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Abstract

Intrahepatic biliary epithelial cells (BECs), also known as cholangiocytes, modulate the volume
and composition of bile through the regulation of secretion and absorption. While
mechanosensitive ClI~ efflux has been identified as an important secretory pathway, the counter
absorptive pathways have not been identified. In other epithelial cells, the Epithelial Na* Channel
(ENaC) has been identified as an important contributor to fluid absorption, however its expression
and function in BECs has not been previously studied. Our studies revealed the presence of a,f,
and y ENaC subunits in human BECs and «, y subunits in mouse BECs. In studies of confluent
mouse BEC monolayers, ENaC contributes to the volume of surface fluid at the apical membrane
during constitutive conditions. Further, functional studies utilizing whole cell patch clamp of
single BECs demonstrated small constitutive Na* currents which increased significantly in
response to fluid-flow or shear. The magnitude of Na* currents was proportional to the shear
force, displayed inward rectification, a reversal potential of +40 mV (Enga+= +60 mV), and were
abolished with removal of extracellular Na* (NMDG) or in the presence of amiloride.
Transfection with ENaCa siRNA significantly inhibited flow-stimulated Na* currents, while
overexpression of the a subunit significantly increased currents. ENaC-mediated currents were
positively regulated by proteases and negatively regulated by extracellular ATP. In conclusion,
our studies represent the initial characterization of mechanosensitive Na* currents activated by
flow in biliary epithelium. Understanding the role of mechanosensitive transport pathways may
provide strategies to modulate the volume and composition of bile during cholestatic conditions.
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INTRODUCTION

Biliary epithelial cells (BECs), also known as cholangiocytes, are the cells that form the
intrahepatic bile ducts and contribute to the volume and composition of bile through the
regulated transport of ions and water (1). CI~ channels on the apical membrane provide the
driving force for secretion (2) and are regulated by hormones acting on the basolateral
membrane (such as secretin) and signals acting on the apical membrane such as fluid-flow/
shear, and/or extracellular ATP (3). In fact, extracellular ATP acting on the apical
membrane of BECs has emerged as a dominant pathway for the localized control of bile
volume and composition (4-6). Released by the mechanical effects of shear force at the
apical membrane of BECs, ATP is released into bile where it acts on purinergic (P2)
receptors on the apical membrane to increase [Ca2*]; and CI~ secretion through Ca?*-
activated CI~ channels (7, 8). Thus, mechanosensitive ATP release and activation of BEC P2
receptors is an important regulator of bile formation.

In contrast to the secretory pathways, the counter absorptive pathways in BECs have
received little attention. In other epithelial cells, the Epithelial Na* Channel (ENaC) has
been identified as an important contributor to fluid absorption. For example, in airway and
renal epithelium constitutive and stimulated ENaC activity modifies the volume and
composition of airway surface fluid and urine, respectively (9, 10). Located on the apical
membrane of these epithelial cells, ENaC is a highly Na*-selective, constitutively open
channel comprised of three homologous subunits (a, B, v)(11, 12). After transcription, the
three subunits of ENaC traffic to the apical membrane and are activated by several pathways
including proteases and the mechanical effects of shear force. The resulting increase in Na*
influx drives water absorption at the apical membrane. Thus, ENaC is an important regulator
of salt and water reabsorption in many types of epithelium and is essential for the
maintenance of body salt and water homeostasis (12).

The balance between secretory and absorptive pathways in BECs must be finely regulated.
This may be achieved through the local regulation of transport activity at the apical
membrane of BECs. While extracellular ATP has emerged as an important mediator of
biliary secretion, its potential counter role in the negative regulation of Na* and fluid
absorption in BECs has not been previously explored. Furthermore, despite the importance
of ENaC in multiple tissues, the presence of ENaC and its potential role in BEC transport is
unknown. The aim of these studies therefore was to determine if ENaC is expressed in
BECs, contributes to mechanosensitive Na* transport, and, if so, to identify the regulatory
pathways involved.

