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Fluid flow induces mechanosensitive ATP release, calcium
signalling and Cl− transport in biliary epithelial cells
through a PKCζ-dependent pathway

Kangmee Woo1, Amal K. Dutta1, Vishal Patel2, Charles Kresge1 and Andrew P. Feranchak1

1Department of Pediatrics and 2Internal Medicine, University of Texas Southwestern Medical Center, Dallas, TX 75390-9063, USA

ATP in bile is a potent secretogogue, stimulating cholangiocyte Cl− and fluid secretion via binding

to membrane P2 receptors, though the physiological stimuli involved in biliary ATP release are

unknown. The goal of the present studies was to determine the potential role of fluid flow in biliary

ATP release and secretion. In both human Mz-Cha-1 biliary cells and normal rat cholangiocyte

monolayers, exposure to flow increased relative ATP release which was proportional to the

shear stress. In parallel studies, shear was associated with an increase in [Ca2+]i and membrane

Cl− permeability, which were both dependent on extracellular ATP and P2 receptor stimulation.

Flow-stimulated ATP release was dependent on [Ca2+]i, exhibited desensitization with repetitive

stimulation, and was regulated by PKCζ. In conclusion, both human and rat biliary cells exhibit

flow-stimulated, PKCζ-dependent, ATP release, increases in [Ca2+]i and Cl− secretion. The

finding that fluid flow can regulate membrane transport suggests that mechanosensitive ATP

release may be a key regulator of biliary secretion and an important target to modulate bile flow

in the treatment of cholestatic liver diseases.
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ATP has emerged as an important signalling molecule
regulating hepatobiliary function. Released into
bile by both hepatocytes and cholangiocytes, ATP
functions as a potent autocrine/paracrine stimulus
for cholangiocyte secretion via activation of plasma
membrane purinergic (P2) receptors (Feranchak & Fitz,
2002). The concentration of ATP in human bile is within
the physiological range for stimulation of P2Y2 and P2X4
(Chari et al. 1996), the most abundant P2 receptors in
cholangiocytes (Taylor et al. 1999; Dranoff et al. 2001;
Doctor et al. 2005). P2 receptor binding results in rapid
increases in intracellular calcium concentration and
activation of membrane Cl− channels in both rat and
human biliary epithelial models (Roman et al. 1999).
The resulting increase in transepithelial Cl− secretion
contributes importantly to transport of water and
HCO3

−, resulting in dilution and alkalinization of bile
(Fitz, 1996). Modulation of the biliary concentration of
ATP therefore may be an important regulator of biliary
secretion and bile formation, though the physiological
stimulus for cholangiocyte ATP release is unknown.

In other epithelial cells, the most potent stimuli for
ATP release are physical or mechanical forces acting

This paper has online supplemental material.

at the plasma membrane such as stretch or distention
(Knight et al. 2002), deformation (Patel et al. 2005),
pressure (Wang et al. 2005), and flow or shear stress
(Bodin & Burnstock, 2001). These same physical forces
have been associated with secondary messenger generation
(Chen et al. 2000), ion channel activation (Roman et al.
1996; Feranchak et al. 1998; Satlin et al. 2001), and
gene and protein expression (Nakatsuka et al. 2006).
Thus, ATP release and autocrine/paracrine stimulation of
membrane P2 receptors appears to be a key regulatory
step linking membrane-directed forces to coordinated
cellular responses. For example, ATP release in response
to flow/shear force has been shown to regulate vascular
bed remodelling, cell differentiation and responses to
inflammation in vascular endothelial cells (Dull & Davies,
1991; Bodin & Burnstock, 2001; Farias et al. 2005),
prostaglandin release in osteoblasts (Genetos et al. 2005),
and airway surface-fluid volume and composition in
respiratory epithelial cells (Tarran et al. 2006).

Biliary epithelial cells are also exposed to plasma
membrane-directed forces, including membrane tension
due to cell swelling (e.g. osmotic gradients, uptake of
organic solutes or bile acids (Lira et al. 1992; Lazaridis et al.
1997)), pressure/distention due to pathological conditions
associated with biliary obstruction, and flow/shear forces
at the apical membrane due to changes in bile flow. The
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hormone secretin, for example, increases bile flow from
0.67 to 1.54 ml min−1 in humans (Lenzen et al. 1997),
representing a potential increase in flow-induced force
at the apical cholangiocyte membrane. Recently, it has
been shown in isolated rat bile duct segments that flow
significantly increases [Ca2+]i (Masyuk et al. 2006). Our
present studies, in human and rat biliary epithelial models,
demonstrate for the first time that the force of flow at
the surface of the plasma membrane is a significant and
physiological stimulus for ATP release, Ca2+ signalling and
Cl− transport. We therefore propose that the mechanical
force generated by flow may directly regulate cholangiocyte
secretory events and bile formation.

Methods

Cell models

Studies were performed in human Mz-Cha-1 cells and
normal rat cholangiocyte (NRC) monolayers. Mz-Cha-1
cells, originally isolated from human adenocarcinoma of
the gallbladder (Knuth et al. 1985), were passaged at weekly
intervals (stock cells were utilized within 1–10 passages)
and maintained in culture with HCO3

−-containing
CMRL-1066 media (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum, penicillin
(100 IU ml−1) and streptomycin (100 μg ml−1) at 37◦C
in 5% CO2. Mz-Cha-1 cells exhibit phenotypic features
of differentiated biliary epithelium (Knuth et al. 1985;
Basavappa et al. 1993) and have been utilized as models
for biliary ATP release, degradation and signalling (Roman
et al. 1996, 1999; Wang et al. 1997; Feranchak et al.
1999, 2004). In preparation for ATP release studies, cells
were plated directly onto poly d-lysine (Sigma-Aldrich,
St Louis, MO, USA) -treated coverslips on the bottom
of the fully assembled perfusion chamber (described
below) and grown to confluence. NRC, originally isolated
from intrahepatic bile ducts (Vroman & LaRusso, 1996),
express phenotypic features of differentiated biliary
epithelium including receptors, signalling pathways and
ion channels similar to those found in primary cells
(Schlenker et al. 1997; Salter et al. 2000a). NRC mono-
layers were cultured on rat tail collagen slabs as previously
described (Schlenker et al. 1997; Salter et al. 2000b)
and plated onto collagen-coated (rat collagen, Cell
Applications, San Diego, CA, USA) 40 mm glass coverslips
(Bioptechs Inc., Butler, PA, USA) 2–5 days prior to study.
Polycarbonate spacers were designed to cover the coverslip,
exposing only the area corresponding to the flow path
when the chamber was assembled (described below), thus
preventing cells growing on the area that would be covered
by the gasket.

Cilia staining

Antibody staining was performed by incubating the cells
with primary antibody to acetylated tubulin (Sigma,

1 : 1000), at 4◦C overnight or at room temperature (RT)
for 2 h after fixation with 4% paraformaldehyde (4◦C for
10 min), antigen retrieval with 1% SDS in 1× PBS for
10 min, and blocking with 10% goat serum, 0.3% bovine
serum albumin in 1× PBS for 1 h. The cells were incubated
with appropriate secondary antibodies for 1 h at RT in
the dark. The slides were mounted with vectashield and
coverslipped. The LSM (Zeiss) 510 Meta scanning confocal
microscope was utilized for visualization and photo-
graphy of the images. Imaris 5.0 software (Bitplane Inc.,
Saint Paul, MN, USA) was utilized for the 3-dimensional
reconstruction of the Z-stacks. Results of cilia staining are
shown in Supplemental Fig. 1.2.

Perfusion system

Shear was applied to cells in one of several flow chambers
to ensure that responses were robust across several model
systems. For ATP release measurements from Mz-Cha-1
cells, which are not polarized, a parallel plate flow
chamber was designed consisting of an ovoid shape with
interior dimensions of 12 mm × 8.2 mm × 1.9 mm and
a radius of curvature on the sides of 1.8 mm giving
the chamber a rounded diamond shape with curved
vertices to promote laminar flow (patent pending); and
for NRC, which are polarized monolayers, we utilized
a parallel plate chamber (22 mm × 14 mm × 1 mm,
Bioptechs Inc. FCS-2) with a 1 mm thick gasket that was
compatible with the 40 mm coverslips. A parallel plate
chamber (24 mm × 13 mm × 4.1 mm, RC-25F, Warner
Instruments, Hamden, CT, USA) was used for Ca2+

imaging as well as for whole-cell patch clamp, modified in
the latter case by an open top. In each case, flow was applied
by a dual syringe pump (Pump 33, Harvard apparatus,
Holliston, MA, USA). The equation relating shear stress
to volumetric flow rate through the chambers is given by
τw = 6μQ̇/a2b, where μ is the viscosity of the solution
(poise), Q̇ is the flow rate (ml s−1), a is the chamber height
and b is the chamber width (cm). Two flow protocols were
utilized as indicated: (i) a constant flow exposure with
incremental increases in the flow rate, or (ii) a multiple-
stimulation protocol using a ‘start–stop’ approach with
short flow exposures (shear of 0.32 dyne cm−2) for 15 s
and then repeated after a defined interval. The multiple
stimulation protocol was used to assess the degree of
desensitization, or rate of ATP depletion, which was
calculated by measuring the slope of the line generated after
plotting the absolute change in arbitrary light units (ALUs)
with each flow exposure/maximum absolute �ALU after
1st flow exposure.

