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ATP in bile is a potent secretogogue, stimulating biliary epi-
thelial cell (BEC) secretion through binding apical purinergic
receptors. In response to mechanosensitive stimuli, BECs
release ATP into bile, although the cellular basis of ATP release
is unknown. The aims of this study in human and mouse BECs
were to determine whether ATP release occurs via exocytosis of
ATP-enriched vesicles and to elucidate the potential role of the
vesicular nucleotide transporter SLC17A9 in purinergic signal-
ing. Dynamic, multiscale, live cell imaging (confocal and total
internal reflection fluorescence microscopy and a luminescence
detection system with a high sensitivity charge-coupled device
camera) was utilized to detect vesicular ATP release from cell
populations, single cells, and the submembrane space of a single
cell. In response to increases in cell volume, BECs release ATP,
which was dependent on intact microtubules and vesicular traf-
ficking pathways. ATP release occurred as stochastic point
source bursts of luminescence consistent with exocytic events.
Parallel studies identified ATP-enriched vesicles ranging in size
from 0.4 to 1 um that underwent fusion and release in response
to increases in cell volume in a protein kinase C-dependent
manner. Present in all models, SLC17A9 contributed to ATP
vesicle formation and regulated ATP release. The findings are
consistent with the existence of an SLC17A9-dependent ATP-
enriched vesicular pool in biliary epithelium that undergoes reg-
ulated exocytosis to initiate purinergic signaling.

Purinergic signaling has emerged as a dominant pathway
regulating biliary secretion and bile formation. Released into
bile by both hepatocytes and biliary epithelial cells (known as
cholangiocytes) in response to mechanosensitive stimuli (cell
swelling and flow/shear stress) (1-3), extracellular ATP acti-
vates P2 receptors in the apical membrane of targeted cholan-
giocytes, resulting in increases in [Ca®*],, activation of K* (4, 5)
and Cl™ (6, 7) channels, and a robust secretory response (8).
Recent studies suggest that even the classical model of biliary
epithelial cell secretion wherein secretin stimulates Cl~ secre-

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK078587 from the NIDDK (to A. P. F.). This work was also supported
by Cystic Fibrosis Foundation Grant FERANC08GO0 and the Children’s Med-
ical Center Foundation (to A.P. F.).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Figs. S1-54.

" To whom correspondence should be addressed: Dept. of Pediatrics, Univer-
sity of Texas Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas,
TX 75390-9063. Tel.. 214-648-2386; Fax: 214-648-2673; E-mail: drew.
feranchak@utsouthwestern.edu.

JULY 15,2011 +VOLUME 286+NUMBER 28

tion via increases in cAMP is mediated by a pathway regulated
by ATP release and autocrine/paracrine stimulation of P2
receptors on the apical cholangiocyte membrane (9, 10).

The cellular mechanism of biliary epithelial ATP release has
not been identified. Two potential pathways exist: transporter/
channel-mediated or exocytosis of ATP-containing vesicles.
Cholangiocytes express several ATP-binding cassette proteins,
such as MDR-1 and the cystic fibrosis transmembrane conduc-
tance regulator (CFTR)? (11, 12), implicated in ATP release.
However, the effect of MDR-1 on ATP release can be disasso-
ciated from p-glycoprotein-related substrate transport, sug-
gesting that MDR-1 per se is not likely to function as an ATP
channel (13). Similarly, despite provocative data that CFTR
functions as a regulator of ATP release, many cells exhibit ATP
release in the absence of apparent CFTR expression, including
hepatocytes (1, 14), and no evidence of a CFTR-mediated ATP
conductance could be demonstrated in other models (15, 16).

Conversely, studies in biliary epithelium demonstrate that
stimuli that increase the rate of exocytosis (e.g. cell volume
increases and cAMP) are associated with parallel increases in
ATP release (17). Additionally, volume-stimulated biliary epi-
thelial cell ATP release is regulated by phosphoinositide 3-ki-
nase (PI3K) (18) and protein kinase C (PKC) (3, 17, 19), kinases
associated with vesicular trafficking. Furthermore, substantial
evidence has emerged to indicate that vesicular exocytosis con-
tributes to ATP release in other models (20-23), and we have
recently identified an ATP-enriched vesicle pool in liver cells
that undergoes microtubule-dependent trafficking and release
in response to increases in cell volume (24). The identification
of a vesicular nucleotide transporter, SLC17A9, responsible for
loading ATP into vesicles (25) provides further evidence that
exocytosis of ATP-containing vesicles initiates purinergic sig-
naling in some cells (25-27). However, the expression and/or
function of SLC17A09 in biliary epithelium is unknown.

The aim of our studies therefore was to elucidate the cellular
basis of and the potential role of SLC17A9 in biliary cell ATP
release. Studies were performed utilizing dynamic imaging
modalities of live human and mouse biliary cells at different
scales, including confluent cell populations, single cells, and the
intracellular submembrane space of a single cell. The findings
are consistent with the existence of an SLC17A9-dependent

2 The abbreviations used are: CFTR, cystic fibrosis transmembrane conduc-
tance regulator; BEC, biliary epithelial cell; CCD, charge-coupled device;
MLC, mouse large cholangiocyte; MSC, mouse small cholangiocyte; L-L,
luciferin-luciferase; ALU, arbitrary light unit; TIRF, total internal reflection
fluorescence; PMA, phorbol 12-myristate 13-acetate.
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ATP-enriched vesicular pool in biliary epithelium that under-
goes regulated exocytosis in response to increases in cell
volume.