METHODS

Cell models

Studies were performed in human Mz-Cha-1 cells (13) and in mouse small (MSC) and large
(MLC) cholangiocytes isolated from normal mice (BALB/c) and immortalized by
transfection with the SV40 large-T antigen gene as previously described (14) (15). For
studies of apical surface liquid (ASL), MLC cells were cultured on collagen-coated semi-
permeable transwell supports (Costar Corning, Acton, MA) for 7-10 days permitting the
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development of highly polarized cells with a high transepithelial resistance (R; > 1,000
Q-cm?).

Perfusion system

Shear was applied to cells in a parallel plate chamber (Warner Instruments, Hamden, CT) as
described (8) . Flow was applied by a dual syringe pump (Harvard apparatus, Holliston,
MA). The equation relating shear stress to volumetric flow rate through the chambers is
given by t,= 6uQ/a%b, where y is the viscosity of the solution (poise), Q=flow rate (ml/sec),
a=chamber height (cm), b=chamber width (cm).

Measurement of Na* currents

Membrane Na* currents were measured using whole-cell patch clamp techniques as
previously reported (16). Cells on a cover slip were mounted in a chamber and whole cell
currents measured with low CI™ solutions to minimize the contribution of flow-stimulated
CI~ currents. Recordings were made with an Axopatch ID amplifier (Axon Instruments,
Foster City, CA), and were digitized (1 kHz) and analyzed using pCLAMP version 10.0
programs (Axon Instruments) as previously described (3). Two voltage protocols were
utilized: 1) holding potential =40 mV, steps to —100 mV and Omv and +100mv at 5 second
intervals (for real-time tracings), 2) holding potential =40 mV, with 400 ms steps from -100
mV to +100 mV in 10 mV increments. Current-voltage (I-V) relations were generated from
the “step” protocols as indicated. Results are compared with control studies measured on the
same day to minimize any effects of day-to-day variability and reported as current density
(pA/pF) to normalize for differences in cell size. Details of the buffer solutions, voltage
protocols, and data acquisition are provided in Supplemental materials.

Measurement of Apical Surface Liquid (ASL) height

The height of the fluid level at the apical membrane of confluent mouse cholangiocyte
monolayers was performed according to a modified technique previously described in
airway epithelial monolayers (17). Briefly, confluent MLC cells on 24mm collagen-coated
transwell permeable membranes with a transepithelial resistance > 1,000 ©-cm? were
washed with PBS and labeled with Calcein-AM. The transwell was then placed on the
surface of a glass-bottomed MatTek 35mm dish over a serosal reservoir and 80 ul of
Dextran-Red (10 kDa, 2 mg/ml, Molecular Probes) in PBS was added to the apical chamber.
Transwells were then mounted on a Zeiss LSM510 Confocal microscope and images
acquired using a Zeiss 40x/0.8 water immersion lens. All images were analyzed with ImageJ
(http://rsb.info.nih.gov), as previously described (18).

Detection of ENaC

PCR products representing the a, B, and y subunits of ENaC were detected utilizing specific
primers (Supplemental Table 1) and oligo(dt) primer and Superscript RNase H-reverse
transcriptase (Invitrogen, Carlshad, CA). ENaCa protein was detected by Western blot
utilizing primary anti-human ENaCa, which recognizes an extracellular region contained in
both the full-length and cleaved protein, at 1:200 (Alomone labs, Israel), followed by
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incubation with peroxidase-conjugated goat anti-rabbit antibody, dilution 1:10,000 (Jackson
ImmunoResearch Laboratories Inc., PA).

Immunofluorescence

Localization of ENaCa protein was performed in confluent MLC monolayers utilizing anti-
ENaCa antibody (Alomone labs) and then Dylight 488 conjugated donkey anti-rabbit
antibody (Jackson, 1:600) and counter-labeled with DAPI and Alexa Fluor 555 phalloidin.
The slides were imaged using the Leica TCS SP5 confocal microscope with custom software
(Leica Micro-systems, CMS GMBH and LAS AF).