LDH release

Lactate dehydrogenase (LDH) measurements were
performed pre- and post-flow exposure using an
enzymatic colourimetric cytotoxicity assay (CytoTox 96,
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Promega, Madison, WI, USA) as previously described
(Spagnou et al. 2004). Aliquots of 50 μl were sampled
from the bathing solution at baseline and from the
efflux solution after the perfusion. Calibration of the
assay was performed with cell-free controls and reagents
only (no LDH release), LDH standard at a dilution of
1 : 5000 (amount LDH in ∼13 000 lysed cells), and values
after exposure of cells to lysis solution (maximum LDH
release).

ATP detection assay

Cellular ATP release was studied using the
luciferin–luciferase (L–L) assay as previously described
(Taylor et al. 1998; Roman et al. 1999; Feranchak et al.
2000). In brief, Mz-Cha-1 cells were grown to confluence
in the perfusion chamber and prior to study the media
was removed, cells were washed with PBS (600 μl ×2)
and then Optimem (Gibco) was added to fill the chamber.
For experiments of NRC, the spacers were removed and
the coverslips were washed with PBS (600 μl ×2), and
placed in the perfusion chamber. Once the individual
chambers were assembled, the in- and outflow ports
of the syringe pump (see below) were connected via
silastic tubing (Dow Corning, Midland, MI, USA). The
chamber was then perfused with Optimem at a low flow
rate (shear = 0.08 dyne cm−2) to replace all the Optimem
in the chamber and allowed to equilibrate for 10 min.
Defined shear was then applied and 60 μl aliquots from the
outflow port were collected every 30 s and added to 4 μl
of L–L reagent (Fl-ATP Assay Mix, Sigma: reconstituted
according to manufacturer’s directions and used at a
final dilution of 1 : 15) and luminescence immediately
measured over a 15 s photon interval in a modified Turner
TD 20/20 Luminometer and reported as arbitrary light
units (ALUs). At the start of the each experiment a low
flow rate was applied (shear = 0.08 dyne cm−2), to provide
an aliquot for LDH measurement, and five sequential
luminescence measurements for ‘basal’ levels (it should be
noted that once the parallel-plate chamber is assembled,
measurements in the absence of any flow exposure are
not possible); no increase in luminescence was observed
at this low shear. Shear was then increased as indicated.
Separate studies were performed to measure any potential
ATP release during static or no flow conditions. For
these studies, Mz-Cha-1 cells were grown to confluency
(in the same perfusion chambers used for the flow
studies), washed with Optimem, bathed with Optimem
+ L–L (1 : 15 dilution), placed in the luminometer,
and, after a 10 min equilibration period, ‘real-time’
luminescence measurements were obtained every 30 s. All
luminescence values are reported as relative change from
basal luminescence to control for any potential difference
in luciferase activity between batches of reagent. Standard

calibration curves were performed with known amounts
of ATP added to the L–L + Optimem reagent during
cell-free conditions (Supplemental Fig. 1.1A). Both the
real-time and sampling ATP assays were performed at
room temperature, as luciferase activity decreases at
37◦C as shown in Supplemental Fig. 1.1C and previously
reported (Ueda et al. 1994).

Ca2+ imaging

Cells were cultured for 48 h on 15 mm glass coverslips
and then loaded with 2.5 μg ml−1 of fura-2 AM (TEF
Laboratories, Austin, TX, USA) in isotonic extracellular
buffer containing (mm): 140 NaCl, 4 KCl, 2CaCl2, 1 MgCl2,
1 KH2PO4, 5 glucose, 10 Hepes (pH 7.4) supplemented
with 0.01% pluronic F127 for 30 min at 22◦C. In selected
studies, Ca2+ was removed from the bath and perfusing
solutions by EGTA (2 mm). The coverslip was placed
in the perfusion chamber on the stage of an inverted
fluorescent microscope (Nikon TE2000) and the inflow
and outflow ports were attached to the syringe pump.
Changes of [Ca2+]i were measured at excitation wave-
length of 340 nm for calcium-bound fura-2 AM and
380 nm for calcium-free fura-2 AM, emission wavelength
of 510 nm. After subtracting background fluorescence,
[Ca2+]i was calculated according to Grynkiewicz equation
(Simpson, 1999):

[Ca2+]i(nM) = Kd × [(R − Rmin)/(Rmax − R)] × Sfb

(K d at 22◦C = 145; Sfb, ratio of baseline fluorescence
(380 nm) under Ca2+-free and -bound conditions).
Experiments were performed at room temperature (for
comparison with ATP release studies) and at 37◦C.

Measurement of flow-stimulated currents

Membrane currents were measured using whole-cell patch
clamp techniques. Cells on a coverslip were mounted in
the chamber and whole-cell currents measured during
basal and perfused conditions with a standard extracellular
solution containing (mm): 140 NaCl, 4 KCl, 1 CaCl2,
2 MgCl2, 1 KH2PO4, 10 glucose and 10 Hepes/NaOH
(pH ∼7.40). The standard intracellular (pipette) solution
for whole-cell recordings contained (mm): 130 KCl,
10 NaCl, 2 MgCl2, 10 Hepes/KOH, 0.5 CaCl2 and
1 EGTA (pH 7.3), corresponding to a free [Ca2+] of
∼100 nm (Chang et al. 1988; Feranchak et al. 2001).
For selected studies, extracellular monovalent cations
were replaced with NMDG and intracellular monovalent
cations were replaced with TEA. Patch pipettes were
pulled from Corning 7052 glass and had a resistance
of 3–10 M�. Recordings were made with an Axopatch
ID amplifier (Axon Instruments, Foster City, CA, USA),
digitized (1 kHz) and analysed using pCLAMP version 10
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(Axon Instruments, Burlingame, CA, USA) as previously
described (Fitz & Sostman, 1994; Feranchak et al. 2001).
Two voltage protocols were utilized: (1) holding potential
−40 mV, with 200 ms steps to 0 mV and −80 mV at 10 s
intervals, and (2) holding potential −40 mV, with 400 ms
steps from −100 mV to +100 mV in 20 mV increments.
Current–voltage (I–V ) relations were generated from the
‘step’ protocol. Pipette voltages (V p) are referred to the
bath. Results are compared with control studies measured
on the same day to minimize any effects of day-to-day
variability. While mean cell capacitance was 20.4 ± 1.1 pF,
results are reported as current density (pA pF−1) to
normalize for differences in cell size (Feranchak et al.
2001).

Reagents

Thapsigargin was obtained from Calbiochem/EMD
Biosciences (La Jolla, CA, USA), calphostin C from MP
Biomedicals (Solon, OH, USA), and myristoylated and
scrambled protein kinase C (PKC) ζ pseudosubstrate
from Quality Controlled Biochemicals (Hopkinton,
MA, USA). All other reagents were obtained from
Sigma-Aldrich. None of the PKC inhibitors (chelerythrine,
calphostin C, myristoylated PKCζ pseudosubstrate and
phorbol 12-myristate 13-acetate (PMA)) affected the L–L
reaction as measured during cell-free conditions.

Statistics

Results are presented as the mean ± standard error of
the mean (s.e.m.), with n representing the number of
culture plates or repetitions for each assay as indicated.
Statistical analysis included Fisher’s paired and unpaired
t test and ANOVA for multiple comparisons to assess
statistical significance as indicated, and P values < 0.05
were considered to be statistically significant.

Results

Increasing flow rates stimulate ATP release
from human and rat biliary epithelial cells

Confluent Mz-Cha-1 cells released a small amount of
ATP during static (no flow) conditions as detected by
arbitrary light units (ALUs) (Fig. 1A inset). Measured
luminescence, which decreased over time, was specific for
extracellular ATP as the addition of the ATP scavenger
apyrase (2 Units ml−1) rapidly abolished luminescence
(n = 6). To determine whether Mz-Cha-1 cells release ATP
in response to flow, the amount of ATP in the perfusate
was measured in response to defined shear stress. After the
parallel plate chamber with confluent cells was assembled,
a low flow was applied (shear = 0.08 dyne cm−2) and ATP
release measured (Fig. 1A). During this low flow exposure

no increase in luminescence was observed; in fact, a
steady decline in luminescence was noted which paralleled
that observed in cells under static conditions, and hence
these initial measurements were considered basal levels.
Increasing flow to generate a shear of 0.16 dyne cm−2,
resulted in a rapid increase in ATP release within seconds,
with a maximum relative increase of 1.67 ± 0.21 ALUs
observed at 1 min compared to a relative change of
0.83 ± 0.01 ALUs in control cells without flow at the
same time point (n = 6; P < 0.01; Fig. 1A). Increasing the
shear to 0.64 dyne cm−2 resulted in a further increase in
ATP release, with a relative increase of 3.22 ± 0.42 ALUs
compared to 0.71 ± 0.01 ALUs in control (no flow) at the
same time point (n = 6, P < 0.01). In separate studies,
Mz-Cha-1 cells were exposed to shear of 0.16, 0.32,
0.48 and 0.64 dyne cm−2 and ATP release measured.
Flow-stimulated ATP release was observed within seconds
of the onset of flow and the magnitude of the release was
proportional to the shear force applied (Fig. 1C).

