Bile osmolality—Cholangiocytes express a permeable CaZ* ion channel on their apical
plasma membrane and cilia, TRPV4, that is exquisitely sensitive to minor changes in
osmolality of the extracellular milieu and involved in functional responses of cholangiocytes
to changes in bile osmolality (112). TRPV4 is activated by extracellular hypotonicity and
inhibited by extracellular hypertonicity. Its activation leads to an increase in intracellular
Ca?* via influx of Ca2* into the cholangiocyte (77). Exposure of cholangiocytes to
hypotonicity induces an increase in intracellular Ca?*, cilia-dependent ATP release and
HCO3™ secretion, suggesting an important role of cilia-associated TRPV4 in ductal bile
modification (112). Indeed, a retrograde infusion of 4aPDD, an agonist to TRPV4, into rat
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intrahepatic bile ducts /n vivo induced ductal bile secretion; this effect was abolished by
Gd3*, a TRP channel inhibitor (112).

Cholangiocyte primary cilia—Primary cilia act as cellular antennae that can detect and
transmit signals that influence cholangiocyte function (155). The sensory, including
mechano-, osmo-, and chemosensation, and signaling functions of cholangiocyte cilia are
associated with specific receptors and channels (Fig. 11). For instance, a mechanoreceptor,
PC-1, and a Ca2* channel, PC-2 appear to be key components for mechanosensory function
of cholangiocyte cilia (190). A Ca2*-permeable ion channel, TRPV4, is involved in the
mechanism of ciliary osmosensory function (112). A G-protein-coupled nucleotide receptor,
P2Y 1, and the bile acid receptor, TGR5, are among the key elements of ciliary
chemosensation (143,185). Importantly, chemosignals are delivered to cholangiocyte cilia
not only as single small or large sighaling molecules but also by sophisticated vesicles such
as exosomes (186).

Regulation of cholangiocyte secretion and absorption by bile-associated factors are in many
cases cilia dependent. These notions have been summarized in a working model as shown in
Figure 12. According to the model, mechanical and/or osmotic stimuli (i.e., bile flow and
bile tonicity) affect intracellular Ca2* and cAMP signaling pathways through cilia-
associated proteins PC-1, PC-2, and TRPV4 (73, 112, 190), simultaneously inducing a
release of ATP into the ductal lumen. ATP and ADP, in turn, induce an increase in
intracellular Ca2* via apically located P2Y1, P2Y5, and P2Y, purinergic receptors and
inhibit cAMP signaling. The mechanisms providing mechano-, osmo-, and chemosensory
functions of cholangiocyte cilia overlap, and, in fact, one stimulus (e.g., bile flow or bile
osmolarity) may generate another stimulus (e.g., ATP release), thereby affecting ductal bile
modification in a coordinated manner.

The physiological significance of cholangiocyte cilia in ductal bile modification is not fully
understood. Bile flow is thought to normally be pulsatile and, thus, the momentary
variations in bile flow may alter the mechanical forces acting on cholangiocyte cilia; this
may, as a result, affect cholangiocyte secretory and absorptive functions. Changes in bile
osmolality may also have regulatory significance; bile is considered isotonic, but given that
cholangiocytes participate in both secretion and absorption, it is plausible that their secretory
and absorptive functions can generate transient changes in bile tonicity that could inhibit or
activate ciliary osmosensory proteins, that is, TRPV4. The activation or inhibition of ciliary
TRPV4, in turn, could inhibit or induce ion and water transport by cholangiocytes, restoring
the isotonicity of bile. Further, changes in bile flow and tonicity may induce ATP release,
which in turn would activate ciliary P2Y 12 and coordinate ductal bile modification through
intracellular Ca?* and cAMP signaling pathways (Fig. 11) (112, 123).

Conclusion

This review has summarized the current knowledge of the physiology of cholangiocytes
with an emphasis on bile modification. Salient mechanistic discoveries at the molecular and
cellular level continue to be made and have included: (i) identification of a wide variety of
transporters and receptors expressed on the cholangiocyte apical and basolateral plasma
membranes, (ii) demonstration of the central role of ATP in regulation of ductal bile
modification, (iii) clarification of the functional role of different ACs and downstream
effectors of CAMP in cholangiocyte physiology, and (iv) perception of the important role of
cholangiocyte primary cilia in mechano-, osmo-, and chemosensation. The continued
application of novel techniques of molecular and cell biology to cholangiocyte physiology
will enable better understanding of the diversity and complexity of cholangiocyte transport
systems, their coordinated function, and their regulation.
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Figure 1.