EXPERIMENTAL PROCEDURES

Cell Models—Human Mz-Cha-1 biliary cells (28) and mouse
large (MLCs) and small (MSCs) cholangiocytes (29) derived
from large and small intrahepatic bile ducts, respectively, and
transformed via SV40 transfection were cultured as described
previously (7, 30). Each model system expresses phenotypic fea-
tures of differentiated biliary epithelium, including receptors,
signaling pathways, and ion channels, similar to those found in
primary cells (7, 29, 30). Unlike Mz-Cha-1 cells, MLCs and
MSCs form polarized monolayers with intercellular tight junc-
tions and apical microvilli (30). Although both MSCs and MLCs
express a full repertoire of P2 receptors and exhibit Ca®*-stim-
ulated secretion in response to ATP (30), only MLCs express
CFTR (29). Cells were grown on 35-mm dishes for 2—4 days in
preparation for bioluminescence studies. For confocal micros-
copy studies, cultured cells were plated in eight-chamber cov-
erglass slides (Nalge Nunc Lab-Tek chambered coverglasses
(8-well), Fisher catalogue number 12-565-470) 1-2 days prior
to experiment.

Bulk ATP Release by Luminometric Assay—Bulk ATP release
was studied from confluent cells using the luciferin-luciferase
(L-L) assay as described previously (31). Cells were grown to
confluence on 35-mm tissue culture-treated dishes (Falcon, BD
Biosciences Discovery Labware) and washed with PBS (600
ul X 2), 600 ul of Opti-MEM (Invitrogen) containing L-L (Fl-
ATP Assay Mix (Sigma-Aldrich) reconstituted according to the
manufacturer’s directions and used at a final dilution of 1:50
with Opti-MEM) were added, and then cells were placed into a
modified Turner TD 20/20 luminometer in complete darkness.
After a 5-10-min equilibration period, readings were obtained
every 15 s, and cumulative bioluminescence over 15-s photon
intervals was quantified in real time as arbitrary light units
(ALUs). Studies were performed at room temperature as lucif-
erase activity decreases at higher temperatures. ATP standard
curves were generated to approximate ATP concentrations by
measuring luminescence after adding dilutions of a freshly pre-
pared stock solution of ATP to the luciferin-luciferase assay
mixture as described above.

ATP Release by Point Source Chemiluminescence Assay—
Point source ATP release was detected from confluent cells as
described previously (24). Briefly, cells were grown to conflu-
ence on 35-mm tissue culture-treated dishes, medium was
removed, cells were washed with PBS, L-L (1:25 dilution) was
added, cells were placed in a light-tight box with an optical
imaging apparatus, and the box was attached to a perfusion
system (Pump 33, Harvard Apparatus, Holliston, MA). Light
produced by the catalysis of the L-L reaction by released ATP
was detected by a high sensitivity electron-multiplying CCD
camera (Princeton Instruments/ACTON PhotonMAX 512B
with the e2v CCD97 sensor, 512 X 512 pixels) mounted in a
vertical orientation on an x-y-z stage. A relay lens consisting of
two 25.4-mm format lenses (Schneider xenon £/0.95) coupled
front to front with each focused at infinity with full aperture was
used to image at 1X. Images were collected at a frequency of
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9-10 Hz with 100-ms exposure time during basal (isotonic) and
hypotonic conditions. Typical stacks of 500-700 images were
streamed to hard disk for storage and data analysis. Full elec-
tron multiplication stage gain was utilized in all experiments for
maximum sensitivity. Base-line image stacks prior to hypotonic
stimulation were also obtained for residual ATP detection and
electron multiplication noise characterization. Precautions
were taken to avoid overexposure of the high gain sensor mode
as this has been shown to reduce sensitivity.

Lactate Dehydrogenase Release—Lactate dehydrogenase
measurements were performed pre- and posthypotonic expo-
sure using an enzymatic colorimetric cytotoxicity assay (Cyto-
Tox 96, Promega, Madison, WI). Calibration of the assay was
performed with cell-free controls and reagents only (no lactate
dehydrogenase release), with lactate dehydrogenase standard at
a dilution of 1:5000 (amount of lactate dehydrogenase in
~13,000 lysed cells), and after exposure of cells to lysis solution
(maximum lactate dehydrogenase release).

ATP-enriched Vesicle Staining—Quinacrine (Sigma), an acri-
dine derivative, has a very high affinity for ATP and has been
utilized to label intracellular ATP-enriched vesicles in other cell
types (21, 23, 32—34). Cells cultured on a Lab-Tek glass bottom
8-well imaging coverglass (Nalge Nunc, Rochester, NY) were
washed with PBS and stained with quinacrine (5 uM X 5 min),
washed, and placed in isotonic buffer. In select studies, FM4-64
(4 um X 10-45 min; Invitrogen/Molecular Probes) used to
label the plasma membrane and endocytic vesicles preceded or
accompanied quinacrine staining.

Confocal Imaging—Cells were cultured on a Lab-Tek 8-well
chambered coverglass (Nalge Nunc), labeled with FM4-64 and
quinacrine, and imaged under basal and hypotonic conditions
as described above. Imaging was performed using a Perkin-
Elmer UltraVIEW ERS spinning disk confocal microscope
(PerkinElmer Life Sciences). An argon ion laser and a krypton
laser (CVI Melles Griot, Carlsbad, CA) were utilized as a light
source (excitation, 488 and 561 nm, respectively), and data were
captured with a Hamamatsu ORCA-AG high resolution cooled
CCD camera (Hamamatsu, Bridgewater, NJ) controlled by the
UltraVIEW ERS software. Images were recorded using a Zeiss
Plan Apo 63X/1.40 numerical aperture oil immersion objective
lens. Fast multicolor images were captured using emission band
pass filters to allow effective separation of overlapping wave-
lengths, and 2 X 2 binning was selected for all images. The
speed of acquisition was increased by subarraying the camera to
reduce the size of the captured image. Image analysis was per-
formed utilizing NIH Image]J, and Imaris 5.0 — 6.2 (Bitplane Inc.,
Saint Paul, MN) was used for three-dimensional volume ren-
dering of z-stacks after background correction and edge-en-
hancing anisotropic diffusion filtering. The Imaris spot detec-
tion algorithm was applied to detect and measure objects
(vesicles) after specifying minimum diameter so that speckle
noise was not detected. We defined small vesicles as those
between 0.4 and 0.99 um and large vesicles as those =1 um.
Potential co-localization between FM4-64- and quinacrine-la-
beled vesicles was evaluated by application of Imaris 5.0—6.2
utilizing the co-localization feature with complete (100%) co-
localization indicated by a Pearson’s coefficient =1.00.
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Total Internal Reflection Fluorescence (TIRF) Imaging—Cells
were cultured on a Lab-Tek 8-well chambered coverglass
(Nalge Nunc), stained with quinacrine, and imaged under basal
and hypotonic conditions as described above. TIRF imaging
was performed on an Olympus IX71 microscope equipped with
an Olympus TIRF module. Quinacrine TIRF was excited with
the 488-nm line of a 10-milliwatt argon laser (CVI Melles Griot)
through a 60X PlanApo-N 1.45 numerical aperture oil immer-
sion lens or a PLAPO 100X 1.45 numerical aperture TIRFM oil
immersion lens as described (35). Laser intensity was modu-
lated by neutral density filters and Uniblitz electronic shutters
(Vincent Associates, Rochester, NY). Time lapse images were
acquired every 300 ms with exposure times of 100—-200 ms
using SlideBook (Intelligent Imaging Innovations, Inc., Denver,
CO) to control a Hamamatsu Orca II ERG camera (Hamamatsu
Photonics) and the electronic shutters.

