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Abstract

Cholangiocytes, the epithelial cells lining intrahepatic bile
ducts, are ciliated cells. Each cholangiocyte has a primary cil-
ium consisting of (i) a microtubule-based axoneme and
(ii) the basal body, centriole-derived, microtubule-organizing
center from which the axoneme emerges. Primary cilia in
cholangiocytes were described decades ago, but their physi-
ological and pathophysiological significance remained un-
clear until recently. We now recognize that cholangiocyte cil-
ia extend from the apical plasma membrane into the bile duct
lumen and, as such, are ideally positioned to detect changes
in bile flow, bile composition and bile osmolality. These sen-
sory organelles act as cellular antennae that can detect and
transmit signals that influence cholangiocyte function. In-
deed, recent data show that cholangiocyte primary cilia can
activate intracellular signaling pathways when they sense
modifications in the flow, molecular constituents and osmo-
larity of bile. Their ability to sense and transmit signals de-
pends on the participation of a growing number of specific
ciliary-associated proteins that act as receptors, channels and
transporters. Cholangiocyte cilia, in addition to being impor-

tantin normal biliary physiology, likely contribute to the chol-
angiopathies when their normal structure or function is dis-
turbed. Indeed, the polycystic liver diseases that occur in
combination with autosomal dominant and recessive poly-
cystic kidney disease (i.e. ADPKD and ARPKD) are two impor-
tant examples of such conditions. Recent insights into the
role of cholangiocyte cilia in cystic liver disease using in vitro
and animal models have already resulted in clinical trials that
have influenced the management of cystic liver disease.
Copyright © 2011 S. Karger AG, Basel

Cilia (from the Latin for eyelash) are ancient cellular
structures that extend from the plasma membrane of
most eukaryotic cells [1] (fig. 1). In general, there are two
types of cilia - motile cilia and primary cilia [2, 3]. Motile
cilia have the capacity to move spontaneously; for exam-
ple, in the trachea their movement extrudes foreign ma-
terials and in the fallopian tubes their movement facili-
tates the advancement of sperm prior to fertilization.
Their ability to move spontaneously is a result of their
ultrastructure which is characterized by a 9+2 arrange-
ment of doublets of microtubules [2] (fig. 1). Primary cil-
ia were discovered in the late 19th century and do not
move spontaneously because they have a 9+0 ultrastruc-
ture; they lack the central microtubule doublet (fig. 1).
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Fig. 1. Cilia are present in many organisms from Chlamydomonas
reinhardi to mammals. They are centriole-derived organelles
consisting of a set of microtubules surrounded by a membrane.
Based on the microtubule arrangements, cilia are classified as 9+2
(9 peripheral microtubule doublets arranged around a central
core that contains 2 central microtubules) and 9+0 (contain only
9 peripheral microtubule doublets). Multiciliated cells usually
possess motile 9+2 cilia, while nonmotile 9+0 (i.e. primary) cilia
are present in uniciliated cells. Mammalian motile cilia are pres-
entinlarge numbers on cell surfaces, such as epithelial cells lining
airways, ependyma and choroid plexus in the brain, oviduct and

Cholangiocytes, the epithelial cells lining intrahepatic
bile ducts, contain primary cilia (fig. 2) as do most cells
in the body (hepatocytes being an exception). The ma-
jor function of primary cilia is sensation and transmis-
sion of signals from the cell exterior into the cell interior
[4, 5]. Each primary cilium consists of (i) a microtubule-
based axoneme and (ii) the basal body centriole-derived
microtubule organizing center from which the axoneme
emerges [2].

Grisham was the first to report the presence of cilia on
cholangiocytes in 1963 [6] (fig. 3). For the subsequent 4
decades, little information on primary cilia in cholangio-
cytes was forthcoming and what was published was large-
ly descriptive. In one of our early publications on isola-
tion of cholangiocytes from rat liver, we showed a picture
of an isolated cholangiocyte with a primary cilium [7]. At
the beginning of the 21st century, functional data began
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epididymis of the reproductive tracts. These cilia beat in an or-
chestrated wavelike fashion and are involved in movement of mu-
cus in the lung and cerebrospinal fluid in the brain, or in trans-
port of ovum and sperm along the reproductive tracts. The pri-
mary cilium is a solitary, nonmotile, long, tubular organelle
extending from the plasma membrane of the cell. With few excep-
tions (e.g. nucleated blood cells, hepatocytes), primary cilia are
ubiquitous in vertebrates. They are found on epithelial cells of the
bile ducts, kidney tubules, the pancreas and the thyroid glands as
well as on nonepithelial cells such as chondrocytes, fibroblasts,
smooth muscle cells and neurons.

to emerge supporting the concept that these antennae-
like organelles that extend from the apical plasma mem-
brane into the bile duct lumen are ideally positioned to
detect changes in bile flow, bile composition and bile os-
molality. As such, these organelles detect and transmit
signals that influence cholangiocyte function [4]. In a se-
ries of studies from our lab and the laboratories of others,
the concept has evolved that cholangiocyte primary cilia
are important for normal liver function.