Biliary tree architecture. (A) The biliary tree is a three-dimensional network of
interconnecting tubular conduits consisting of an intrahepatic (above dashed black line) and
an extrahepatic (below dashed black line) portion. (B) Magnetic resonance cholangiogram
of human biliary tree (three-dimensional reconstruction). Also seen at the lower portion of
the extrahepatic biliary tree are the pancreatic duct and the duodenum, the latter being where
biliary and pancreatic contents drain. The gallbladder is surgically absent. (C) The human
biliary tree comprises conduits of different sizes extending from the canals of Hering,
through which primary or canalicular bile enters the biliary tree, to the terminus of the
common bile duct (i.e., where it empties into the duodenum). [B: courtesy of Dr. Naoki
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Takahashi and Dr. Joel Glockner, Mayo Clinic; C: Reproduced from Masyuk et al. (183),
with permission].
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Bile canaliculus

Figure2.

Portal triad. Consists of a biliary (represented here as “bile ductule™), hepatic arterial, and
portal venous component. [Courtesy of Dr. Anthony Kalloo, Johns Hopkins
Gastroenterology & Hepatology (www.hopkins-gi.org)].
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Nucleus

Figure 3.

Transmission electron micrographs of rat intrahepatic bile duct cross-sections. (A) Large
bile duct lined by 11 cholangiocytes, each with an apical and basolateral plasma membrane
and demarcated by tight junctions (TJ) located near the APM. Microvilli on the apical
plasma membrane significantly increase the cholangiocyte surface area. (B) Higher power
magnification of large bile duct showing partial long view and axial section (black arrows)
of primary cilia. [A: reproduced from Masyuk et al. (183), with permission].
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Figure4.

Cholangiocyte primary cilia. (A) Transmission electron microscopy micrograph of primary
cilia extending from the cholangiocyte apical plasma membrane and into the ductal lumen
with insert showing the 9+0 pattern of the ciliary axoneme. (B) Scanning electron
microscopy images of primary cilia in large rat bile duct. (C) Immunofluorescence confocal
microscopy image of primary cilia in normal mouse cholangiocyte cell line 10 to 14 days
after confluence. In C, cilia were stained with acetylated a-tubulin (green) and nuclei were
stained with DAPI (blue). [A and C: reproduced from Masyuk et al. (189), with permission].
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Overview of bile formation and modification. Hepatocytes initiate bile formation by
secreting primary bile, composed primarily of water, solutes, and ions, into canaliculi. As
canalicular bile flows along the biliary tree, it is subjected to cholangiocyte secretory and
absorptive processes, thus resulting in modified ductal bile. Secretion of CI~, HCO3™, and
water and absorption of bile acids (BAs), glucose, amino acids (AAs), and water are the
major transport processes determining the chemical composition of ductal bile. [Adapted
from Masyuk et al. (183), with permission].
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Mechanisms of ductal bile modification. According to a widely accepted model, secretin
induces HCO3™-rich fluid secretion from cholangiocytes via the cyclic adenosine 3',5'-
monophosphate-protein kinase A (CAMP-PKA) signaling pathway by activation of the
apical cystic fibrosis transmembrane conductance regulator (CFTR) Cl~channel resulting in
extrusion of CI™ ions, which in turn stimulate the CI"/HCO3~ exchanger AE2 and
subsequent secretion of HCO3™. Secreted HCO3™ ions drive passive aquaporin 1 (AQP1)-
mediated movement of water in response to established osmotic gradients. An alternative
mechanism of Cl- efflux is also shown, consisting of acetylcholine (ACh) binding to
basolateral M3 muscarinic receptors, which leads to increases in inositol trisphosphate (1P3),
which binds to (types I and I1) IP3Rs, causing release of Ca2* and activation of apical CI~
secretion. AC, adenylate cyclase; Gg, G protein; PKA, protein kinase A; SR, secretin
receptor. [Adapted from Masyuk et al. (183), with permission].
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Figure7.