To determine if similar shear-stimulated ATP release
occurs in intact biliary epithelium, confluent NRC
monolayers were exposed to shear under identical
experimental conditions. Increasing shear from 0.08
(basal) to 0.16 dyne cm−2 resulted in a rapid relative
increase in ATP release of 2.18 ± 0.11 ALUs observed at
1 min compared to a relative change of 0.92 ± 0.03 ALUs
in control cells without flow (inset) at the same time
point (n = 6; P < 0.01; Fig. 1B). Increasing the shear to
0.64 dyne cm−2 resulted in a further increase in ATP
release, with a relative increase of 3.29 ± 0.26 ALUs
compared to a change of 0.84 0.04 ALUs in control cells
(no flow) at the same time point (n = 6, P < 0.01). In
separate studies, NRC monolayers were exposed to shear
of 0.17, 0.35, 0.53 and 0.71 dyne cm−2 and ATP release
measured. Flow-stimulated ATP release was observed
within seconds of the onset of flow and proportional
to shear stress up to 0.53 dyne cm−2 (shear above this
level was not associated with any further significant
increase in ATP release, Fig. 1C). While both Mz-Cha-1
and NRC demonstrated flow-stimulated ATP release,
the relative magnitude of ATP release in NRC was
greater than Mz-Cha-1 for a similarly applied shear stress
(Fig. 1C). The relative increase in flow-stimulated ATP
release, measured as ALUs, can be converted to absolute
ATP concentrations by comparison to standard curves
generated by cell-free studies with known amounts of ATP
(Supplemental Fig. 1.1A). Thus, the maximum relative
ATP release measured at 0.64 dyne cm−2 corresponded
to an actual ATP concentration of ∼94 ± 18 nm for
Mz-Cha-1 and ∼110 ± 24 nm for NRC (Fig. 1D). To
exclude cell lysis as a source of extracellular ATP,
LDH measurements were performed on samples taken
during the initial low flow exposure (basal reading)
and from the efflux port at the end of the flow
exposure (shown in Supplemental Tables 1 and 2).
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No significant difference in LDH release was observed pre-
and post-perfusion.

Flow-stimulated ATP release requires
intracellular Ca2+

It has previously been shown that swelling-induced ATP
release is dependent on [Ca2+]i in rat hepatoma cells
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Figure 1. Mechanical flow stimulates ATP release from human and rat biliary epithelial cells
A, flow-stimulated ATP release from human Mz-Cha-1 cells. During static (no flow) conditions a gradual decline
in luminescence occurs as ATP released during the initial washing procedure is hydrolysed, while addition of
apyrase (2 Units ml−1) completely hydrolyses ATP and abolishes luminescence (inset) (n = 6). In separate studies,
confluent Mz-Cha-1 cells were perfused with Optimem and 60 μl aliquots were taken from the efflux every 30 s,
added to standard L–L reagent, and immediately placed in the luminometer for luminescence measurement. No
increase in ATP release was observed during exposure to low flow (shear 0.08 dyne cm−2). However, ATP release
increased within seconds of increasing shear to 0.16 dyne cm−2, and increased further upon a step-increase in
shear to 0.64 dyne cm−2 (n = 6). Bars along bottom indicate length of flow/shear exposure. B, flow-stimulated ATP
release from normal rat cholangiocyte (NRC) monolayers. Experimental protocol same as described in A. During
static (no flow) conditions a gradual decline in luminescence occurs, while addition of apyrase (2 Units ml−1)
completely hydrolyses ATP and abolishes luminescence (inset) (n = 6). Exposure to increasing shear (0.16 and
0.64 dyne cm−2) results in significant increases in the magnitude of ATP release (n = 6). C, in separate studies,
defined shear stresses were applied to either Mz-Cha-1 ( �) or NRC monolayers (•) and ATP release recorded.
Values represent the maximum luminescence within 1 min of flow/shear exposure (n = 4–6 for each). Points fitted
by best-fit 2nd order regression analysis. D, cumulative data demonstrating actual extracellular ATP concentration
detected in media under flow-stimulated (shear of 0.08, 0.16 and 0.64 dyne cm−2) conditions, based on ATP
standard curves (Supplemental Fig. 1.1A) for Mz-Cha-1 cells (black bars) or NRC monolayers (grey bars). Values
represent maximum ATP concentration within 1 min of flow/shear exposure (n = 6 each).

(Feranchak et al. 2000). To determine if mechanosensitive
ATP release in response to flow/shear is also dependent
on intracellular [Ca2+]i, studies were performed in
Mz-Cha-1 cells with or without prior treatment with
BAPTA-AM (50 μm) to chelate intracellular [Ca2+]i.
In control cells, an increase in shear from 0.08 to
0.32 dyne cm−2 was associated with a relative increase
of ATP release of 1.65 ± 0.12 ALUs, respectively. After
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exposure to BAPTA-AM, the response to shear decreased
to only 0.91 ± 0.04 ALUs (n = 6 for each, P < 0.05,
Fig. 2). Addition of apyrase (2 Units ml−1) to the perfusing
solution abolished luminescence in both control and
BAPTA-treated cells (Fig. 2A and B). In the absence
of flow, exposure to ionomycin (2 μm), to acutely
and maximally elevate [Ca2+]i, resulted in a relative
increase of only 1.10 ± 0.08 ALUs, which was comparable
in magnitude to flow-stimulated ATP release at low
shear (0.16 dyne cm−2), but significantly less than that
observed at shear ≥ 0.32 dyne cm−2 (1.61 ± 0.18 ALUs
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Figure 2. Flow-stimulated ATP release is dependent on
intracellular Ca2+

A, in control Mz-Cha-1 cells, increasing shear from 0.08 to
0.32 dyne cm−2 resulted in an increase in ATP release (•).
Pre-incubation of cells with BAPTA-AM (50 μM) significantly decreased
flow-stimulated ATP release ( �). Addition of apyrase (2 Units ml−1) to
the perfusate rapidly abolished luminescence in both control and
BAPTA-AM-treated cells. Values represent mean ± S.E.M. (n = 5 each).
B, cumulative data demonstrating relative change in ATP release with
flow (shear 0.32 dyne cm−2) or ionomycin. ∗BAPTA-AM significantly
inhibited flow-stimulated (shear 0.32 dyne cm−2) ATP release
(P < 0.05). ∗∗Apyrase (2 Units ml−1) abolished flow-stimulated
luminescence (P < 0.01). In the absence of flow, acute elevation of
[Ca2+]i by ionomycin (2 μM) resulted in only a small increase in ATP
release. Values represent maximum relative increase in ATP release
from basal levels within 1 min of flow or ionomycin exposure (n = 5
for each).

at 0.32 dyne cm−2, n = 5, P < 0.05; Fig. 2B). Together
these studies demonstrate that Ca2+ is necessary for
flow-stimulated ATP release; however, an acute elevation
in [Ca2+]i alone is only a minimal stimulus for ATP release.

Flow stimulates an increase in [Ca2+]i

Recently it has been shown in isolated rat bile duct
segments that flow causes an increase in [Ca2+]i (Masyuk
et al. 2006). To determine if flow results in similar
effects in human Mz-Cha-1 cells and NRC monolayers,
cells were loaded with fura-2 and fluorescence measured
under basal and flow-stimulated conditions. In Mz-Cha-1
cells, exposure to shear of 0.09 dyne cm−2 rapidly
increased [Ca2+]i by an average of 0.012 ± 0.008 relative
fluorescence units s−1, reaching a maximum concentration
of 279 ± 68 nm within 59.2 ± 13.3 s (n = 7, P < 0.01 versus
control, Fig. 3A and D). Confluent NRC monolayers
also demonstrated a significant increase in [Ca2+]i to
351 ± 167 nm in response to shear of 0.09 dyne cm−2 with
similar kinetics to Mz-Cha-1 cells (n = 4, P < 0.05 versus
control, data not shown). Additional individual studies
were performed in Mz-Cha-1 cells with shear of 0.01, 0.02,
0.04, 0.09 and 0.24 dyne cm−2. While shear of 0.01 and
0.02 dyne cm−2 resulted in small increases in [Ca2+]i to
49 ± 16 nm (n = 4) and 44 ± 7 nm (n = 7), respectively, a
threshold appeared to be reached at 0.09 dyne cm−2 with
a significant increase in [Ca2+]i to 279 ± 68 nm (n = 7,
P < 0.01, Fig. 3B). Exposure to shear of 0.24 dyne cm−2

increased [Ca2+]i to 298 ± 45 (n = 4, P < 0.05 versus
control); however, this was not statistically greater than the
increase observed with a shear of 0.09 dyne cm−2 (Fig. 3B).
At a shear of 0.09 dyne cm−2 studies performed at 37◦C
resulted in a significant increase in [Ca2+]i to 470 ± 88 nm

(n = 7) compared to an increase to 279 ± 68 nm (n = 7)
in control cells at 23◦C (Fig. 3B inset). However, there was
no difference between the magnitude of flow-stimulated
[Ca2+]i at 37◦C versus 23◦C at lower shear (Fig. 3B inset).
These findings in human and rat biliary epithelial models
are similar to those observed in isolated rat bile duct
segments (Masyuk et al. 2006) and demonstrate that
flow/shear is a significant stimulus modulating [Ca2+]i.

