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Apical Ca?*-activated potassium channels in mouse parotid acinar cells
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Ca*" activation of Cl and K channels is a key event underlying stimulated fluid secretion from parotid salivary
glands. CI channels are exclusively present on the apical plasma membrane (PM), whereas the localization of K
channels has not been established. Mathematical models have suggested that localization of some K channels to
the apical PM is optimum for fluid secretion. A combination of whole cell electrophysiology and temporally re-
solved digital imaging with local manipulation of intracellular [Ca*] was used to investigate if Ca’*-activated
K channels are present in the apical PM of parotid acinar cells. Initial experiments established Ca2*—buffering con-
ditions that produced brief, localized increases in [Ca®'] after focal laser photolysis of caged Ca*". Conditions were
used to isolate K" and C1™ conductances. Photolysis at the apical PM resulted in a robust increase in K" and Cl™ cur-
rents. A localized reduction in [Ca*] at the apical PM after photolysis of Diazo-2, a caged Ca* chelator, resulted in
a decrease in both K" and CI™ currents. The K* currents evoked by apical photolysis were partially blocked by both
paxilline and TRAM-34, specific blockers of large-conductance “maxi-K” (BK) and intermediate K (IK), respec-
tively, and almost abolished by incubation with both antagonists. Apical TRAM-34-sensitive K" currents were also
observed in BK-null parotid acini. In contrast, when the [Ca®*] was increased at the basal or lateral PM, no increase
in either K" or CI” currents was evoked. These data provide strong evidence that K and CI channels are similarly
distributed in the apical PM. Furthermore, both IK and BK channels are present in this domain, and the density of
these channels appears higher in the apical versus basolateral PM. Collectively, this study provides support for a
model in which fluid secretion is optimized after expression of K channels specifically in the apical PM.

INTRODUCTION

The major physiological function of parotid acinar cells
is the production of saliva, a watery fluid containing
electrolytes and a complex mixture of proteins (Cook
etal., 1994; Melvin et al., 2005). The driving force for fluid
and electrolyte secretion is the vectoral, trans-epithelial
movement of Cl™. Cl” is accumulated intracellularly via
the concerted effort of several transporters, and after
gustatory and olfactory stimulation, Cl~ exits into the
lumen of the gland (Cook et al., 1994; Melvin et al.,,
2005). Sensory stimulation results in the release of
acetylcholine from parasympathetic nerves and sub-
sequently activates a signaling cascade, which ultimately
causes an increase in the intracellular free calcium con-
centration [Ca®]; (Putney, 1986). The widely accepted
model explaining the molecular mechanism under-
lying the secretion of the primary acinar cell fluid posits
that Ca®" plays a pivotal role in the activation of two
major effectors absolutely required for saliva secretion
(Putney, 1986). Of primary importance is the activation
of a Ca**-activated Cl~ conductance, recently identified
as a member of the TMEM16a gene family (Schroeder
etal., 2008; Yang et al., 2008; Romanenko et al., 2010a).
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This channel is known to be localized to the apical
plasma membrane (PM) and provides the route for
Cl™ exit to the lumen (Yang et al., 2008; Romanenko
et al.,, 2010a). Notably, Ca* also activates K channels
that are members of the large-conductance “maxi-K”
(BK; K,1.1) and intermediate K (IK; Kc,3.1) families
(Maruyama et al., 1983; Wegman et al., 1992; K. Park
etal.,, 2001; Nehrke et al., 2003; Begenisich et al., 2004;
Romanenko et al., 2007). These channels are crucial to
maintaining the acinar cell membrane potential ensur-
ing the electrochemical driving force for Cl~ exit. Ulti-
mately, fluid secretion occurs as cations, primarily Na®,
are drawn paracellularly through tight junctions into
the lumen as a function of the trans-epithelial negative
potential established by CI™ efflux. Water then follows
the osmotic potential and forms the primary acinar cell
secretion. This fluid is thought to reflect the Na’, K',
and Cl~ composition of the interstitial fluid bathing the
basolateral surface of the acinar cells. The final com-
position of saliva is substantially modified in the duct
and results in a hypotonic solution, relatively low in Na*
and CI™ and conversely high in K" and HCO3;~ (Cook
et al., 1994; Melvin et al., 2005).
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Although it is clear that that the Cl™ exit pathway
must reside in the apical PM, most current models sug-
gest that the K" conductance is present in the basal
and lateral PM of the salivary acinar cell (Nauntofte,
1992; Turner et al., 1993; Turner and Sugiya, 2002; Gin
et al., 2007). Indeed, numerous electrophysiological
studies have detailed single K channel activity in patch-
clamp studies of presumably basolateral PM (for ex-
ample, see Maruyama et al., 1983). Consistent with this
idea, simultaneous imaging of [Ca®']; and Ca**-activated
K’ current indicates that the activation of the K* cur-
rent in submandibular cells coincided temporally with
arise in [Ca®']; in the basal aspects of the cell (Harmer
et al., 2005). Micropuncture studies of salivary glands
of various species indicate that although the [K'] in
the primary saliva is somewhat higher than the intersti-
tium, it is nevertheless lower than in the final saliva
(Mangos and Braun, 1966; Mangos et al., 1966; Young
and Schogel, 1966; Mangos and McSherry, 1969). Col-
lectively, these data imply that K secretion occurs pri-
marily as a function of K channels expressed in the
apical membrane of ductal cells (Nakamoto et al., 2008)
and, moreover, that K channels are not present in great
abundance in the apical membrane of submandibular
acinar cells.