Detection of SLCI7A9—Total RNA was extracted using
QIAshredder and RNeasy minikit (Qiagen, Valencia, CA). Puri-
fied RNA (2 ug) was converted to cDNA with a SuperScript III
First Strand kit (Invitrogen) in the presence of oligo(dT) prim-
ers according to the manufacturer’s directions. RT-PCR was
performed using a PerkinElmer Life Sciences PCR system
(94°C, 30 s; 57.5°C, 30 s; 72 °C, 30 s; 40 cycles) after initial
denaturation at 94 °C for 5 min using Tag polymerase (Invitro-
gen). The primers used for RT-PCR are shown in supplemental
Table S1 (27). Expression was normalized with human GAPDH
for Mz-Cha-1 and murine $-actin for MSCs and MLCs. Signals
were visualized via enhanced chemiluminescence detection
(Pierce) and captured with a digital image system (Chemige-
nius2 photodocumentation system, Syngene, Cambridge, UK).

SLC17A9 Silencing—SLC17A9 was suppressed by human
SLC17A9 siRNA designed and synthesized by Santa Cruz
Biotechnology (catalogue number sc-72740). Non-coding
Stealth™ RNAi (medium GC duplex; Invitrogen) was utilized
in control (mock) transfections. BLOCK-iT™ Fluorescent
Oligo (Invitrogen catalogue number 2013) was used to optimize
transfection conditions. Briefly, cells were washed with PBS and
incubated in 500 pl of Opti-MEM containing siRNA (final con-
centration, 100 nm) and FuGENE reagent (Roche Applied Science)
for 2 h at 37 °C in a CO,, incubator. After 2 h, the supernatant was
removed, and cell culture medium was added for a 48-h incuba-
tion. Quantitative assessment was determined by real time PCR
using the 7900HT Fast Real-Time PCR system (Applied Biosys-
tems/Invitrogen). The primers for human SLC17A9 are: forward,
5'-cgctggtctatgatctttgegtcageg-3'; reverse, 5'-ggecaggtectgaatgtt-
gact-3'. Reactions were performed in quadruplicate using the
SYBR Green Supermix (Bio-Rad) according to the manufacturer’s
recommendations. Quantification of SLC17A9 expression was
normalized to hGAPDH expression.

Reagents—All of the reagents were obtained from Sigma-
Aldrich. None of the reagents affected L-L luminescence as
measured during cell-free conditions.

Statistics—Results are presented as the means = S.E. with »
representing the number of culture plates or repetitions for
each assay as indicated. Statistical analysis included Fisher’s
paired and unpaired ¢ test and analysis of variance for multiple
comparisons to assess statistical significance as indicated, and p
values <0.05 were considered to be statistically significant.
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RESULTS

Inhibitors of Vesicular Trafficking Block ATP Release from
Biliary Cells—Bulk ATP release was measured in Mz-Cha-1
cells and MSC and MLC monolayers in the presence or absence
of pharmacologic inhibitors of vesicular formation or traffick-
ing. It should be noted that MSCs do not express CFTR (29),
excluding CFTR as a potential mechanism of volume-stimu-
lated ATP release in these cells. Under basal (isotonic) con-
ditions, luminescence was detected in all biliary epithelial
preparations, reflecting constitutive ATP release (Fig. 1 and
supplemental Fig. S4). Addition of a small volume (200 ul) of
isotonic buffer resulted in a small but significant increase in
ATP release in all preparations, reflecting ATP release second-
ary to mechanical stimulation (14). Exposure to an equal vol-
ume of hypotonic buffer (33% dilution) to increase cell volume
resulted in a dramatic increase in ATP released into bulk solu-
tion (to ~135 = 15 nm). MSC and MLC monolayers also exhib-
ited significant volume-stimulated ATP release (Fig. 1, B and
C). In contrast, incubation with brefeldin A, an inhibitor of
protein translocation through the Golgi (22), significantly
inhibited volume-stimulated ATP release in all biliary models.
In separate studies, incubation with nocodazole, a microtubule-
depolymerizing agent, had a similar inhibitory effect on vol-
ume-stimulated ATP release. Together, the findings demon-
strate that intact vesicular formation and trafficking pathways
are required for volume-stimulated ATP release from human
and mouse biliary cells.