We reported that cholangiocyte cilia function as
mechanosensors, i.e. they sense changes in the flow of
bile and transmit these sensory signals to the cell interior
affecting intracellular signaling cascades and cholangio-
cyte function [8]. Their ability to sense and transmit sig-
nals depends on the participation of an increasingly rec-
ognized number of ciliary-associated proteins. In the
case of mechanosensation, the key proteins involved in
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Fig. 2. In whole rat liver, no visible cilia are
observed in hepatocytes, in the lumen of
the portal vein or hepatic artery; primary
cilia (approx. 7 um in length) were present
only in the intrahepatic bile ducts extend-
ing into the ductal lumen from the cholan-
giocyte apical plasma membrane (top pan-
els: scanning and confocal microscopy). In
intrahepatic bile ducts isolated from nor-
mal rats by microdissection, a single pri-
mary cilium is clearly observed on the
cholangiocyte apical membrane by scan-
ning electron, confocal and transmission
immunofluorescent microscopy (bottom
panels). Cilia on confocal images (red) are
stained with ciliary marker, acetylated o-
tubulin; nuclei are stained blue with DAPI
(17, 18].

Fig. 3. Primary cilia in cholangiocytes
were first described in 1963. During our
work on biliary epithelia, we often ob-
served cholangiocyte cilia under different
occasions, but did not pay much attention
to these organelles. Our laboratory pub-
lished the first report describing the pres-
ence of cilia in cholangiocytes in 1989. In
2003, we showed that they are critically
important for normal cholangiocyte func-
tions and that their abnormalities lead to
formation of hepatic cysts [6, 7, 17].

Cholangiocytes contain primary cilia
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Proc Soc Exp Biol Med Gastroenterology Gastroenterology

this process are polycystin-1 and polycystin-2. When pri- Cholangiocyte cilia also function as chemosensors, i.e.
mary cilia bend in response to bile flow, these ciliary- they detect changes in the concentrations of molecules
associated proteins form a functional complex thatallows present in bile and as a result transmit signals into the
extracellular calcium to enter the cholangiocyte influ- cholangiocyte interior influencing signaling cascades
encing secretory and proliferative cholangiocyte func- and cellular function [9] (fig. 5). Specifically, P2Y recep-

tions [8] (fig. 4).

tors are expressed not only on the apical membrane of
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Fig. 4. Cholangiocyte primary cilia func-
tion as mechanosensors. The bending of
cholangiocyte cilia by luminal fluid flow
induces an increase in [Ca?*];, which de-
pends on polycystin-1 and polycystin-2
and intracellular Ca?* sources. The mech-
anosensory functions of cholangiocyte cil-
ia also occur through cAMP signaling af-
fecting cell proliferation and fluid secre-
tion.

Fig. 5. Cholangiocyte primary cilia func-
tion as chemosensors. Chemosensation by
cholangiocyte cilia occurs with the in-
volvement of P2Y12, a receptor that is ac-
tivated by biliary nucleotides (i.e. ATP and
ADP) causing changes in intracellular
cAMP levels that subsequently affects cell
proliferation and fluid secretion.

Cholangiocyte cilia function as
mechano-sensors

Stimuli: flow polycystin 1

polycystin 2

Functional molecules:
polycystins

Effectors: [Ca®'], cAMP

Cell function: proliferation,
secretion

Cholangiocyte cilia function as
chemo-sensors

Stimuli: nucleotides (ATP,
ADP)

Functional molecules:
P2Y12 receptor

Effectors: cAMP

Cell function: proliferation,
secretion

cholangiocytes, but also on primary cilia. These recep-
tors, which include P2Y12, activate intracellular calcium
and cAMP signaling cascades when activated by nucleo-
tides that are present in bile in large concentrations.
These effects are specific for individual nucleotides and
influence cholangiocyte proliferation and secretion [9].
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In addition to acting as chemosensors as just de-
scribed, cholangiocyte cilia detect the presence of exo-
somes in bile. Exosomes are small (less than 100 nm) ves-
icles derived from intracellular multivesicular bodies,
and are released into the cell exterior, in this case into the
biliary lumen, by a process of exocytosis [10] (fig. 6). We
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Exosomes are present in the
lumen of intrahepatic bile ducts