However, despite the current lack of definitive evi-
dence, there are no inherent theoretical obstacles for
the expression of at least a proportion of K channels
in the apical PM to function to facilitate the hyperpo-
larized membrane potential necessary for C1~ secretion
from salivary glands. Indeed, contrary to studies in
submandibular glands, reports have suggested that a
high density of BK channels are present in the apical
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membrane of lacrimal acinar cells (Tan et al., 1992) and
contribute to electrolyte secretion in this gland. A sim-
ilar apical localization of BK channels has also been
reported in exocrine glands from frog skin (Sgrensen
et al., 2001), lung (Manzanares et al., 2011), and in
mammary gland epithelia (Palmer et al., 2011). Further-
more, an early electrical steady-state model of a po-
larized secretory epithelia suggested that an efficient
fluid secretion could be achieved and indeed favored
with K channels in the apical membrane (Cook and
Young, 1989). In addition, a recent comprehensive
dynamic mathematical model of salivary gland secre-
tion, constructed to investigate how the distribution
of K and Cl channels affects saliva secretion from
parotid gland after an increase in [Ca*],, suggests that
saliva is most efficiently produced when a portion of
the K conductance is localized to the apical mem-
brane (Palk et al., 2010).

To specifically address the prediction made by these
mathematical models, we have designed experiments
to explicitly investigate whether K channels are func-
tionally localized to the extreme apex of parotid aci-
nar cells. Using a combination of whole cell patch-
clamp electrophysiology together with spatially localized
manipulation of [Ca®'];, we demonstrate that both IK
and BK channels exist in the apical PM of parotid
acinar cells. Further, our data are consistent with the
expression of a much higher density of channels in this
domain than in the basolateral PM. These findings
provide evidence to support the idea that an apical
distribution of a portion of the complement of K chan-
nels may optimize stimulated fluid secretion from the
parotid gland.

Figure 1. Polarized morphology of parotid acini.
(A) A transmitted laser light image is shown of a
small group of cells characteristic of those used
throughout this study. The positions of secretory
granules (SG), nucleus (NU), apical membrane
(AM), lateral membrane (LLM), and basal mem-
brane (BM) are annotated. The position of api-
cal (red dot), lateral (green dot), and basal (blue
dot) photolysis sites is shown. (B) A maximum
projection image, constructed from a z-series, is
shown from a small group of cells stained with
live cell markers of the nucleus (blue), granules
(red), and PM (green). (C) A similar triplet was
stained to indicate PM (green), nucleus (blue),
and mitochondria (red). (D) Similar staining
was performed in a parotid lobule not subjected
to enzymatic digestion and indicates the similar
localization of granules (red), PM (green), and
nuclei (blue).
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MATERIALS AND METHODS

Materials

Fluo4 K' salt, NP EGTA (“caged Ca®"), Diazo-2 (“caged chelator”),
MitoTracker red/green, LysoTracker red/green, FM-143, and
trypsin were purchased from Invitrogen. Liberase TL was from
Roche, and all other materials were from Sigma-Aldrich.