Identification of Point source Bursts of ATP Release from Con-
fluent Biliary Cells—Although the above studies reflect bulk
measurements of ATP in solution, we sought to determine
whether localized “points” of ATP release could be observed,
suggesting distinct exocytic events of individual cells as recently
described for cultured liver cells (24). For these studies, conflu-
ent cells were perfused with luciferin-luciferase-containing
medium, maintained in a dark environment, and imaged with a
high sensitivity electron-multiplying CCD camera. Under these
conditions, the appearance of ATP in the medium was detected
in real time by light emissions resulting from ATP-dependent
luciferase-catalyzed oxidation of luciferin (24). A representa-
tive sequence of images from a confluent monolayer of MSC
cells is shown in Fig. 2 (real time movie is shown in supplemen-
tal Fig. S1). Under basal conditions, there was low background
activity. Decreasing medium osmolality (by 33%) to produce an
increase in cell volume resulted in an increase in luminescence
that was focused as distinct point source bursts of high inten-
sity. Each burst reached maximal intensity within 2 s and then
decayed rapidly (Fig. 2B). The maximal diameter of an individ-
ual burst was 312 = 24 um (n = 45; represented in Fig. 2B,
inset). ATP release was restricted to single events, and no
subsequent events at the same site were noted. There were
no associated release of lactate dehydrogenase and no evi-
dence of cell injury or necrosis when visualized by conven-
tional microscopy (not shown). MLC monolayers and Mz-
Cha-1 cells exhibited a similar stochastic pattern of point
source ATP release (supplemental Fig. S2). There was no
difference in the number of events or the maximal diffusion size
of individual bursts between biliary cell types (Table 1). In the
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FIGURE 1. Effects of pharmacologic inhibition of vesicle formation (brefeldin A) and trafficking (nocodazole) on volume-stimulated ATP release. ATP
release from confluent Mz-Cha-1 (A7 and A2), MSC (B7 and B2), and MLC (C7 and C2) cells was detected using a luciferin-luciferase assay and recorded as relative
ALUs (y axis). A1, in control Mz-Cha-1 cells (@) addition of isotonic medium (isotonic; arrow) led to a small but significant increase in bioluminescence due to
mechanical stimulation. Dilution of medium 33% by adding water to promote increases in cell volume (hypotonic; arrow) produced a larger increase in
luminescence. Inhibition of vesicular formation with brefeldin A (10 um X 2 h) (¥) or inhibition of microtubule polymerization with nocodazole (10 um X 30
min) (O) significantly inhibited volume-stimulated ATP efflux. A2, cumulative data (mean = S.E.) demonstrating effects of nocodazole (n = 10) and brefeldin
(n = 10) on volume-stimulated ATP release versus control (n = 20; *, p < 0.001 for each). B7 and B2, volume-stimulated ATP release in MSC monolayers in the
presence or absence of nocodazole (n = 6) or brefeldin A (n = 6) utilizing a protocol identical to that described above for Mz-Cha-1 cells (¥, p < 0.01 versus
control; n = 12).C7 and C2, volume-stimulated ATP release in MLC monolayers in the presence or absence of nocodazole (n = 4) or brefeldin A (n = 4) utilizing

an identical protocol (*, p < 0.01 versus control; n = 8).

presence of high dose suramin (100 um) to block P2 receptors,
there was no difference in the number or size of ATP bursts
compared with control cells, demonstrating that bursts were
not due to ATP-stimulated ATP release from neighboring cells
(regenerative ATP release). Thus, in both mouse and human
biliary cells, volume-stimulated ATP release is not uniform but
occurs as focal points of high intensity across a population of
cells. Each event is discrete and non-recurring and produces a
localized zone of increased ATP concentration that diffuses
rapidly over a range corresponding to ~20 cell diameters.
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Evidence for ATP-containing Vesicles—The stochastic, non-
recurring, point source release of ATP is most compatible with
a mechanism involving exocytosis of ATP-containing vesicles.
In an effort to visualize candidate vesicles containing ATP, con-
fluent cells were preincubated with quinacrine, which has a
high affinity for ATP and produces a concentration-dependent
fluorescence when exposed to blue light (21, 23, 32-34). Cells
were secondarily stained with FM4-64 to label the plasma
membrane and were assessed using digital reconstruction of
spinning disk confocal z-stacks to quantify the location and
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FIGURE 2. Identification of point source bursts of ATP release from confluent biliary cells. ATP release was detected from confluent MSC as focal increases
in bioluminescence generated by ATP-dependent luciferin breakdown by luciferase (see supplemental Fig. S1 for point source ATP release). A, time lapse
images of a representative study. Hypotonic solution was perfused onto confluent cells from a pipette immediately above the cells and to right of view. The first
image was obtained 10 s after hypotonic addition, and sequential images (from left to right and top to bottom) represent 100-ms intervals. Scale bar, 100 um.
B, relative change in bioluminescence of one individual burst event. The inset represents a bright field image approximating the small square area outlined by

dotted lines in the first frame. The maximal burst diameter (mean = S.E.) was measured for 45 bursts and represented by the double-headed arrow in the inset.
Scale bar, 100 wm.

TABLE 1
Comparison of point source burst events between biliary cell types
Control +Suramin (100 pm)
No. bursts/cm?/min“ Burst diameter® No. bursts/cm?/min Burst diameter
jnz wm
MSC 84 = 14,n = 10 312 £ 24, n =45 7910, n=6 297 =31, n=14
MLC 75+ 15n=28 288 +32,n =30 7013, n =4 315+27,n=12
Mz-Cha-1 82*11,n=38 327 +38,n =35

“Mean * S.E; n = number of monolayers.
? Average burst diameter reported as mean *+ S.E.; # = number of bursts analyzed.