Immunohistochemistry

Immunohistochemistry was performed on paraffin sections of mouse liver to evaluate
localization of ENaCa. Wild-type C57BL/6 mouse liver sections were fixed in10% neutral
buffered formalin and paraffin embedded. Further processing steps were performed on the
Dako Omnis automated immunohistochemistry platform (Glostrup, Denmark). Sections
were incubated with mouse polyclonal ENaCa antibody at a 1:800 dilution (#PA1-920A,
Thermo Fisher Scientific, Waltham, MA). Endogenous peroxidase blocking was performed
and then followed by incubation with a secondary HRP antibody mixture of goat anti-rabbit
and goat anti-mouse for 20 minutes.

Overexpression of ENaC subunits

Full-length ENaC a, B, v, channel subunits were kind gift from Chou-Long Huang (UT
Southwestern, Dallas, TX) (19) and were amplified and purified by using Macherey-Nagel
NucleoBond® Xtra Midi / Maxi. Cells at ~70% confluency in 35 mm dishes were treated
with 4pg of total plasmid cDNA encoding a, B, y ENaC and GFP using the lipofectamin
2000 (Invitrogen) per the manufacturer’s recommendations. GFP-labeled cells were used for
patch clamp analysis or extracted for protein analysis 48 hours after transfection.

ENaC silencing

ENaCa was suppressed by specific ENaCa siRNA (NM_001159576). siRNAs were
designed and synthesized by IDT (5’- AGC UUU GAC AAG GAA CUU UCC UAA G -3’;
3’-CCU CGA AAC UGU UCC UUG AAA GGA UUC-5’) and control sequence (5’-CGU
UAA UCG CGU AUA AUA CGC GUAT -37, 3’-AUA CGC GUA UUA UAC GCG AUU
AAC GAC -5"). Cells were transfected using Lipofectamine RNAIMAX reagent from
Invitrogen. Block-it™ Fluorescent Oligo (Invitrogen) was used to optimize transfection
conditions and for selection of transfected cells for whole-cell patch clamp current
recording. Whole cell patch clamp experiments were done 48 hours after transfection.

Reagents and Statistics

Detailed descriptions of the reagents, buffer solutions, experimental protocols, and statistical
analysis are provided in Supplemental Materials.
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RESULTS

Detection of ENaC in biliary epithelium

Utilizing selective primers (Supplementary Table 1) for the specific ENaC subunits (a, B,
and y), PCR products of the predicted size for ENaCa were detected in all human and mouse
biliary cells (Figure 1A). Additionally, PCR products of the predicted size for  and y
subunits were detected in human biliary cells, while y was found in mouse biliary cells. PCR
products for the 8 subunit were not found in mouse BECs. Western blot analysis, utilizing
specific anti-ENaCa antibody, detected a predicted protein band ~90 kDa in all biliary cells
(Figure 3A). Immunostaining of polarized mouse monolayers revealed ENaCa on the apical
plasma membrane (Figure 1B). Immunohistochemistry of whole mouse liver sections
revealed ENaCa in the apical membrane of intrahepatic ducts and gallbladder (Figure 1C).

Mechanosensitive Na* currents in BECs

Previously, we have shown that fluid-flow activates small cation currents and large anion
currents in BECs (20). While the anion currents are predominantly due to the Ca2*-activated
CI™ channel, TMEM16A (7), the identity of the flow-stimulated cation currents is unknown.
To isolate and evaluate the smaller cation currents, CI~ was removed from the bath and
pipette solutions. Under static (no flow) conditions small constitutive currents were
measured (Figure 2). Exposure to flow (shear of 0.12 dyne/cm?) rapidly increased
endogenous membrane currents in 87% of human biliary cells (n=96) and 92% of mouse
cells (n=15). The currents reached a maximum within 90 seconds and then decreased with
continued flow exposure. Currents displayed inward rectification, a reversal potential of +40
mV (Ena+= +60 mV), and time-dependent inactivation at membrane potentials >60 mV.
Flow-stimulated currents were abolished when Na* was replaced with equimolar
concentration of NMDG, confirming Na* as the predominant charge carrier. The magnitude
of Na* currents was proportional to the shear force, reaching a maximum at a shear of 0.24
dyne/cm? and a K1/ max Of 0.06 dyne/cm? (Figure 2C and Supplemental Figure 2). In the
presence of the ENaC inhibitor amiloride currents were inhibited by 67+ 4.5%. Thus, the
biophysical and pharmacologic properties of the endogenous flow-stimulated Na* currents
in BECs are consistent with those previously reported for ENaC in other epithelium (9, 10,
21).