Cholangiocyte secretion. Located at the cholangiocyte apical plasma membrane are: (1)
cyclic adenosine 3',5'-monophosphate (cAMP)-regulated CI~ channel (cystic fibrosis
transmembrane conductance regulator), (2) Ca2*-regulated CI~ channel, (3) Na*-
independent CI"/HCO3~ exchanger, (4) water channel, (5) K+ channel (SK2), and (6) Na*-
HCO3™ cotransporter (in mouse). At the basolateral plasma membrane, cholangiocytes
express (5) K* channels (SK2 and IK-1), (7) Na*/K*-ATPase, (8) Na*/H* exchanger, (9)
Na*- K*-CI~ cotransporter, (10) Na*-HCO3™~ cotransporter (in rat), (11) Na*-dependent CI~/
HCO3™ exchanger (in humans), and (4) water channels (AQP1 and AQP4). Details
regarding each of these components of cholangiocyte secretion are found in the text. CA,
carbonic anhydrase. [Adapted from Masyuk et al. (183), with permission].
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Figure8.

Cholangiocyte absorption. Located at the cholangiocyte apical plasma membrane are: (1)
Na*-dependent bile acid transporter (ASBT), (2) Na*-dependent glucose transporter, (3)
unidentified Na*-dependent and Na*-independent amino acid transporters, (4) Na*/H*
exchanger, (5) a water channel (AQP1), and (6) plasma membrane Ca2* pump (PMCA)
(Na*/Ca2* exchanger not shown due to inadequate data in cholangiocytes). At the
basolateral plasma membrane, cholangiocytes express: bile acid transporters (7) t-ASBT and
(8) Osta-OstB, (9) glucose transporter, (5) water channels (AQP1 and AQP4), and (6)
PMCA (speculated to be present on both the apical and basolateral membrane). These, as
well as the secretory transport proteins, function in a coordinated manner to contribute to
ductal bile modification by absorbing solutes and water from bile and transporting them out
of the cholangiocyte. Details regarding each of these components of cholangiocyte
absorption are found in the text. AAs, amino acids; BAs, bile acids. [Adapted from Masyuk
et al. (183), with permission].
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Enterohepatic circulation and cholehepatic shunt. Bile acids are synthesized by hepatocytes
and subsequently secreted into canalicular bile by means of specialized hepatocyte
canalicular membrane transporters. Canalicular bile drains into the biliary tree and is
modified by the epithelial cells lining it, that is, cholangiocytes. Bile then drains into the
proximal small bowel, that is, duodenum, and is metabolized by enteric bacteria.
Approximately 95% of bile acids are reabsorbed in the terminal ileum and enter the portal
vein to be recycled back to the liver via the enterohepatic circulation. Once in the sinusoids
of the liver, bile acids can be taken up by hepatocytes and secreted back into bile. A fraction
of (unconjugated) bile acids in the biliary tree are taken up by cholangiocytes at the apical
membrane (i.e., prior to reaching the small intestine) and returned to the liver sinusoids via
the cholehepatic shunt. (With permission of Mayo Foundation for Medical Education and
Research. All Rights Reserved.)
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Cholangiocyte transport of organic anions and cations. Located at the cholangiocyte apical
plasma membrane is (1) multidrug resistance 1 protein that excretes organic cations into
bile. Located at the basolateral plasma membrane are transporters effectuating efflux of
organic anions from cholangiocytes into the peribiliary vascular plexus: multidrug-
associated proteins (2) MPR3/Mpr3 and (3) MPR4, (4) organic anion transporting
polypeptide 3, and (5) organic solute transporter Osta-Ostp. TJ, tight junction. [Adapted
from Masyuk et al. (183), with permission].
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Figure 11.