Both extracellular and intracellular Ca2+ contributes
to the flow-stimulated increase in [Ca2+]i

To evaluate the dependence of flow-stimulated [Ca2+]i

on intra- versus extra-cellular Ca2+ sources, imaging
studies in response to flow (shear = 0.09 dyne cm−2)
were performed on fura-2-loaded cells with the selective
removal of Ca2+ from the buffer and perfusing
solutions (EGTA, 2 mm) or after depletion of intra-
cellular stores by thapsigargin. Removal of extracellular
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Ca2+ from the bath and perfusate had little effect
on the rate of rise (0.012 ± 0.006 relative fluorescence
units s−1), time to peak fluorescence (50.1 ± 16.2 s),
and magnitude of peak fluorescence (271 ± 60 nm,
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Figure 3. Flow stimulates an increase of [Ca2+]i
Mz-ChA-1 cells grown on a coverglass were loaded with fura-2 AM, washed with PBS and exposed to defined
flow rates of isotonic buffer (see Methods). Values represent increase in the ratio of fluorescence at 340 and at
380 nm. A, in this representative study, fura-2 fluorescence increased within seconds of flow exposure (shear of
0.09 dyne cm−2, indicated by the bar) at a rate of 0.008 relative fluorescence units s−1 (indicated by the dotted line),
reached a maximal value at 30 s, and then decreased to basal levels. Maximal and minimal [Ca2+]i was obtained by
exposure to ionomycin (2 μM) and EGTA (10 mM), respectively. B, in separate studies, cells were perfused at different
flow rates (shear of 0.09, 0.02, 0.04, 0.09 and 0.24 dyne cm−2) and maximal fura-2 fluorescence recorded. Little
increase in fura-2 fluorescence was observed at shear stresses of < 0.04 dyne cm−2 while the maximum Ca2+
signal was observed at shear of 0.09 dyne cm−2 (n = 4–7 for each). B (inset), increasing the temperature to 37◦C
(grey bars) resulted in a significant increase in [Ca2+]i at a shear of 0.09 compared with 23◦C (black bars) (n = 7
for each, ∗P < 0.01). There was no difference in the magnitude of [Ca2+]i between 23◦C and 37◦C at a shear
of 0.02 or 0.04 dyne cm−2 (n = 4 each, P = n.s.) C, both extracellular and intracellular Ca2+ contribute to the
increase in flow-induced [Ca2+]i. In separate studies, Mz-ChA-1 cells were incubated with either thapsigargin
(500 nM for 30 min) or Ca2+-free buffer (EGTA, 2 mM, for 5 min), loaded with fura-2 AM and exposed to flow
(shear 0.09 dyne cm−2). Removal of extracellular Ca2+ (EGTA) from the perfusate had no effect on flow-stimulated
fura-2 fluorescence, demonstrating a rate of rise of 0.008 fluorescence units s−1 and a maximal increase at 58 s.
Removal of intracellular Ca2+ stores (thapsigargin) decreased the rate of rise to 0.004 fluorescence units s−1 and
delayed the time to peak fluorescence (n = 5, P < 0.05) (dashed line). D, cumulative data. The magnitude of the
flow-stimulated (shear of 0.09 dyne cm−2) increase in [Ca2+]i was unaffected by individual removal of extracellular
(EGTA, n = 7) or depletion of intracellular (thapsigargin, n = 5) Ca2+, but significantly inhibited when both were
simultaneously depleted (n = 3, ∗P < 0.05). Values represent the maximal [Ca2+]i in nM.

n = 7, P = n.s. versus 279 ± 68 nm in control, Fig. 3C
and D); however, pre-incubation with thapsigargin
(500 nm for 30 min) slowed the rate of rise of
fura-2 fluorescence to 0.0061 ± 0.003 relative fluorescence
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units s−1 (a 50% decrease in rate) and prolonged the time
to peak fluorescence (104.4 ± 27.5 s, P < 0.05), though the
magnitude of peak fluorescence was not different from
controls (416 ± 70 nm, n = 5, P = n.s. versus 279 ± 68 nm

in control, Fig. 3C and D). As would be expected,
simultaneous removal of both extracellular Ca2+ and
depletion of intracellular stores completely abolished the
flow-stimulated increase in [Ca2+]i (24 ± 2 nm, n = 3,
P < 0.05 versus control, Fig. 3D). The finding that removal
of extracellular Ca2+ had no effect on the onset, rate of
rise or magnitude of flow-stimulated fura-2 fluorescence
suggests that the observed increase in [Ca2+]i is primarily
through release from an intracellular Ca2+ pool. However,
the finding that depletion of intracellular Ca2+ stores
slowed the rate of rise, but did not affect the magnitude,
of the calcium signal suggests that extracellular Ca2+ is
capable of contributing to the flow-stimulated response.
Thus, flow-stimulated Ca2+ signalling in this biliary model
is complex with at least two components involved.

Flow-stimulated Ca2+ signalling is dependent on
extracellular ATP and P2 receptor stimulation

To determine if flow-stimulated ATP release and
flow-stimulated increases in [Ca2+]i are linked, cells were
loaded with fura-2 and exposed to flow, to generate
shear of 0.09 dyne cm−2, in the presence or absence of
apyrase which rapidly hydrolyses ATP. The flow-stimulated
increase in [Ca2+]i to 345 ± 23 nm observed in control
cells (n = 8) was significantly inhibited in the presence
of apyrase (5 U ml−1) to 63 ± 18 nm (n = 4, P < 0.05,
Fig. 4A–C). The effects of apyrase on flow-stimulated
fura-2 fluorescence were concentration dependent with
an apparent K i of ∼2 U ml−1 (Fig. 4C). Additional studies
were performed in the presence or absence of P2 receptor
antagonists. In the presence of the P2Y inhibitor, suramin
(100 μm), shear-stimulated (0.09 dyne cm−2) increases
in [Ca2+]i were significantly inhibited (47 ± 11 nm,
n = 3) compared to control (384 ± 157 nm, n = 6,
P < 0.01, Fig. 4D and F). In contrast, the P2X receptor
antagonist, Brilliant Blue G (10 μm), had little effect
on flow-stimulated [Ca2+]i (330 ± 75 nm, n = 4, P = n.s.
versus control, Fig. 4E and F). Together these results
demonstrate that flow-stimulated increases in [Ca2+]i

are dependent on extracellular ATP and P2Y receptor
stimulation.

Repetitive flow stimulation results in a depletion
of a readily releasable pool of cellular ATP

In many secretory cells the rate of exocytosis decreases
significantly upon repeated stimulation due to depletion
of a readily releasable pool (RRP) of secretory vesicles
(Oheim et al. 1999). Additionally, it has previously been

shown in Mz-Cha-1 cells that cell swelling-associated
ATP release is dependent on exocytosis of a readily
releasable ATP pool (Gatof et al. 2004). Thus, we adopted
a multiple-stimulation protocol, with repetitive short flow
exposures, as a functional assay of the ATP RRP in
Mz-Cha-1 cells. When cells were exposed to repetitive flow
exposures (shear of 0.32 dyne cm−2 for 15 s, repeated every
1 min) the magnitude of ATP release decreased with each
subsequent exposure (Fig. 5A) consistent with depletion
of a finite, RRP of ATP. The time constant (t1/2 depletion)
for emptying the RRP of ATP with this repetitive flow
stimulus was ∼1.7 min (Fig. 5B), which is consistent with
the time needed for replenishment of secretory vesicles in
chromaffin cells after a depolarizing stimulus (Steyer et al.
1997). Additionally, with a repetitive flow/shear stimulus
of 0.32 dyne cm−2 for 15 s the rate of depletion of the
ATP RRP was accelerated as the time between stimuli
was shortened (Fig. 5C). At an interval of 5 min between
flow exposures, the magnitude of maximal ATP release
was similar with each stimulus with a rate of depletion of
only 0.004 ALUs per perfusion, which reflects an adequate
time for refilling the pool of releasable ATP; however,
when the interval between flow stimuli was shortened
to 40 s the rate of depletion increased to 0.49 ALUs per
perfusion, an ∼100-fold increase in the depletion rate
(P < 0.01, Fig. 5C). Together these studies demonstrate
that a finite, depletable ATP pool exists and provide a
functional correlate of the RRP of ATP in biliary cells.