Functional role of ENaCa in mediating Na* currents

It has previously been shown that the a subunit of ENaC is a key regulator of flow-activated
Na* currents (22). To identify the molecular basis of the flow-stimulated Na* currents in
human BECs and determine if the a subunit plays a role in channel activation, whole-cell
currents were measured in cells transfected with antisense oligonucleotides targeting a-
hENaC and compared to non-transfected cells (control) and cells transfected with non-
targeting siRNA (mock) (Figure 3). First, transfection with ENaCa siRNA decreased
MRNA by 47+ 2% and protein levels by 48 + 3% compared to mock transfected cells. Next,
whole cell patch clamp studies were performed to determine the functional effect of the
decrease in ENaCa expression (Figure 3). In control or mock transfected cells, small
constitutive Na* currents were observed. Exposure to flow resulted in a significant increase
in the magnitude of Na* currents which again were inhibited by the ENaC inhibitor,
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amiloride. Transfection with ENaCa siRNA had no significant effect on constitutive
currents, but significantly decreased the magnitude of flow-stimulated Na* currents. Thus,
the ENaC a subunit is a significant contributor to flow-mediated Na* currents in BECs.

Functional effects of overexpression of ENaC subunits on flow-stimulated currents

To further characterize the role of the ENaCa subunit in flow-activated Na* currents,
ENaCa was overexpressed in Mz-Cha-1 cells (Figure 4). Of note, GFP was co-transfected
as a marker of transfection efficiency and cell selection for whole cell patch clamp. First,
overexpression of ENaCa increased protein expression by 200 + 5%. Second, in ENaCa
overexpressing cells, the magnitude of flow-stimulated Na* currents increased by 73 + 8%
compared to mock transfected. Currents displayed time-dependent inactivation, reversal at
+40 mv, and were inhibited by amiloride. While previous studies in Xenopus oocytes
demonstrated that the expression of the ENaCa subunit alone is sufficient to induce
amiloride-sensitive Na* currents, co-expression of the 3 and -y subunits resulted in Na*
currents of greater magnitude (23). To determine if over expression of these subunits
similarly effects Na* currents in BECs, the three ENaC subunits, a, B, and vy, were
simultaneously overexpressed in Mz-Cha-1 cells and whole cell currents were measured.
Overexpression of the three subunits did not affect the magnitude of Na* currents measured
under basal (constitutive) conditions, but significantly increased the magnitude of Na*
currents in response to flow compared to mock transfected or control cells. However, the
magnitude of the flow-stimulated currents was not significantly different between cells
overexpressing the a subunit alone versus those overexpressing all three subunits together.
Overall, the results demonstrate that the o subunit appears to be the critical subunit in this
response, as there was no further increase in the magnitude of Na* currents when p, and y
subunits were also co-expressed.

Regulation of ENaC by proteases

One mechanism by which ENaC is activated involves proteolytic cleavage of ENaC
subunits by membrane-associated or soluble serine proteases (24). To determine if ENaC in
BECs is activated by proteases, whole cell patch clamp studies were performed to measure
Na* currents in the presence or absence of trypsin (Figure 5). During basal conditions
characteristic small constitutive Na* currents were measured. In the absence of flow,
application of trypsin to the bath increased the magnitude of Na* currents significantly.
Currents reached a maximum within 108 + 5 seconds of trypsin exposure, and displayed
biophysical properties identical to flow-activated Na* currents. After current activation by
trypsin, no additional increase in the magnitude of Na* currents was observed with
subsequent flow exposure. Likewise, following flow exposure the addition of trypsin did not
increase currents further (Supplemental Figure 3). Thus, these distinct stimuli (trypsin and
flow) appear to be acting on the same Na* channel (i.e. ENaC). Next, to determine if
endogenous proteases contribute to ENaC activation in response to flow, whole cell currents
were measured in the presence or absence of trypsin inhibitor. In the presence of trypsin
inhibitor, exposure to flow failed to activate currents (Figure 5B). When trypsin inhibitor
was removed from the perfusate, activation of Na* currents occurred and exhibited
characteristic properties consistent with ENaC activation. Lastly, the effects of trypsin on
ENaCa cleavage was determined by evaluating ENaC subunit expression and size by
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Western blots. These results demonstrate that trypsin directly cleaves the a subunit as
demonstrated by the appearance of a secondary band at ~37kD in addition to the full length
band at ~90 kD (Figure 5C). The cleaved fragment was observed after 2 minutes of
incubation with trypsin and image intensity reached a maximum by 5 minutes. Together the
studies are consistent with a model in which trypsin opens the channel through cleavage of
the a subunit and demonstrate that protease activity is necessary for flow-stimulated ENaC
activation in BECs.