(n =9, p <0.01). Mz-Cha-1 cells exhibited a similar distribu-
tion of quinacrine vesicles that decreased upon volume stimu-

distribution of quinacrine and FM4-64 fluorescence. Repre-
sentative MSC and MLC monolayers are shown in Fig. 3. Quin-

acrine-labeling of cellular ATP stores was not uniform but
rather was detected as discrete foci 0.4-1.5 um in diameter
consistent with intracellular vesicles. Imaging the monolayers
90 s after exposure to hypotonic medium (33%) to increase cell
volume resulted in a decrease in the total number of vesicles by
64 * 8% in MSCs (n = 10, p < 0.001) and by 27 = 10% in MLCs
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lation (supplemental Fig. S3). Loss of quinacrine-stained vesi-
cles was not due to photobleaching as cells exposed to the laser
alone and imaged under identical conditions did not lose fluo-
rescence. Similar to the point source ATP bursts described
above, not all cells within the monolayer uniformly released
ATP in response to hypotonic exposure (Fig. 3B). Approxi-
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FIGURE 3. Confocal imaging of confluent polarized small and large mouse cholangiocyte monolayers dually labeled with quinacrine and FM4-64. Repre-
sentative MSC and MLC monolayers (A and B, respectively) were labeled with quinacrine (green) and FM4-64 (red). A spot detection algorithm was applied to count
small (0.4-0.99-um; gray spheres) and large (=1-um; blue spheres) vesicles during basal conditions and 90 s after hypotonic (33% decrease in osmolality) buffer was
applied to the sample. Scale bar, 10 um. A1, representative MSC monolayer at base line (Pre; left panel) and 90 s after exposure to hypotonic solution (Post; right panel).
A2, cumulative data (mean = S.E.) of MSC monolayers demonstrating total vesicles at base line (basal; black bar) and 90 s after no exposure (control; white bar) or
hypotonic exposure (hypotonic; striped bar) reported as the percentage of base-line vesicles. Total vesicles decreased in response to hypotonic exposure (n = 10
monolayers; *, p < 0.01) versus control (n = 10 monolayers) are shown. B1, representative MLC monolayer at base line (Pre) and 90 s after (Post) exposure to hypotonic
buffer. Note that the loss of quinacrine vesicles is not uniform among all cells of the monolayer. A representative responding cell (defined as a loss of =5% of total
vesicles) and a non-responding cell are outlined in white and yellow boxes, respectively. B2, cumulative data (mean = S.E.) of MLC monolayers demon-
strating total vesicles at base line (basal; black bar) and 90 s after no exposure (control; gray bar) or hypotonic exposure (hypotonic; striped bar) reported

as the percentage of base-line vesicles. Total vesicles decreased in response to hypotonic exposure (n = 9; *, p < 0.01) versus control (n = 10).

mately 50% of the cells in a confluent population respond as
shown by the representative example in Fig. 3B where 23 of 41
MLC:s responded to the hypotonic stimulus with a decrease in
quinacrine-stained vesicles. These studies demonstrate that
staining biliary epithelial cells with quinacrine, a dye with high
affinity for ATP, reveals a distinct punctate distribution of fluo-
rescence consistent with ATP-enriched vesicles. The loss of
quinacrine vesicles following hypotonic exposure is most con-
sistent with fusion of vesicles and release of quinacrine (and
ATP) during exocytosis.

Identification of Distinct Populations of ATP-containing Ves-
icles in Single Cells—Previous studies of rat cholangiocytes have
demonstrated the existence of a pool of small (<1-um) sub-
membrane vesicles that exhibit rapid recycling (36). To deter-
mine whether a fraction of these small vesicles represent the
quinacrine/ATP vesicles in human and mouse biliary cells, fur-
ther analysis of single responding cells (defined as a loss of =5%
of total vesicles) was performed at higher magnification using
digital three-dimensional reconstruction of spinning disk con-
focal z-stacks. A representative Mz-Cha-1 cell is shown in Fig.
4. The plasma membrane is shown in red (FM4-64), and vesicles
are shown in green (quinacrine). Vesicles were grouped into two
categories: small vesicles (0.4 —0.99 wm; shown by gray marker)
and large vesicles (=1.0 wm; shown by blue marker). Following
exposure to hypotonic medium (33% decrease in osmolality),
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the total number of quinacrine vesicles decreased by 41 * 7%,
representing a decrease of 65 = 5% of small (p < 0.01) and a
decrease of 17 = 6% of large (p < 0.01) vesicle populations
versus control cells (n = 11 each). The loss of small vesicles was
significantly greater than the loss of large vesicles following vol-
ume stimulation (p < 0.01). The preferential loss of small ves-
icles was also observed in MSCs and MLCs (Fig. 4C). Thus,
there are distinct populations of quinacrine vesicles, which can
be distinguished based on size and functional response to
increases in cell volume.

Visualization of Single Exocytic Events by TIRF Microscopy—
To confirm that the observed loss of the small (<1-um) quin-
acrine-labeled vesicles in response to cell swelling is due to ves-
icle fusion and exocytic release, the submembrane space (~100
nm) of single Mz-Cha-1 cells was visualized utilizing TIRF
microscopy. Real time analysis of the small vesicles revealed
that they are not static but vacillate in a Brownian manner dur-
ing basal conditions. In some cases, vesicles moved toward the
membrane and demonstrated a transient increase in fluores-
cence intensity followed by a rapid disappearance (Fig. 5). This
transient increase in intensity is consistent with exocytic
release of quinacrine/ATP into the extracellular space as
observed in other cell types (24). Under basal conditions, these
release events occurred spontaneously at a rate of 0.9 = 0.3
events/cell/min (Fig. 5B). Increases in cell volume (33%
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MLC MSC

decrease in osmolality) increased the rate to 2.8 = 0.5 events/
cell/min (n = 21, p < 0.01 versus basal rate; Fig. 5B). These
events are most consistent with vesicle fusion and release of
quinacrine and other vesicle contents during exocytosis.