Flow-stimulated ATP release is dependent on PKCζ

In Mz-Cha-1 cells, swelling-induced ATP release is
regulated in part by PKC which translocates to the
membrane within minutes of hypotonic exposure (Roman
et al. 1998) and increases the amount of ATP in a
RRP (Gatof et al. 2004). The specific PKC isoform(s)
involved in mechanosensitive ATP release, however, have
not been determined. To determine if PKC plays a
similar regulatory role in flow-stimulated ATP release
and, if so, to characterize the particular isoform class
involved, the effects of a panel of isoform-selective PKC
inhibitors on the magnitude and rate of depletion of flow-
stimulated ATP release were determined. In the presence
of chelerythrine (1 μm), which inhibits substrate binding
to the C4 catalytic domain of all PKC isoforms (Herbert,
1990), maximal flow-stimulated ATP release was reduced
by 64.1 ± 2.3% compared to control cells (n = 6 each,
P < 0.05, Fig. 6A). Calphostin C, which inhibits the regula-
tory domain of conventional and novel PKC isoforms,
failed to alter the magnitude of flow-stimulated ATP
release (decrease of 5.0 ± 2.4%, n = 5, P = n.s., Fig. 6A);
and neither 12–18 h incubation with PMA (1 μm), which
interacts with the C1 domain of conventional PKC
isoforms to decrease PKC activity, or acute exposure (1 μm
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for 5 min) to increase PKC activity altered flow-stimulated
ATP release (decrease of 7.0 ± 4.0%, n = 8; and increase
of 8.0 ± 6.9%, n = 10, respectively, P = n.s.). The lack
of effect by PMA or calphostin C on ATP release
suggested the potential involvement of an atypical PKC
isoform. To test this more directly, studies were performed

[C
a

2
+
] i (

n
M

)

0

200

400

600

800

control suramin BBG

[C
a

2
+
] i (

n
M

)

0

200

400

600

1 U/ml 2 U/ml 5 U/ml

apyrase

control

apyrase 

Time (s)

0 200 400 600 800 1000

Time (s)

0 200 400 600 800 1000

Time (s)

0 200 400 600 800 1000

Time (s)

0 200 400 600 800 1000

f 
3
4
0
 /
 f
 3

8
0
 r

a
ti
o

0.0

0.5

1.0

1.5

2.0

2.5

f 
3
4
0
 /
 f
 3

4
8
 r

a
ti
o

0.0

0.5

1.0

1.5

2.0

2.5

f 
3
4
0
 /
 f
 3

8
0
 r

a
ti
o

0.0

0.5

1.0

1.5

2.0

2.5
f 
3
4
0
 /
 f
 3

8
0
 r

a
ti
o

0.0

0.5

1.0

1.5

2.0

2.5

ionomycin

ionomycin

EGTA

EGTA

flow

flow

flow
flow

suramin

ionomycin

EGTA

brilliant blue G  

ionomycin
EGTA

** *

flow

flow

A

B

C

D

E

F

Figure 4. Flow-induced increases in [Ca2+]i are dependent on extracellular ATP and purinergic receptor
stimulation
Fura-2-loaded Mz-Cha-1 cells were exposed to flow (shear of 0.09 dyne cm−2), as indicated by the bar.
A, representative control study demonstrating an increase in flow-induced [Ca2+]i. B, in the presence of
apyrase (5 Units ml−1) flow-stimulated fura-2 fluorescence was inhibited. C, inhibition of flow-stimulated fura-2
fluorescence by apyrase was concentration dependent with an apparent K i of ∼2 Units ml−1. Values represent
maximum absolute [Ca2+]i in nM (n = 4–8 for each). D, in the presence of the P2Y receptor antagonist suramin
(100 μM) no increase in fura-2 fluorescence in response to flow was observed. E, the P2X receptor antagonist,
Brilliant Blue G (10 μM), had little effect on flow-stimulated fura-2 fluorescence. F, cumulative data demonstrating
the effects of P2 receptor antagonists on flow-stimulated [Ca2+]i. Values represent the maximal flow-stimulated
increase in [Ca2+]i in nM (n = 3–6 each). ∗Suramin significantly inhibited flow-stimulated fura-2 fluorescence
(P < 0.01).

utilizing a specific cell-permeable inhibitor of PKCζ ,
myristoylated PKCζ pseudosubstrate (Sun et al. 2005),
and compared to control cells incubated with a scrambled
myristoylated PKCζ peptide (10 μm for 10–15 min for
each). Compared with control cells, cells incubated with
the PKCζ pseudosubstrate demonstrated a 74.6 ± 3.7%
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Figure 5. Flow-stimulated ATP release demonstrates
desensitization with repetitive flow exposures
Confluent Mz-Cha-1 cells were placed in the flow chamber within a
luminometer and ATP release in response to the multiple-stimulation
protocol (see Methods) measured using the real-time L–L assay. A, in
response to repetitive flow exposures (shear of 0.32 dyne cm−2 for
15 s) every 1 min the magnitude of ATP release decreased with each
successive exposure. Values represent the relative change in
luminescence/maximal change in luminescence with the 1st perfusion
(n = 8 for each). B, the available, or readily releasable pool (RRP), of
ATP was depleted with a time constant (t1/2 emptying) of ∼1.7 min in
response to repetitive shear exposures of 0.32 dyne cm−2 for 15 s
every 1 min (points are average of 8 trials fitted with sigmoidal
regression). C, rate of depletion of flow-stimulated ATP release. Using

reduction in the magnitude of flow-stimulated ATP
release (n = 6, P < 0.01, Fig. 6A). To determine if these
effects were through effects on the RRP of ATP, the
multiple-stimulation protocol (shear of 0.32 dyne cm−2

for 15 s, repeated every 1 min) was utilized. Both
chelerythrine and the myristoylated PKCζ pseudo-
substrate significantly accelerated the rate of depletion of
the RRP (relative decrease of 0.39 ALUs per perfusion for
each) compared with control cells (relative decrease of
0.24 ALUs per perfusion, n = 6 each, P < 0.05, Fig. 6B).
Together, these findings demonstrate that PKCζ regulates
flow-stimulated ATP release and suggests that this is
primarily through effects on a RRP.

Flow-stimulated Ca2+ signalling is dependent on PKC

Given that inhibition of PKCζ blocked flow-stimulated
ATP release, chelerythrine and the PKCζ peptide inhibitor
should have similar effects to extracellular ATP hydrolysis
(apyrase) on flow-stimulated Ca2+ signalling. To test
this hypothesis, cells were pre-incubated with either
chelerythrine (1 μm for 5 min), myristoylated PKCζ

pseudosubstrate, or a scrambled myristoylated PKCζ

pseudosubstrate as control (10 μm for 5 min each), loaded
with fura-2 and exposed to flow (shear of 0.09 dyne cm−2).
Exposure to flow increased [Ca2+]i to 421 ± 52 nm in
control cells (no treatment) and to 356 ± 101 nm in
control cells treated with the scrambled peptide (n = 3
each, Fig. 7A and F) compared to an increase to only
42 ± 6 nm in the presence of chelerythrine (n = 7,
P < 0.05) and 40 ± 7 nm in the presence of PKCζ

pseudosubstrate (n = 6, P < 0.05, Fig. 7B,C,F). However,
while overnight incubation with PMA, to down-regulate
conventional and novel PKC isoforms, had no effect on
shear-stimulated ATP release, it significantly blocked the
increase in shear-stimulated [Ca2+]i to only 19 ± 3 nm

(n = 5, P < 0.01, Fig. 7D and F). This suggests the
potential involvement of a phorbol ester-sensitive PKC
isoform in the pathway between P2Y receptor binding
and the increase in [Ca2+]i. To test this more directly,
the effects of inhibition of atypical PKCζ (myristoylated
PKCζ pseudosubstrate) versus inhibition of conventional
and novel PKC isoforms (PMA for 18 h) were evaluated
on ATP-induced fura-2 fluorescence in the absence of
flow. In control cells, exposure to ATP (100 nm) results in
characteristic increases in [Ca2+]i (789 ± 141 nm, n = 5,

the multiple-stimulation protocol cells were repeatedly exposed to
flow (shear of 0.32 dyne cm−2) for 15 s while the interval between
exposures was varied as indicated. Values represent relative increase
in ALUs/maximum ALUs (1st flow exposure) for each perfusion.
Desensitization is not observed with 5 min intervals between exposures
(•), but increases as the interval between exposures is shortened to
3 min ( �), 1 min (�), and 40 s (�). Each data point represents the
mean of 4–10 trials and fitted by 1st order linear regression.
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Fig. 7E and F). In the presence of the myristoylated PKCζ

pseudosubstrate (10 μm), the ATP-stimulated increase in
fura-2 fluorescence was unaffected (997 ± 215 nm, n = 4,
P = n.s. versus control), while pre-exposure to PMA (for
18 h) significantly inhibited the Ca2+ signal (16 ± 6 nm,
n = 4, P < 0.01, Fig. 7E and F). These studies confirm that
the regulatory effects of atypical and phorbol-insensitive
PKCζ are predominantly on shear-stimulated ATP
release, and suggest that other phorbol-sensitive
isoforms are involved in the pathway between ATP–P2Y
receptor binding and release of Ca2+ from intracellular
stores.