ENaC contributes to the volume of fluid at the apical membrane

To determine the potential role of ENaC in modulating fluid volume, studies were
performed to measure the height of the surface fluid at the apical membrane of confluent
mouse cholangiocytes. As shown in Figure 7, addition of amiloride to inhibit ENaC
significantly increased the height of ASL. This is consistent with ENaC contributing to basal
Na* and fluid absorption. In separate studies, addition of ATP to the apical membrane also
resulted in significant increases in ASL. The cumulative data reveals that ATP has similar
effects on ASL height as amiloride. Addition of both amiloride and ATP together resulted in
an increase in ASL height which was significantly greater than amiloride alone. Together
these results demonstrate that ENaC contributes to the volume of fluid at the apical
membrane during constitutive conditions.

Negative regulation of ENaC by extracellular ATP

While we have previously shown that ATP activates Ca?*-activated CI~ channels and fluid
secretion from BECs, the possibility that ATP may also directly inhibit ENaC exists. To
determine if extracellular ATP directly inhibits ENaC activity, whole cell patch clamp
studies were performed. In control cells, fluid-flow activated characteristic Na* currents;
however addition of ATP to the perfusate rapidly inhibited currents. The inhibitory effect of
ATP was reversible and currents could be re-activated by flow when ATP was removed.
Apyrase, to hydrolyze ATP, had opposite effects on flow-activated Na* currents and
significantly increased the magnitude of flow-stimulated Na* currents compared to flow-
stimulated currents without apyrase. Together these studies demonstrate that ATP negatively
regulates ENaC channel activity in response to flow.

DISCUSSION

The present studies provide evidence that ENaC is present in BECs and contributes to
constitutive and flow-stimulated Na* absorption. To our knowledge these represent the first
functional studies of ENaC in BECs. ENaC is a member of the Deg/ENaC ion channel
superfamily that contain a functionally diverse array of channels, but all share a common
structure consisting of subunits that have two transmembrane spanning regions, a large
extracellular domain, and two short cytosolic tails(25). In native epithelia, ENaC is
composed of three homologous but distinct subunits: a, B, and v; though expression of the a
subunit alone has been associated with Na* currents in some models (11, 26). Our studies
also support an essential role of the a subunit in ENaC-mediated Na* currents in BECs.
First, transfection with sSiRNA targeting the a subunit significantly inhibited the flow-
stimulated Na* currents in endogenously expressing human BECs. Second, overexpression
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of the a subunit in human BECs increased the magnitude of flow-stimulated currents, while
the additional overexpression of the other subunits 3 and v, did not result in any further
increase in the magnitude of flow-stimulated currents. Of note, we did not find PCR
products for the  subunit of ENaC in any of the mouse models (MSC, MLC). However, this
is consistent with previous findings in whole mouse liver where p ENaC was not
detected(27).