ATP Vesicle Formation Is Dependent on SLC17A9—Recently,
a vesicular nucleotide transporter, SLC17A9, has been identi-
fied (25) and is responsible for loading ATP into vesicles in
PC12 cells (25), Jurkat cells (27), and zymogen granules of pan-
creatic acini (26). Studies were conducted to determine
whether SLC17A9 is expressed in biliary epithelial cells and
contributes to quinacrine vesicle formation. To evaluate the
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molecular expression of SLC17A9 in biliary epithelial cells,
c¢DNAs were probed with specific oligonucleotide primers
(shown in supplemental Table S1) and amplified using
RT-PCR. In Mz-Cha-1, MLC, and MSC cells, clear bands cor-
responding to SLC17A9 are present (25, 27) (Fig. 6). Next, func-
tional studies were performed to assess the effects of transfec-
tion with SLC17A9 siRNA on the number of quinacrine vesicles
and on the magnitude of ATP release. As shown in Fig. 6B,
transfection of Mz-Cha-1 cells with SLC17A9 siRNA decreased
SLC17A9 expression by 60 = 19% (n = 4, p < 0.05). The
decrease in SLC17A9 expression was accompanied by a
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FIGURE 5. TIRF microscopy reveals population of submembrane quinacrine-rich vesicles. Mz-Cha-1 cells were loaded with quinacrine, and the submem-
brane space (to a depth of ~100 nm) was illuminated by the evanescent field generated during TIRF. A, time lapse images of a single vesicular exocytic event.
The dotted white line approximates the plasma membrane of one cell. Quinacrine fluorescence appears in focal areas of high concentration ~1 wm in diameter.
In response to hypotonic exposure (33%), vesicles increase in mobility and occasionally fuse with the plasma membrane in a “burst” of fluorescence. These
sequential images (from left to right and from top to bottom) represent the same cell at 720-ms intervals. The yellow arrowhead marks the position of one
representative exocytic event in this field of view. In this example, the fluorescence intensity increases sharply, is accompanied by an increase in the diameter
of the fluorescent burst, and then rapidly decreases in intensity back to basal levels. Scale bar, 5 um. B, cumulative data demonstrating the number of exocytic
events per cell imaged during TIRF. The black bar represents basal events, and the white bar represents events after hypotonic exposure (33% decrease in
osmolality) (mean = S.E. for 21 individual cells each). *, p < 0.01 hypotonic versus basal. C, fluorescence intensity of a single exocytic event was quantified by
measuring the relative change in fluorescence intensity over time.

decrease of 37 = 12% in the total number of quinacrine vesicles
compared with mock-transfected cells under basal conditions
(n = 8, p < 0.05). The decrease in total vesicles was due to a
decrease in small (<1-um) vesicles (by 36 = 11%) as there was
no significant change in the number of large (>1-um) vesicles
with SLC17A9 siRNA (Fig. 6, C and D).

To determine whether the decrease in the number of small
vesicles observed with SLC17A9 siRNA affected the magnitude
of ATP release, bulk ATP release was measured in near conflu-
ent Mz-Cha-1 cells after transfection with SLC17A9 siRNA or
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mock transfection. As shown in Fig. 7, transfection with
SLC17A9 siRNA significantly decreased volume-stimulated
ATP release compared with mock-transfected cells (n = 4 each,
p < 0.05; Fig. 7A). The ability of SLC17A9 to load vesicles with
ATP is dependent on the energy generated by the V-type
ATPase (25), and inhibition of the V-type ATPase by bafilomy-
cin A1 (37) impairs storage of ATP in chromaffin granules (38)
and secretory granules in astrocytes and mouse splenocytes (21,
27) and abolishes quinacrine vesicle formation and ATP release
in rat liver cells (24). To determine whether the V-type ATPase
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plays a similar role in biliary cells, bulk ATP release was mea-
sured in confluent Mz-Cha-1 cells in the presence or absence of
bafilomycin Al. Compared with control cells, bafilomycin sig-
nificantly blocked volume-stimulated ATP release (1 = 6 each,
p < 0.01; Fig. 7B). Together, these studies demonstrate that
biliary cell ATP release is dependent on the V-type ATPase and
the vesicular nucleotide transporter SLC17A9.

Pharmacologic Modulators of Exocytosis Alter Trafficking
and Release of Quinacrine Vesicles—Lastly, the effects of phar-
macologic modulators of vesicular formation and trafficking
were assessed on the number and release of quinacrine vesicles.
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Studies and analysis were performed in confluent cells to
account for differences in individual responding cells. In con-
fluent Mz-Cha-1 cells, incubation with brefeldin A decreased
the base-line number of quinacrine-labeled vesicles (n = 8, p <
0.05; Fig. 8A 1) and prevented the normal loss of vesicles follow-
ing hypotonic exposure compared with control cells (n = 8
each, p < 0.05; Fig. 842). In contrast, the microtubule-depo-
lymerizing agent nocodazole increased the number of quina-
crine-labeled vesicles during basal conditions (# = 8 each, p <
0.01; Fig. 841). Following hypotonic exposure, similar to brefel-
din, nocodazole prevented the normal loss of quinacrine vesi-
cles (n = 8 each, p < 0.01; Fig. 842). Similar findings were
observed in MSC and MLC monolayers after incubation with
either brefeldin or nocodazole (Fig. 8, B and C). These results
provide a cellular correlate for the effects of these reagents on
bulk ATP release, demonstrating that inhibition of ATP release
by brefeldin and nocodazole is due to specific effects on the
trafficking and release of quinacrine/ATP vesicles.

Regulation of ATP Release and Exocytosis of ATP-enriched
Vesicles by PKC—Volume-sensitive ATP release in Mz-Cha-1
cells is accompanied by parallel increases in exocytosis and acti-
vation of phorbol-sensitive PKC isoforms (17). To characterize
the relationship between PKC and ATP-enriched vesicle for-
mation and release, studies were performed in both MSC and
Mz-Cha-1 cells after either acute PKC activation or inhibition.
First, exposure to phorbol 12-myristate 13-acetate (PMA) to
activate PKC had no effect on basal ATP release but enhanced
significantly the amount of ATP released following hypotonic
exposure in both MSC and Mz-Cha-1 cells (Fig. 9, A and B). In
contrast, inhibition of PKC by chelerythrine significantly inhib-
ited volume-sensitive ATP release in both cell types. To deter-
mine whether the effects of PKC on ATP release were due to
effects on the ATP-enriched vesicle fraction, cells were loaded
with quinacrine and again visualized by confocal microscopy.
Prior exposure to chelerythrine decreased significantly the
number of small vesicles at base line and also prevented the
normal loss of vesicles in response to hypotonicity (Fig. 9C). In
additional studies, exposure to PMA had no effect on the basal
number of quinacrine-labeled vesicles but significantly
increased the number of vesicles lost following hypotonic expo-
sure (Fig. 9C). Thus, activation of PKC potentiates the exocyto-
sis of ATP-enriched vesicles in response to cell swelling.