Flow activates membrane Cl− currents

In Mz-Cha-1 biliary cells, P2 receptor binding by ATP
results in a large increase in membrane Cl− conductance
(Feranchak et al. 1999; Roman et al. 1999). To determine
if mechanical flow can stimulate similar Cl− currents,
whole-cell patch clamp studies were performed in the
presence or absence of flow. Under basal conditions with
standard intra- and extracellular buffers, ICl was small
(−0.8 ± 0.2 pA pF−1, Fig. 8). Exposure to flow (shear
of 0.24 dyne cm−2) resulted in activation of currents
within 95 ± 23 s (representative trace shown in Fig. 8A),
increasing current density to 4.4 ± 1.2 at 0 mV (P < 0.05)
and −14.0 ± 0.9 pA pF−1 at −80 mV (P < 0.001, n = 9
for each). The currents measured at 0 mV were transient
and of small magnitude, while the currents measured
at −80 mV were sustained for the duration of flow
exposure and were fully reversible within 5 min of ceasing
flow. These large flow/shear-stimulated currents exhibited
reversal near 0 mV (ECl), outward rectification and
time-dependent inactivation at depolarizing potentials
above +60 mV (Fig. 8A and B), characteristics associated
with ATP-stimulated Cl− currents previously described
in these cells (Roman et al. 1999). As a non-selective
cation (NSC) conductance could also exhibit a reversal
potential at 0 mV, additional studies were performed
to establish that the flow-stimulated currents measured
at −80 mV were mediated by Cl−. First, replacement
of the extracellular and intracellular monovalent
cations by NMDG and TEA, respectively, did not
affect the magnitude (−12.1 ± 3.2 pA pF−1 at −80 mV,
n = 4, P = n.s. versus control) or reversal potential
of the flow/shear-induced currents, thus excluding a
contribution from an NSC conductance (Fig. 8C–E).
Second, in the presence of the Cl− channel blocker
5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB,
100 μm) flow-stimulated currents were significantly
inhibited (−1.6 ± 0.2 pA pF−1 at−80 mV, P < 0.05, n = 4,
Fig. 8E). Together these findings confirm that flow/shear
activates a primary Cl− conductance.

Flow-stimulated Cl− currents are mediated by
extracellular ATP and regulated by PKC

To determine if flow-stimulated Cl− currents are
dependent on activation of membrane P2 receptors by
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Figure 6. Inhibition of atypical PKCζ attenuates flow-stimulated
ATP release
A, in separate studies the individual effects of a panel of PKC
inhibitors, acute PMA (1 μM, 5 min prior to flow), 12 h PMA (1 μM for
12 h), calphostin C (500 nM), chelerythrine (1 μM), scrambled
myristoylated PKC pseudosubstrate (10 μM), and myristoylated PKC
pseudosubstrate (10 μM), on flow-stimulated ATP release, as assessed
by the real-time L–L assay, were evaluated. Values represent
percentage change in maximal ATP release within 1 min of flow
exposure (shear of 0.32 dyne cm−2) from control cells (n = 5–10 for
each). Note: PKCζ pseudosubstrate value represents percentage
change from the scrambled PKCζ control peptide. ∗Chelerythrine and
myristoylated PKCζ pseudosubstrate inhibitor significantly inhibit the
magnitude of flow-stimulated ATP release (P < 0.05 and < 0.01,
respectively). B, inhibition of PKC affects the rate of depletion of the
ATP RRP. Utilizing the multiple-stimulation protocol (Methods), cells
were exposed to repetitive flow exposures (shear of 0.32 dyne cm−2

for 15 s) every 1 min. Values represent relative increase
in ALUs/maximum ALUs (1st flow exposure) for each perfusion. Best fit
line generated by 1st order linear regression. Pre-incubation with
chelerythrine (�) or myristoylated PKCζ pseudosubstrate inhibitor
(- �-) results in an increase in the rate of desensitization, or depletion,
of the RRP as compared to control cells (-•-) (each point mean ± S.E.M.
for 6–8 trials).
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extracellular ATP, studies were performed with equal
concentrations of the P2 receptor antagonist suramin
(100 μm) in the bath and perfusate. In the presence of
suramin, the response to flow (shear of 0.24 dyne cm−2)
was inhibited, with a maximum Cl− current density of

Figure 7. Flow-stimulated increases in [Ca2+]i are dependent on several PKC isoforms
Mz-Cha-1 cells were incubated with either chelerythrine (1 μM for 5 min), myristoylated PKCζ pseudosubstrate,
or scrambled myristoylated PKCζ peptide (10 μM for 5 min each), loaded with fura-2, and exposed to shear
of 0.09 dyne cm−2 as indicated by the bar. A, representative control study demonstrating the increase in [Ca2+]i
associated with flow. B, chelerythrine blocks the flow-stimulated increase in [Ca2+]i, but did not affect the maximal
[Ca2+]i in response to ionomycin (2 μM). C, the myristoylated PKCζ pseudosubstrate blocked the increase in
flow-stimulated fura-2 fluorescence. In some trials a small early peak in fluorescence was observed (as shown in
this example). D, incubation (for 18 h) with PMA, to down-regulate activity of novel and conventional PKC isoforms,
significantly inhibited flow-stimulated fura-2 fluorescence. E, in the absence of flow, ATP (100 nM) stimulates a large
increase in [Ca2+]i. Incubation with PMA for 18 h abolishes the ATP-stimulated increase in [Ca2+]i. F, cumulative
data demonstrating the individual effects of a panel of isoform selective PKC inhibitors (chelerythrine, scrambled
myristoylated PKCζ peptide (control peptide) and myristoylated PKCζ pseudosubstrate peptide) on flow-stimulated
(shear of 0.09 dyne cm−2), and ATP-stimulated, [Ca2+]i. Values represent the maximal increase in [Ca2+]i reported
as nM (n = 3–7 for each). ∗Chelerythrine, myristoylated PKCζ pseudosubstrate and PMA for 18 h significantly inhibit
the magnitude of flow-stimulated fura-2 fluorescence, while PMA for 18 h significantly inhibits the magnitude of
ATP-stimulated fura-2 fluorescence.

−3.7 ± 1.3 pA pF−1 at −80 mV (n = 6, P < 0.001, Fig. 9A
and B). Additionally, flow-stimulated Cl− currents were
dependent on Ca2+ as simultaneous removal of Ca2+ from
the patch pipette (EGTA, 2 mm) and bath (EGTA, 1 mm)
blocked currents with a maximum Cl− current density of
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−0.8 ± 0.3 pA pF−1 (n = 4, P < 0.001, data not shown).
To determine the relative contributions of intra- versus
extracellular Ca2+ to shear-stimulated Cl− currents, Ca2+

was individually removed from either the pipette (EGTA,
2 mm) or bath (EGTA, 1 mm) and Cl− currents measured
in response to shear (0.24 dyne cm−2). While removal
of extracellular Ca2+ had little effect on the magnitude
of Cl− currents (−14.1 ± 4.1 pA pF−1, n = 5, P = n.s.),
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Figure 8. Exposure to flow stimulates currents in human biliary epithelial cells
Whole-cell currents were measured during basal conditions and during exposure to flow of isotonic extracellular
buffer (Methods). A, representative whole-cell recording. Currents measured at −80 mV ( �), representing ICl,
and at 0 mV (•), representing IK, are shown. Flow exposure (shear of 0.24 dyne cm−2) is indicated by the bar.
Currents activated within 2 min of the onset of flow and were reversible when flow was stopped. A voltage-step
protocol (test potentials between −100 mV and +100 mV in 20 mV increments) was obtained at b� (basal) and
c� (maximal current response) as indicated. Currents demonstrated time-dependent inactivation at membrane
potentials > 60 mV. Zero current levels indicated by dotted lines. The I–V plot shown in B was generated from
these protocols. B, I–V relationship of whole-cell currents during basal (- �-) and flow-stimulated (-•-) conditions.
C, representative whole-cell recording demonstrating that removal of monovalent cations from the bath (NMDG)
and pipette (TEA) had no effect on the magnitude of flow-stimulated currents measured at −80 mV. A voltage-step
protocol (test potentials between −100 mV and +100 mV in 20 mV increments) was obtained at b� (basal) and
c� (maximal current response) as indicated. D, I–V relationship of whole-cell currents during basal (- �-) and
flow-stimulated (-•-) conditions after removal of monovalent cations from the bath and pipette (TEA·Cl/NMDG·Cl).
E, cumulative data demonstrating magnitude of flow-stimulated currents in the presence or absence of the Cl−
channel inhibitor NPPB (100 μM) or removal of monovalent cations (TEA/NMDG). Values represent maximum
current density (pA pF−1) measured at 0 mV and at −80 mV (n = 5 each). ∗Flow-stimulated currents measured at
−80 mV were significantly inhibited by NPPB.