Ca?* signaling in cholangiocytes. At the cholangiocyte apical plasma membrane, Ca2*
signaling is initiated by activation of the G-protein-coupled receptors (e.g., P2Y), resulting
in production of inositol 1,4,5-trisphosphate (IP3). IP3, via the IP3 receptor (IP3R)-isoform 3,
induces Ca2* release from the endoplasmic reticulum (ER), increasing the intracellular Ca2*
concentration. Intracellular Ca* concentration is also increased as a result of entry of
extracellular Ca%* via apically and ciliary located PC-2, P2X, and TRPV4 that function as
Ca?* channels. Activation of basolaterally located muscarinic receptors (M3R) by
acetylcholine (ACh) also results in production of IP3 that in turn releases Ca2* from ER via
the IP3R isoforms 1 and 2. TJ, tight junction. [Adapted from Masyuk et al. (183), with
permission].
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Cholangiocyte cilia in bile modification. A working model shows the potential involvement
of mechano-, osmo-, and chemosensory functions of cholangiocyte cilia in intracellular
signaling associated with ductal bile modification. In response to mechanical stimuli (e.g.,
bile flow), cilia-associated PC-1 and PC-2 form a functional complex allowing entry of
extracellular CaZ*, which in turn suppresses cyclic adenosine 3',5’-monophosphate (CAMP)
concentration in cholangio-cytes via cilia-associated AC6. In response to osmostimuli (i.e.,
changes in bile tonicity), cilia-associated TRPV4 is activated when bile tonicity decreases or
inhibited when bile tonicity increases, causing changes in intracellular Ca2* concentration,
which in turn affect cholangiocyte ATP release via unknown mechanisms. As an example of
chemostimuli, biliary ATP, released by hepatocytes and/or cholangiocytes, as well as ATP
degradation product ADP, inhibit ciliary cAMP signaling via cilia-associated P2Y 15,
whereas bile acids induce an increase in CAMP levels via cilia-associated bile acid receptor,
TGRS. Intracellular cAMP and Ca2* signaling induced by extracellular stimuli via cilia-
associated mechanisms may affect apically and basolaterally located transport mechanisms
depicted in Figures 7 and 9 resulting in increased or decreased cholangiocyte secretion or
absorption. [Adapted from Masyuk et al. (183), with permission].
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Table 1
Factors Regulating Ductal Bile Composition
Category Name Receptorg/transporters  Signaling pathways ~ Targets
Stimulate cholangiocyte secretion Secretin SR cAMP-PKA CFTR/AE2/AQP1,
Bombesin Unidentified Unidentified NHE3
VIP Unidentified Unidentified CI~ channels/AE2, Na*/
Corticosteroids Nuclear GeR Change in gene HCO™; co-transporter,
expression K* channels
CI~ channels/AE2
AE2, NHE1
Potentia_te secretin-st_imulated Cholinerg_ic neurons My, M3 [Ca%*];-cAMP CFTR/AE2
cholangiocyte secretion Adrenergic neurons 0y, O, B, B2 [Ca2*]);-PKC-cAMP CFTR/AE2
Inhibit basal and secretin- Somatostatin sst2 cGMP, cAMP SR, CFTR/AE2, AQPs
stimulated cholangiocyte secretion ~ Gastrin CCK-B/gastrin [Ca%*];-PKCa, CFTR/AE2
or stimulate cholangiocyte Dopaminergic neurons D2 [Ca2*]i-PKC CFTR/AE2
reabsorption Endothelin ETa, ETg [Ca?*]:-PKCy, CFTR/AE2
cAMP-PKA
[Ca%*];-cAMP
Bile-born factors (the first three Nucleotides P2X, P2Y [Ca%*); CI~ channels/AE2
primarily stimulate cholangiocyte Bile acids Passive transport [Ca2*]-PKCa CI- channels, HCO
secretion while the last 4 inhibit (unconjugated) ASBT Catt ' PKC secretion
secretion or stimulate Bile acids (conjugated) ~ SGLT1 [Ca™]; -PKCa

reabsorption)

Glucose
Amino acids
Bile flow

Bile osmolarity

Na*-dependent and Na*-
independent transport
PC-1/PC-2

TRPV4

[Ca?*);
[Ca?'];

SR, CFTR/AE2, ASBT,
t-ASBT

AQPs?

AQPs?

CI~ channel/AE2 (?)
CI~ channel/AE2 (?)

Abbreviations: SR, secretin receptor; M1, M3, muscarinic acetylcholine receptors; a1, a2, B1, B2, adrenergic receptors; D2, dopaminergic
receptor; sst2, somatostatin receptor, subtape 2; CCK-B/gastrin, cholecystokinin-B/gastrin receptor; GcR, glucocorticoid receptor; ETA and ETB,

endothelin receptors; P2X and P2Y, nucleotides receptors; PC-1, polycystin 1; PC-2, polycystin 2; ASBT, Na*-dependent bile acid transporter; t-
ASBT, truncated form of ASBT; SGLT1, Na+-dependent glucose transporter; TRPV4, osmoreceptor; PKA, protein kinase A; PKC, protein kinase
C; CFTR, CFTR CI™ channel; AE2, CI/HCO™3 exchanger; AQP1, aquaporin 1; NHE1, Nat/H™ exchanger, isoform 1; NHE3, Na™/H™
exchanger, isoform 3. Adapted from Masyuk et al. 2006 (183).
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