DISCUSSION

In the liver, P2 receptor-mediated signaling has been shown
to play important roles in both physiological and pathological
conditions, including cell volume regulation (1, 2), proliferation
(39), response to injury and fibrosis (40), regulation of portal
blood flow (41), and biliary secretion and bile formation (7, 18).
Cholangiocyte ATP release is necessary for the initiation of P2
receptor-mediated signaling along intrahepatic bile ducts.
Binding of P2 receptors by extracellular nucleotides leads to
increases in membrane transport, underlying the mechanism
for normal bile dilution and alkalinization (8, 42). Thus, the
identification of the mechanism by which biliary epithelial cells
release ATP, the initiating step in P2-mediated signaling, is of
critical importance to the understanding of normal liver func-
tion. Utilizing dynamic multiscale imaging, our studies in
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FIGURE 7. Effects of SLC17A9 siRNA and inhibition of V-type ATPase on ATP release. Bulk ATP release was detected using a luciferin-luciferase assay and
recorded as relative ALUs (y axis) from confluent Mz-Cha-1 cells after isotonic and hypotonic exposures (33%). AT, representative study demonstrating ATP
release from cells transfected with non-targeting siRNA (mock) (@) and cells transfected with SLC17A9 siRNA (O). Addition of isotonic medium (isotonic; arrow)
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lated ATP release versus mock-transfected cells. A2, cumulative data (mean = S.E.) demonstrating the effect of transfection with SLC17A9 siRNA versus
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human and mouse biliary cells provide evidence that the mech-
anism mediating volume-stimulated ATP release is through
exocytosis of ATP-enriched vesicles. Evidence for this includes
the following. (i) Pharmacologic inhibition of vesicular forma-
tion and trafficking blocked ATP release. (ii) ATP release
occurred as stochastic, non-recurring point source bursts from
individual cells. (iii) ATP stores within cells as demonstrated by
quinacrine uptake occurred in distinct vesicles ranging from 0.4
to 1.5 wm in diameter. (iv) ATP-enriched vesicle formation and
ATP release were dependent on the vesicular nucleotide trans-
porter SLC17A9 and the V-type ATPase. (v) Fusion and release
of vesicle contents in response to increases in cell volume
depended on intact microtubules and vesicular trafficking
pathways. Together, these findings support an essential role for
exocytosis of ATP-enriched vesicles in the initiation of P2 sig-
naling in biliary epithelium.

Since the original description of ATP as a signaling molecule
by Burnstock et al. (43), studies have focused on identifying the
mechanism responsible for cellular ATP release. Although exo-
cytosis of ATP-containing vesicles has been identified as a pri-
mary mechanism initiating purinergic signaling in neurons and
astrocytes (21, 33, 44), the cellular basis for ATP release in epi-
thelial cells has not been clearly defined. This is especially true
for cholangiocytes, which express a number of ATP-binding
cassette proteins, including CFTR, implicated in regulated ATP
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release. To exclude potential effects of CFTR on ATP release,
we utilized novel cholangiocyte models derived from the large
and small mouse intrahepatic bile ducts which do and do not
express CFTR, respectively (29). Significantly, both models
contained a population of ATP-enriched vesicles that under-
went dynamic changes in trafficking and release in response to
mechanosensitive stimulation associated with ATP release.
Cholangiocytes exhibit a rapid rate of constitutive exocytosis
under basal conditions that increases dramatically upon stim-
ulation (36). In fact, based on dual measurements of membrane
capacitance and FM1-43 fluorescence, cholangiocytes exhibit a
constitutive rate of exocytosis equal to 1.4% of the apical mem-
brane surface area/min, and increases in cell volume increase
the rate of exocytosis 10-fold (36). This high rate of exocytosis is
made possible by the existence of a dense population of vesicles
at the submembrane space that undergoes rapid recycling (36).
To determine whether a subset of these vesicles represent the
ATP-enriched compartment, we loaded cells with quinacrine,
which has a high affinity for ATP and has been used to label
ATP stores in other cell models (21, 23, 32-34). Labeling of
both human and mouse biliary cells revealed a punctate granu-
lar pattern consistent with a vesicular origin. Vesicles ranged
from 0.4 to 1.5 um in diameter, and the smaller vesicles (<1
pum) were functionally the most dynamic in response to
increases in cell volume. Interestingly, the high rate of consti-
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FIGURE 9. Regulation of ATP release and exocytosis of ATP-enriched vesicles by PKC. Bulk ATP release (ALUs) was measured from confluent MSC (A7) and
Mz-Cha-1 (B7) cells after isotonic and hypotonic (33%) exposures in control conditions or after incubation with chelerythrine (20 wm X 15 min) or PMA (1 um X
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presence of chelerythrine (n = 6) or PMA (n = 8) reported as the percentage of base-line vesicles (black bar).*, p < 0.01 versus control; #, p < 0.05 versus control.

tutive exocytosis previously observed in normal rat cholangio-
cytes is predominantly due to rapid recycling of small (<150-
nm) vesicles (36). Utilizing pharmacologic, molecular, and
dynamic imaging approaches, we demonstrated parallel regu-
lation of quinacrine-labeled vesicles and bulk ATP release and
have presented evidence linking the small (<1-um) quina-
crine-labeled vesicles to the ATP-enriched fraction responsible
for the initiation of P2 receptor-mediated signaling.