removal of intracellular Ca2+ significantly decreased
shear-stimulated Cl− currents (−6.5 ± 1.9 pA pF−1, n = 3,
P < 0.05). Lastly, to determine if flow/shear-stimulated
Cl− currents are dependent on PKC, whole-cell currents
were measured in the presence or absence of the PKC
inhibitor chelerythrine. In control cells, exposure to
flow (shear of 0.24 dyne cm−2) resulted in characteristic
Cl− currents −16.1 ± 1.7 pA pF−1 (n = 7); however, in
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the presence of chelerythrine (1 μm), the response to
flow/shear was significantly inhibited with a maximum Cl−

current density of −5.5 ± 1.2 pA pF−1 at −80 mV (n = 5,
P < 0.01, Fig 9C and D). Unfortunately, we were unable
to directly assess the effects of specific PKCζ inhibition
on flow-stimulated currents as the myristoylated PKCζ

pseudosubstrate interfered with pipette seal formation.
Together these studies demonstrate that flow/shear
activates whole-cell Cl− currents that are dependent on
extracellular ATP and intracellular Ca2+ and are regulated
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Figure 9. Flow-stimulated currents are dependent on P2 receptor stimulation and PKC
Whole-cell patch clamp studies were performed according to the protocol described in Fig. 8. A, representative
whole-cell patch clamp recording of flow-stimulated currents (shear of 0.24 dyne cm−2) in the presence of the P2
receptor antagonist suramin (100 μM). Currents measured at −80 mV ( �), representing ICl and at 0 mV (•),
representing IK, are shown. In the presence of suramin, flow/shear failed to activate currents. B, cumulative
data. ∗Suramin significantly (P < 0.001) inhibited flow-stimulated currents (n = 6). ∗†Removal of intracellular Ca2+
((I)Ca2+-free; EGTA, 2 mM, in pipette solution) significantly inhibited the magnitude of flow-stimulated currents
(n = 3, P < 0.01), while removal of extracellular Ca2+ ((E)Ca2+-free; EGTA, 1 mM, in extracellular buffer) had no
effect (n = 5, P = n.s.). Values represent maximum current density (pA pF−1) measured at 0 mV and −80 mV. C,
representative whole-cell current recording demonstrating that inhibition of PKC by chelerythrine (1 μM) inhibits
flow-stimulated currents. D, cumulative data demonstrating effect of chelerythrine on flow-stimulated currents.
Values represent maximum current density (pA pF−1) measured at 0 mV and −80 mV, respectively (n = 5 each).
∗Chelerythrine significantly inhibited flow-stimulated currents (P < 0.01).

by PKC. To our knowledge these studies represent the first
identification of mechanosensitive Cl− currents activated
by flow in biliary epithelium.

Discussion

The key findings of the present studies in a human biliary
model are: (1) fluid flow results in an increase in cellular
ATP release; (2) ATP release is directly related to shear,
depends on intracellular Ca2+, and exhibits desensitization
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with repeated flow exposures; (3) fluid flow increases
[Ca2+]i in part through ATP release and stimulation of
membrane P2Y receptors; (4) flow-stimulated ATP release
is regulated by atypical PKCζ ; and (5) flow activates
membrane Cl− currents through effects on extracellular
ATP and increases in [Ca2+]i. Together these findings
suggest that the mechanical force of flow itself may directly
regulate cholangiocyte secretion and bile formation. Thus,
these studies describe for the first time, a potential role
of mechanical force in the regulation of biliary epithelial
function. While the role of mechanotransduction in
physiological functions in specialized cell types, such as
sensory cells of the ear or mechanoreceptors in the skin, is
well established, the role of mechanical stresses in epithelial
cell transport is continuing to expand. For example, in
renal epithelial cells flow appears to mediate Ca2+ influx
through a pathway involving PC-1 and PC-2 (Nauli et al.
2003) and in the renal tubule, mechanical flow and/or
distention modulates the epithelial Na+ channel (ENaC)
through effects on channel open probability (Satlin et al.
2001; Morimoto et al. 2006). Additionally, in respiratory
epithelial cells, phasic shear stress appears to modulate the
volume and composition of airway surface fluid (Tarran
et al. 2005, 2006). Our studies provide initial evidence
that mechanical force modulates biliary epithelial cell
transport. Elucidating the mechanotransduction pathways
in biliary epithelium may provide new insight into
cholangiocyte function and suggest new strategies for
regulating bile formation.

Based on these findings and our previously published
work (Feranchak et al. 1999; Roman et al. 1999), we
propose a working model whereby mechanical effects
of flow are transduced to cholangiocyte ATP release,

Figure 10. Proposed model of flow-stimulated ATP release and P2 signalling in biliary epithelium
The force of flow results in ATP release from biliary cells through a mechanism that is dependent on atypical PKCζ

and intracellular Ca2+. The cellular mechanism of regulated ATP release is unknown, but may involve exocytosis
of ATP-enriched vesicles, ATP-channel insertion, or a combination of pathways. Released ATP binds P2 receptors
in an autocrine or paracrine manner resulting in an increase in intracellular Ca2+, through a mechanism involving
conventional and/or novel PKC isoforms, and Cl− channel activation. The molecular identity of the specific P2
receptor subtype(s) and the Cl− channel involved are unknown. aPKCζ , atypical PKCζ ; c/n PKC, conventional and
novel PKC isoforms.

P2 receptor binding, increases in [Ca2+]i and Cl−

secretion (Fig. 10). Flow-stimulated ATP release therefore
serves as a choleretic by binding apical P2 receptors
and stimulating membrane Ca2+-activated Cl− channels
(Schlenker et al. 1997; Roman et al. 1999). In this way,
a rise in the shear force at the apical cholangiocyte
membrane, through increases in flow rate or bile viscosity,
may stimulate ATP release and hence result in changes
in bile composition. For example, bile acid secretion
across the hepatocyte canalicular membrane increases
both bile acid-dependent flow rate and bile viscosity which,
according to our proposed model, would increase down-
stream cholangiocyte ATP release through mechanical
effects at the apical membrane. Flow-stimulated ATP
release would serve as an autocrine/paracrine signal,
ultimately resulting in bile dilution and alkalinization.
If our proposed model applies to in vivo conditions,
it may represent an attractive mechanism to increase
biliary secretion, and hence dilute bile in response to
bile acid-dependent increases in bile flow or viscosity.
Therefore this becomes a ‘feed forward’ pathway and may
help to explain the hypercholeresis, out of proportion
to bile acid-induced bile flow alone, observed with
bile acid replacement therapy (Scharschmidt & Lake,
1989), and suggests a possible mechanism for the
increase in Ca2+-activated Cl− channel activity observed
in cholangiocytes in response to ursodeoxycholic acid
exposure (Shimokura et al. 1995).

Since the flow rate and shear force generated in
the intrahepatic bile ducts are not amenable to direct
assessment, the flow rates used in this study were based
on observations, as well as calculations, derived from
previous studies of animal models. To determine the
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flow rates in smaller ducts, Masyuk et al. utilized a
computerized tomography scanning (micro-CT) method
with 3-dimensional reconstruction of the rat biliary tree
to evaluate bile duct size and then used mathematical
calculations to estimate flow rates (Masyuk et al. 2004).
Based on these calculations the estimated flow rate
was 11.1 nl min−1 in small bile ducts (50 μm) and
1064 nl min−1 in the larger ducts (225 μm) corresponding
to a shear force of ∼0.14 dyne cm−2. It should be noted
that these calculations are based on Murray’s law (Murray,
1926), which utilizes a constant value for viscosity and
hence presumes wall shear stress is constant throughout
the system. These assumptions may not directly apply
to the branching biliary network where differences in
bile viscosity may potentially exist between different duct
segments. While our present studies utilized shear forces
within this calculated range, direct evaluation of flow rates
and shear force in the small intrahepatic bile ducts will
have to await technical advances.

If these studies, performed in a human biliary epithelial
model, translate to in vivo conditions, several points, as well
as uncertainties, deserve highlighting. First, the identity
of the mechanosensor(s), which transduce membrane
flow force to ATP release are unknown. Recently, the
importance of the primary cilium as a flow sensor
in epithelial cells has been demonstrated (Praetorius
& Spring, 2003; Huang et al. 2006). In fact, in rat
bile duct segments, deflections of the primary cilium
by flow result in a rapid increase in [Ca2+]i (Masyuk
et al. 2006). While the NRC express a primary cilium
at the apical membrane, the Mz-Cha-1 biliary cells
do not express a cilium at any time point in their
development, including the time points at which the
ATP release experiments were performed (Supplemental
Fig. 1.2). This suggests that flow/shear-stimulated ATP
release can occur through cilium-independent means. In
fact, flow-stimulated ATP release has been shown to occur
in endothelial cells that do not express a cilium (Yamamoto
et al. 2000; Iomini et al. 2004), and in MDCK cells
which do express a cilium, mechanosensitive ATP release
can occur in response to different stimuli through both
cilium-dependent and -independent pathways (Praetorius
et al. 2005). Thus, cilium-independent mechanosensitive
ATP release appears to occur in several cell types. While the
present studies demonstrate that flow/shear-stimulated
ATP release may occur through cilium-independent
pathways, they do not discount a potential contribution
of the primary cilium to mechanosensitive ATP release.
In fact, it is interesting to note that for a given shear, the
primary cilium-expressing NRC monolayers demonstrate
a greater relative increase in ATP release than the Mz-Cha-1
cells. Further studies to characterize the role of the
primary cilium in cholangiocyte ATP release, as well as
to identify other potential mechanosensor(s) involved in
P2 signalling, are clearly indicated.