Fig. 6. Exosomes are involved in chemo-
sensory function of cholangiocyte cilia.
Exosomes are small (30-100 nm in di-
ameter) extracellular membrane-enclosed
vesicles. They are derived from the inter- membrane
nal vesicles of multivesicular bodies proteins
(MVB) that fuse with the plasma mem- "
brane in an exocytic manner and release U
their content into the extracellular space i |
(scheme). The presence of exosome-like ;
vesicles of 50-80 nm in diameter in the lu-
men of intrahepatic bile ducts of wild-type
and polycystic mice was confirmed by
transmission electron microscopy (right,
top panels). These vesicles surround chol-
angiocyte cilia and some appear to attach
to the ciliary membrane and microvilli.
The SEM images (right, bottom panels)
suggest that exosome-like vesicles in fact
attach to cilia [10, 11].
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Fig. 7. Exosomes are involved in inter-
cellular communication within the liver.
They deliver functional proteins, lipids
and nucleic acids to neighboring or distant
cells, interact with cholangiocyte cilia sub-
sequently triggering downstream signal-
ing events in targeted cells and functional
responses.

have demonstrated that biliary exosomes attach selec-
tively to cholangiocyte primary cilia and as a result influ-
ence signaling cascades, in this case the ERK signaling
pathway, influencing cholangiocyte proliferation [11]
(fig. 7). The array of molecules present in biliary exo-
somes and the proteins on primary cilia that act as bind-
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ing proteins for exosomes are under intense investiga-
tion.

Finally, cholangiocyte cilia function as osmosensors
(fig. 8). Although bile sampled from the common bile duct
is consistently isotonic in all mammals studied, it is very
likely that major shifts in bile osmolarity occur along the
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Fig. 8. Cholangiocyte primary cilia func-
tion as osmosensors. A mammalian tran-
sient receptor potential vanilloid 4
(TRPV4) channel exquisitely sensitive to
minute changes in osmolality of extracel-
lular milieu, being activated by extracel-
lular hypotonicity and inhibited by extra-
cellular hypertonicity. Exposure of chol-
angiocytes to hypotonicity results in an
increase in intracellular Ca**, which de-
pends on extracellular Ca®" sources.
Changes in luminal tonicity also induce
TRPV4- and ciliary-dependent bicarbon-
ate secretion, suggesting an important role
of osmosensory function of cholangiocyte
cilia in ductal bile formation.

TRPV4

flow

huge surface area of the intrahepatic biliary tree as a result
of absorptive (e.g. bile acids and glucose) and secretory
(e.g. bicarbonate and water) activities of cholangiocytes
along the biliary tree. Indeed this concept is supported by
experiments done in our laboratory using isolated per-
fused bile duct units in which luminal tonicity was shown
to affect intracellular calcium concentrations [12]. One of
the proteins that account for this phenomenon is TRPV4,
the mammalian homolog of OSM9 previously identified
in Caenorhabditis elegans and shown to be responsive to
shifts in tonicity. Furthermore, we have demonstrated us-
ing a retrograde injection model in anathematized rats
that an agonist of TRPV4 induces bile flow and secretion
of ATP and bicarbonate [12]. These data suggest that al-
terations in biliary tonicity detected by TRPV4, and likely
other sensory proteins expressed on primary cilia, have
significant affects on ductal bile secretion.

In summary, from a physiological point of view, chol-
angiocyte cilia function as mechano-, chemo- and osmo-
sensors. Cholangiocyte cilia, in addition to being impor-
tant in normal biliary physiology, contribute to the devel-
opment of at least some of the cholangiopathies. We have
suggested the term ‘cholangiociliopathies’ for those dis-
eases in which abnormalities in the structure or function
of cholangiocyte cilia result in liver disease [13, 14]. The
most prominent examples of the cholangiociliopathies
include the polycystic liver diseases that occur in combi-
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nation with autosomal dominant and recessive polycystic
kidney disease or as autosomal dominant polycystic liver
disease (i.e. no associated kidney cysts). In all of these con-
ditions, gene mutations affecting ciliary-associated pro-
teins through unclear mechanisms under active investi-
gation result in cyst formation [13, 14]. Recent insights
into the role of cholangiocyte cilia in cystic liver disease
using in vitro and animal models have already led to the
development of clinical trials for the management of cys-
tic liver disease. For example, the use of synthetic so-
matostatin analogs which bind to somatostatin receptors
expressed on the basolateral membrane of cholangiocytes
can reduce the elevated cAMP levels found in cystic chol-
angiocytes and suppress cyst formation [15, 16].
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