In response to volume stimulation, all biliary cells exhibited a
greater loss of small (<1-um) versus large (>1-um) vesicles. As
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we did not utilize specific molecular markers, the origin of these
vesicle populations cannot be determined. The larger vesicles
may represent lysosomes, which have also been associated with
exocytic ATP release (45). However, we did not observe any
co-localization of FM4-64-labeled endosomes with quinacrine
during the time course of these studies, making recycling and
ATP loading into endosomes an unlikely source for the quina-
crine/ATP vesicle population. Interestingly, silencing of the
vesicular nucleotide transporter SLC17A9 resulted in a signifi-
cantly greater loss of small versus large vesicles, providing fur-
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ther evidence of both functional and morphologic differences
between these vesicle populations.

These studies represent the first identification and functional
characterization of the vesicular nucleotide transporter protein
SLC17A09 in biliary cells. SLC17A9 is a 430-amino acid protein
with 12 putative transmembrane domains and with the excep-
tion of some variability in the NH, region is relatively conserved
among species (25). We have now shown that SLC17A9 is
responsible for the formation of ATP vesicles in biliary cells
consistent with findings in PC12 cells (25), Jurkat cells (27), and
pancreatic acinar cells (26). The mechanism by which SLC17A9
transports ATP into vesicles is far from understood but relies
on generation of a AW, an electrical potential, across the vesicle
membrane through action of the V-type ATPase (25). Inhibi-
tion of the V-type ATPase by bafilomycin in the current studies
was associated with a marked decrease in ATP release. Loading
of ATP into vesicles therefore may be complex but critical for
normal epithelial function. Defects in the process may decrease
ATP availability for the initiation of purinergic signaling. Thus,
a decrease of intracellular ATP stores associated with cholesta-
sis (46) may have important consequences for purinergic recep-
tor-mediated cell and organ functions.

Once formed, vesicles must traffic to the appropriate plasma
membrane targets prior to fusion and release. Our current
studies demonstrate that microtubule polymerization is critical
for ATP vesicle trafficking as the microtubule inhibitor nocoda-
zole trapped quinacrine vesicles intracellularly and inhibited
ATP release. How ATP-containing vesicles interact with
microtubules is unknown, but PI3K has been shown to be
important for organization and stability of vesicle-microtubule
interactions (47). This is interesting in light of the finding that
the 3-OH lipid products of phosphoinositide 3-kinase regulate
ATP release in biliary cells (18). Cholangiocytes also express
multiple PKC isoforms, both Ca®>"-dependent and atypical,
that are differentially regulated in response to various mecha-
nosensitive stimuli, such as cell swelling (19) or shear stress (3),
to coordinate cellular ATP release. In other cell types, interac-
tions of PKC, Ca®", and SNARE proteins coordinate vesicle
movement along microtubules and docking with target plasma
membrane areas during vesicle fusion (48). The current find-
ings that exocytosis of ATP vesicles was prevented or aug-
mented by inhibition or activation of PKC, respectively, is com-
patible with a model in which PMA-sensitive PKC isoforms
prime a pool of ATP vesicles, increasing fusion and exocytosis
upon hypotonic exposure. Thus, cell-to-cell variability in the
presence, localization, and activation of PKC isoforms, phos-
phoinositide 3-kinase, or SNARE complexes may explain dif-
ferences in ATP release between cell types.

The finding that only a subset of cells release ATP in
response to hypotonic exposure is intriguing. Similar observa-
tions have been made in astrocytes where only a subset of cells
releases ATP (49). As discussed above, differences in the type or
activity of protein kinases, intracellular [Ca®>"], or the Ca**-
sensing machinery may exist between individual cells and
potentially explain observed differences in ATP release
between cells in a given population. Given the high concentra-
tion of ATP in intracellular vesicles, including an estimated
concentration of up to 1 mM in zymogen granules from pancre-
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atic acini (26) for example, release of only a few vesicles among
a cell population may account for substantial changes in the
extracellular concentration of ATP. In the current studies,
point source bursts of released ATP diffused radially ~300 wm,
a distance approximating 20 cell diameters. Blocking P2 recep-
tors by suramin did not affect the number of bursts or the diam-
eter of individual burst events, excluding ATP-dependent ATP
release (i.e. regenerative ATP release) as a mechanism of signal
propagation. Each burst represents a single exocytic event,
demonstrating that one cell can signal to many surrounding
cells. Although speculation, this may ensure dynamic ATP-de-
pendent signaling with minimal loss of total ATP stores at the
tissue or organ level. The spatial and temporal aspects of Ca®*
signaling initiated by extracellular nucleotides in the regulation
of physiological hepatobiliary functions as well as potential per-
turbations associated with pathologic conditions, such as those
associated with cholestasis, deserve further study.

Lastly, these studies do not exclude an additional contribu-
tion of membrane ATP transporters or channels to regulated
ATP release. In all the biliary models studied, inhibition of
vesicular trafficking by pharmacologic agents or anti-SLC17A9
siRNA did not completely eliminate ATP release. Although
these findings may be explained by incomplete pharmacologic
inhibition or molecular silencing, the possibility of non-vesicu-
lar pathways contributing to ATP release cannot be excluded
completely. In fact, both channel-mediated and exocytic path-
ways may be operative in the same cell type. For instance, dur-
ing vesicle fusion with the plasma membrane, vesicle-bound
ATP transporters could be incorporated into the membrane
and contribute to ATP efflux. As an additional level of complex-
ity, recent evidence suggests that ATP release pathways may
vary in response to different stimuli within the same cell type.
For example, human T lymphoma Jurkat cells release ATP via
vesicular exocytosis during T cell receptor stimulation (27),
whereas these same cells release ATP as a “find me” or “death”
signal during apoptosis via pannexin-1 channels (50).

In conclusion, the initiation of P2 receptor-mediated signal-
ing in biliary cells occurs in part via exocytosis of ATP-contain-
ing vesicles. Understanding the mechanism by which ATP-en-
riched vesicles are formed, trafficked, and released will be
critical to understanding hepatobiliary functions during health
and disease and may suggest targeted therapeutic strategies
that modulate extracellular ATP concentrations.
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