Second, the cellular mechanism of ATP release is
unknown. While previous studies in a variety of epithelial
cells have emphasized a potential channel-mediated
pathway (Reisin et al. 1994; Cotrina et al. 1998; Okada
et al. 2004), no definitive evidence exists establishing
the molecular identity for an ATP channel in epithelial
cells. Conversely, there is increasing indirect evidence
that vesicular exocytosis contributes to epithelial ATP
release. For example, previous studies of Mz-Cha-1 cells
have demonstrated that cell swelling is associated with
parallel increases in both the rate of exocytosis and
ATP release through a process requiring Ca2+ and PKC
(Gatof et al. 2004). Interestingly, PKC has been shown
to increase the size of the RRP of secretory granules in
chromaffin cells (Gillis et al. 1996). Our present studies
therefore, demonstrating that (i) ATP release is dependent
on intracellular Ca2+ and PKC, (ii) the pool of ATP
becomes depleted with repetitive flow-stimulation, and
(iii) inhibition of PKC accelerates the rate of depletion,
together provide further evidence of the existence of
an ATP-enriched vesicular compartment. These studies,
however, are indirect, and while flow has been shown to
modulate both PKC activity (Tseng et al. 1995) and the
rate of exocytosis (Apodaca, 2002) in other cell models,
the specific mechanism mediating flow-stimulated ATP
release in biliary epithelium will require further study.

Third, while the present studies demonstrate that
flow/shear-stimulated ATP release is regulated in part by
atypical PKCζ , previous studies of Mz-Cha-1 biliary cells
have demonstrated that volume-stimulated ATP release is
both calcium- and phorbol ester-sensitive (Gatof et al.
2004), suggesting involvement of conventional PKC iso-
form(s). Taken together, these findings suggest that a
diversity of PKC isoforms may be involved in mechano-
sensitive signalling, with different isoforms responding
to different mechanical stimuli (cell swelling versus
flow/shear). Elucidation of the specific PKC isoforms,
as well as other kinase signalling pathways involved in
mechanosensitive biliary functions, will require significant
further study.

Fourth, the cellular pathways regulating mechano-
sensitive Ca2+ signalling in biliary epithelium have not
been fully elucidated. Flow has been shown to be a potent
stimulus increasing intracellular Ca2+ in several epithelial
models (Praetorius & Spring, 2001; Woda et al. 2002;
Nauli et al. 2003; Liu et al. 2005b), including biliary
epithelium (Masyuk et al. 2006). While these effects
appear to be mediated through mechanical effects on
the primary cilium (Praetorius & Spring, 2003), some
cells increase Ca2+ in response to flow in the absence
of cilium expression (Liu et al. 2003) and alternate
pathways involving P2 receptors have recently emerged as
potential contributors to the response (Jensen et al. 2007).
Interestingly, in the rat isolated bile duct model, while
the flow-stimulated increase in Ca2+ is abolished after
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the cilium is removed (via chloral hydrate), the cells still
demonstrate an increase in intracellular Ca2+ in response
to exogenous ATP delivered to the luminal membrane
(Masyuk et al. 2006). The Mz-Cha-1 cells do not express
a primary cilium and hence the flow-stimulated increase
in Ca2+ observed at higher flow rates in this cell type
must take place through a cilium-independent pathway.
This is further substantiated by the findings that the
flow-stimulated Ca2+ signal is abolished in the presence of
apyrase or suramin confirming that extracellular ATP and
P2 receptor stimulation are required. Thus, cholangiocytes
demonstrate several mechanosensitive pathways that
regulate intracellular Ca2+, both cilium-dependent and
-independent. Indeed, cholangiocytes express a host of
membrane Ca2+ transport proteins including polycystin-1
and -2 (Masyuk et al. 2006), fibrocystin (Ward et al. 2003),
TRPV4 (Gradilone et al. 2007), P2X7 (Taylor et al. 1999),
and P2X4 receptors (Doctor et al. 2005). The expression,
regulation and mechanical sensitivity of these channels
and transporters in biliary epithelium are only beginning
to be elucidated.

Fifth, while the present studies support a role for ATP
binding P2 receptors in flow-stimulated Ca2+ signalling
and Cl− transport, the specific P2X and P2Y subtypes
involved are unknown. Cholangiocytes express a repertoire
of both P2X and P2Y receptors on the apical membrane
(Schlenker et al. 1997; Taylor et al. 1999; Dranoff et al.
2001; Doctor et al. 2005) which may vary to meet
changing physiological demands. Indeed, cholangiocytes
demonstrate a rapid rate of constitutive exo- and
endocytosis capable of replacing 1.3% of the plasma
membrane, along with specific membrane proteins (e.g.
ion channels, receptors), every minute (Fitz, 2002; Doctor
et al. 2002). The number, type and location of P2
receptors present at any given moment, therefore, may
be an important determinant of cholangiocyte transport.
Flow/shear-dependent changes in P2 receptor expression
have been demonstrated in endothelial cells (Korenaga
et al. 2001). Additionally, the findings of abnormal
flow-induced Ca2+ responses in the endothelium of a
P2X4−/− mouse model (Yamamoto et al. 2006) and in
the renal tubule of a P2Y2−/− mouse model (Jensen et al.
2007) further highlight the importance of P2 receptors in
mediating cellular responses to mechanical forces. The role
of fluid flow and other mechanical stimuli in the expression
and regulation of cholangiocyte cell surface P2 receptors
is therefore an exciting area for further investigation.

Sixth, while ATP is always found in bile in low micro-
molar concentrations (Chari et al. 1996), suggesting a
significant constitutive release exists; the physiological
relevance to bile formation is unknown. However, the
finding that addition of apyrase, to rapidly hydrolyse
ATP, to rat cholangiocyte monolayers mounted in an
Ussing chamber decrease the short circuit current response
(I sc) (Roman et al. 1999), a reflection of transepithelial

Cl− secretion, suggests that constitutive ATP release may
contribute to basal cholangiocyte secretion. In other
words, a basal purinergic tone may exist. Additionally,
utilizing cell-surface tethered luciferin–luciferase assay
systems in other cell models, several investigators have
shown that the concentration of ATP in the micro-
environment at the cell surface may be different from that
measured in bulk solution (Beigi et al. 1999; Okada et al.
2006). Therefore, while ATP may always be detected in bulk
solution, a rapid increase or transient spike, in the local
concentration of ATP at the cholangiocyte surface may
be the stimulus to initiate P2-mediated signalling. To add
additional complexity to P2 signalling, other nucleotides,
such as UTP, may be released simultaneously with ATP
(Tatur et al. 2007), via nucleotide-enriched vesicles or
through separate nucleotide-permeable channels, and may
further potentiate ATP release (Liu et al. 2005a) as well as
contribute to the cellular secretory response.

Lastly, the molecular identity of the Cl− channel(s)
responsible for the flow-stimulated increase in Cl−

conductance is unknown. Flow-stimulated Cl− currents
have been described in endothelial cells (Gautam et al.
2006); and in respiratory epithelium shear stress results
in changes in surface fluid volume and composition, pre-
sumably through effects on membrane Cl− permeability
(Tarran et al. 2005). It is interesting that the biophysical
properties of the flow-stimulated Cl− currents described
here, as well as regulation by extracellular ATP, are similar
to the cell swelling-activated Cl− channel previously
described in these cells (Feranchak et al. 1999; Roman
et al. 1999) suggesting the existence of a mechanosensitive
P2 receptor–channel complex capable of responding
to various plasma membrane-directed forces. Thus,
the ‘extracellular nucleotide–P2 receptor–Cl− channel’
signalling complex may represent an important mechano-
transduction pathway linking external physical forces to
membrane ion permeability and cellular metabolism.

In conclusion, these are the first studies to identify
a physiological stimulus for biliary ATP release. The
finding that flow stimulates ATP release is novel and
suggests that the mechanical force of flow itself is a
potential regulator of bile composition. Additionally, these
are the first studies to identify mechanosensitive Cl−

channels activated by flow in biliary epithelial cells. Under-
standing the pathways involved in mechanosensitive ATP
release, Ca2+ signalling and ion transport may provide
novel insight into the regulation of biliary secretion and
suggest new and innovative strategies for the treatment of
cholestatic liver disorders.
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