First, the mechanism by which BEC ENaC activity is modulated by proteases in vivo is
unknown. It is thought that regulation of ENaC by proteases occurs through protease-
dependent cleavage of one or more of the extracellular loops of the subunits at specific
consensus cleavage sites (24, 28) . In our studies, addition of trypsin during basal conditions
resulted in cleavage of the a subunit and activated Na* currents. Furthermore, in separate
studies, flow failed to activate currents in the presence of trypsin inhibitor, suggesting that
flow mediates current activation through endogenous proteases in BECs. Interestingly,
proteases are found in bile (29, 30). This is intriguing and suggests that in the presence of
flow, proteases may be liberated from the apical plasma membrane of BECs, thereby
increasing the concentration of free proteases in bile and subsequently modulating apical
membrane transport. However, the expression, function, and characterization of membrane-
associated, or soluble, proteases in BECs or bile, respectively, are unknown.

Second, the mechanism by which ATP exerts inhibitory effects on ENaC is unknown. In the
current studies, we have shown that ATP inhibits ENaC currents in single cells and inhibits
fluid reabsorption in cholangiocyte monolayers. These findings are similar to findings in
renal epithelium, where ATP inhibits ENaC in the collecting duct and prevents Na*
reabsorption. ATP activates P2Y2 receptors, which are G-protein coupled receptors that
increases PLC activity via Gg/11, resulting in PI (4,5)P2 hydrolysis and generation of
inositol 1,4,5-triphosphate (IP3). In previous studies of renal epithelial cells, the loss of
P1(4,5)P2 was thought to result in ENaC inhibition (31). Interestingly, P2Y2 is the
predominant P2Y receptor in BECs and activation is linked to PLC activity and IP3
generation resulting in release of CaZ* from intracellular stores and activation of membrane
Ca?*-activated CI~ channels (4)(7) . Thus, the P2Y2 — PLC — IP3 pathway may
simultaneously activate the secretory pathway and inhibit the absorptive pathway.

We have previously shown that fluid flow is a stimulus for ATP release and activation of
TMEM16A, a Ca?*-activated CI~ channel at the apical membrane of cholangiocytes(8, 15,
20). Thus, the same stimulus (i.e. fluid-flow) which activates ENaC also stimulates ATP
release and CI~ secretion. It is initially surprising that fluid-flow activates both Cl~channels
and Na* channels, however our hypothesis is that shear initially and transiently increases
Na* currents via direct proteolytic cleavage of ENaCa by cell surface or soluble proteases
(32, 33); while at sustained shear, released ATP inhibits ENaC-mediated Na* currents. Thus,
ATP is an important regulator of bile formation by activating secretory and concurrently
inhibiting absorptive pathways (Figure 7), a hypothesis consistent with findings in other
model systems where ductular secretion is dependent on extracellular ATP (5, 6). As there is
always some ATP in bile (34, 35), the balance between secretory and absorptive pathways
determines the constitutive volume during basal or resting conditions.
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Lastly, the role of ENaC during cholestatic liver disease, associated with a decrease in bile
flow, is unknown. Lack of the mechanical flow stimulus at the apical membrane would
cause a decrease in ATP release into the duct lumen resulting in i) a decrease in CI~
secretion, and ii) an increase in Na* and fluid reabsorption. For example, the cholestatic
liver disease associated with cystic fibrosis (CF) is associated with a decrease in bile flow,
thickened inspissated secretions, and bile duct plugging in some patients (36). In fact, CF is
associated with increased ENaC activity and hyperabsorption of Na* in some epithelial
models (37). The role of ENaC in cholestatic liver diseases associated with decreases in bile
flow requires further study. Targeting the elements of the mechanosensitive signaling
pathway including ATP release, P2 receptors, and/or ENaC, therefore, may provide new and
innovative strategies to modulate the volume and composition of bile during cholestatic liver
disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression and localization of ENaC in biliary epithelium
A. RT-PCR. Species specific ENaC subunit primers were used to detect ENaC subunits in

all models. In human biliary Mz-Cha-1 cells, ENaC a, 3, and y were detected (band sizes of
349, 349, and 288 respectively). In mouse large cholangiocytes (MLC, left panel) and mouse
small cholangiocytes (MSC, right panel) ENaCa and vy (band sizes of 424 and 427,
respectively) were detected. B. Membrane localization of ENaCa protein in polarized MLC
monolayers. Staining with Alexa Fluor 555 phalloidin (red), to label the cell membrane,
anti-ENaCa antibody (green), and DAPI (blue), demonstrates ENaCa protein in the apical
plasma membrane, right panel (x-z plane shown below each image, arrow head indicates
apical membrane). Control preparations (without primary antibody), right panel. Scale bar
=10um. C. Localization of ENaCa in mouse whole liver sections. Left panel, ENaCa was
expressed on the apical membrane of intrahepatic bile ducts (arrow) and hepatic artery
(arrow head). Middle panel, ENaCa is also detected in hepatic sinusoids lined by endothelial
cells, while the portal vein (pv) and central vein (cv), have weaker expression. Right panel,
the gallbladder shows strong staining in both the apical surface of the epithelial cells as well
as macrophages in the lamina propria (arrow). All images at 400x magnification.
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Figure 2. Fluid-flow/shear activates Na* currents
Whole-cell currents were measured during basal conditions and during exposure to flow of

isatonic low CI™ extracellular buffer (Methods). A. Representative whole-cell recording of
Mz-Cha-1 cell. Currents measured at —100 mV and at 100 mV are shown. Flow exposure
(shear of 0. 24 dyne/cm?) is indicated by the bar. Addition of amiloride (100 uM) or
replacement of Na* with NMDG is indicated by the lower bars. The 1=V plot shown in the
right panel was generated from the voltage-step protocol (Methods) and currents during
basal (-03-) and flow-stimulated (-O-) conditions in the presence of amiloride (-A-) and with
replacement of Na* with NMDG (-@-) are shown. B. Cumulative data demonstrating
maximal flow-stimulated current density in Mz-Cha-1 cells. Bars represent maximal current
density (pA/pF) measured at =100 mV; n = 50 each, *p<0.01. C. Shear-dependent response
curve for Na* currents. Data were plotted from maximum current density (pA/pF) measured
at =100 mV in response to different flow rates. Each point represents mean + S.E. (n= 4-15)
fit to the Hill equation. Calculated K1/, max = 0.06 dyne/cm?2. D. Cumulative data
demonstrating % maximal flow-stimulated Na* currents in the presence of amiloride (n=56)
left panel; or after replacement of Na* with NMDG (n=12), right panel. Values represent %
of maximal current density measured at —100 mV. *p<0.05 and **p<0.01.
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Figure 3. Role of ENaCa subunit in flow-stimulated Na* currents
A. Representative Western blot (left panel), and cumulative data (middle) demonstrating

ENaCa protein levels in cells transfected with non-targeting siRNA (scramble), and cells
transfected with ENaCa siRNA. B-actin used as loading control (*p < 0.05 versus scramble
levels). Right panel, relative mMRNA levels, assessed by real-time PCR, in cells transfected
with non-targeting siRNA (scramble) and cells transfected with ENaCa siRNA (*p < 0.05
versus scramble levels). B. Representative whole-cell current recordings from Mz-Cha-1
cells transfected with non-targeting siRNA (control), left panel, or with ENaCa SiRNA,
right panel, under basal and flow-stimulated conditions. Flow exposure (0.24 dyne/cm?) and
amiloride application indicated by bars below the current trace. Currents measured at —100
mV and at +100 mV are shown. The |-V plots shown below the traces were generated from
the step protocol (Methods) and show currents during basal (-0-), flow-stimulated (-A-)
conditions, and flow-stimulated in the presence of amiloride (-0-). C. Cumulative data
demonstrating maximal current density (pA/pF) measured at =100 mV under basal
(constitutive) conditions and in response to flow in cells transfected with non-targeting
SiRNA (control), or cells transfected with ENaCa siRNA (bars represent mean £ S.E.; n=5
each). *p<0.05 versus control; **p=n.s.
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Figure 4. Functional effects of overexpression of ENaC subunits on flow-stimulated Na* currents
A. Representative Western blot (left panel) and cumulative data (right panel) demonstrating

relative change in ENaCa protein level in control Mz-Cha-1 cells, cells transfected with
non-targeting siRNA (mock), ENaCa siRNA, ENaC a subunit (overexpression), and GFP
alone. B-actin used as loading control. *p<0.05 and **p<0.01 versus control protein levels.
B. Representative whole cell recordings from cells transfected with non-targeting siRNA
(mock, top panel), ENaCa (overexpression, middle) or ENaC a, 3, and vy together (bottom
panel). Flow exposure, and addition of amiloride, indicated by lines at bottom. 1V plots for
each transfection condition shown on the right and demonstrate currents during basal (-O-),
flow (-4-), and flow in presence of amiloride (-0J-) conditions. C. Cumulative data
demonstrating maximal current density (pA/pF) measured at =100 mV in response to flow in
cells transfected with non-targeting siRNA (non-coding, nc), ENaCa siRNA, ENaC a
subunit (overexpression), and ENaCa, B, and y subunits together under basal conditions and
in response to flow (shear of 0.24 dyne/cm? ). Bars represent mean + S.E., n=5 — 10 each,
*p<0.05 versus mock (nc), Tp=n.s.
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Figure 5. Modulation of Na* currents by proteases
Representative whole-cell recordings of Mz-Cha-1 cells in the presence or absence of

trypsin or trypsin inhibitor. A. Currents in response to trypsin (10 uM) followed by flow
(shear 0.24 dyne/cm?; top), and cumulative data demonstrating maximal current density
measured at —100 mV during this sequential exposure (bottom). B. Top panel, currents in
response to flow (shear =0.24 dyne/cm?) in the presence of trypsin inhibitor (25 ug/ml).
Bottom panel, cumulative data demonstrating maximal current density at =100 mV under
basal conditions, in response to trypsin inhibitor (TI), trypsin inhibitor (T1) and flow
together, flow, and trypsin (20 pM); n=4 - 5 each, **p<0.05; Tp=n.s. C. Western blot
analysis. Incubation with trypsin (10 uM) resulted in appearance of secondary band at
~37kD in addition to the full length band at ~90kD by 2 minutes (top panel); cumulative
data represents relative band density of ratio of cleaved to full-length fragment after
incubation with trypsin for 2 or 5 minutes, control cells treated with PBS (bottom panel);
n=4-5 trials each, *p<0.05, **p<0.01 versus control.
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Figure 6. Apical Surface Liquid (ASL) height in mouse cholangiocyte monolayers
A. Representative X-Z confocal images of confluent polarized mouse cholangiocyte

monolayers (green) after apical addition of Dextran-Red (red) to the apical compartment.
Monolayers include control conditions (top), and after addition of amiloride (100 uM), ATP
(100 pM), or amiloride and ATP together (bottom). Bar shown in bottom panel represents
10 um. B. Cumulative data demonstrating effect of amiloride (n=8), ATP (n=8), or
amiloride and ATP together (n=9) on ASL height compared to control monolayers (n=9),
*p<0.05 versus control, **p<0.01 versus control, #p<0.05 versus amiloride alone.
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Figure 7. Flow-stimulated Na* currentsareregulated by extracellular ATP
Whole-cell currents were measured during basal conditions and during exposure to flow

(shear =0.24 dyne/cm?) in the absence or presence of ATP (100 uM) or apyrase (5 unit/ml).
A. Representative whole-cell recording with currents measured at —100 mV and at 100 mV
shown. Flow exposure (shear of 0. 24 dyne/cm?) is indicated by the top bar. Currents
activated rapidly with the onset of flow and were partially inhibited when ATP was included
in the perfusate as indicated by the lower line. Subsequent removal of ATP and addition of
apyrase resulted in rapid activation of currents. Re-application of ATP inhibited currents. B.
Cumulative data demonstrating maximal flow-stimulated current density in control
conditions or in the presence of ATP, or apyrase. Values represent maximal current density
measured at —100 mV (n=4-5 each), *p< 0.05 versus control, **p<0.01 versus control. C.
Proposed model for the coordination of biliary epithelial secretion and absorption by
extracellular ATP. According to this model, when the concentration of ATP in bile is high,
TMEM16A is activated, ENaC is inhibited, and net secretion occurs. When the
concentration of ATP in bile drops, TMEMZ16A inactivates, the inhibitory effect of ATP on
ENaC is abolished, and net absorption occurs.
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