Parotid acinar cell preparation

Two types of mice were used in this study. The standard strain was
C57B6, and we also used mice in which the gene encoding the BK
channel was disrupted (Slo™’") (Meredith et al., 2004). Detailed
descriptions of the procedures for tissue dissociation and parotid
acinar cell preparation have been described previously (Won and
Yule, 2006; Won et al., 2007). In brief, parotid glands were re-
moved from 2-3-mo-old mice, finely minced, and digested for
8 min using 28 pg/ml trypsin. Tissue was then further dissociated
for 1 h in 0.18 Wiinsch units/ml Liberase and gently agitated to
gain single and small clumps of acinar cells. Finally, parotid cells
were filtered through 53-pm nylon mesh, washed, collected by
centrifugation (3 min at 200 g), resuspended in media, and plated
onto glass coverslips. All solutions were gassed continuously with
95% Os + 5% COs and maintained at 37°C.

Experiments were performed on single or small clumps of
parotid cells with pronounced polarized apical secretory granule
localization. To meet this criterion, granules were tightly localized
to the apical third of individual cells. An annotated bright field
image of a small group of parotid acinar cells is shown in Fig. 1 A,
which illustrates the polarized features of this cell type. Several
preparations were also stained with live cell markers of nuclei
(Hoechst), mitochondria (MitoTracker), granules (LysoTracker),
and PM (FM-143) and imaged with confocal microscopy. As illus-
trated in Fig. 1 (B and C), cells typically retained polarized mor-
phology characterized by apical granules, basal nuclei, perinuclear
mitochondria, and bleb-free PM for ~2 h after harvest. These
characteristics were also evident in lobules of parotid gland not
subjected to enzymatic digestion (Fig. 1 D). In addition, our pre-
vious studies have shown that cells used during this period are
functionally polarized in that they retain apical-basal Ca®* waves
upon secretagogue stimulation or inositol 1,4,5-trisphosphate
(InsPs) uncaging (Giovannucci et al., 2002; Won et al., 2007). Pro-
cedures for animal handling, maintenance, and surgery were
approved by the University of Rochester Committee on Animal
Resources. All animals used in this study were housed in a pathogen-
free area at the University of Rochester.

Immunofluorescence localization

Clumps of parotid acinar cells seeded on coverslips were fixed with
ice-cold methanol. Somewhat larger acini were prepared for these
experiments to more effectively visualize the acinar architecture, in
particular, the highly elaborated luminal domain reported pre-
viously in salivary glands (Matsuzaki et al., 1999; Larina and Thorn,
2005). These acini were probed with antisera raised against BK
(a-MSlo clone L6/60 monoclonal antibody; UC Davis, NeuroMab
facility), a-K¢,1.1 (Alomone Labs), a-type-3 InsP; receptor (BD),
and Zona occludens-1 (ZO-1; Invitrogen) and subsequently with
Alexa Fluor 488/568 (Invitrogen) secondary antibodies as indicated.
The IK antibody was a rabbit polyclonal raised against the MIK
3,4 extracellular loop (peptide: RSPHCALAGEATDAQPWPGFL-
GEGEC) and generated by Pocono Rabbit Farms. The localization
was visualized using confocal microscopy on a microscope (Fluoview
1000; Olympus) equipped with a suite of diode and gas lasers.

Spatially limited flash photolysis, Ca?* imaging, and
electrophysiological recording

Whole cell currents were acquired at room temperature using an
amplifier (Axopatch 200A) and digitizer (Digidata 1322A; both

from Axon Instruments) at a 50-kHz sampling rate and filtered
online at 5 kHz with a low-pass Bessel filter. Data acquisition was
performed using pClamp 9 software package (Axon Instruments).
During continuous current recordings, cells were voltage clamped
at a holding potential of +40 mV (in Ik, recordings) or —20 mV
(in I;~ recordings). Pipettes of 6-8-M() resistance were used with
the intracellular solution containing (in mM): 135 K-glutamate,
10 HEPES, 10 NP EGTA, 2 or 5 CaCly, and 250 pM Fluo4 K, pH 7.2
(free [Ca®] was ~40 or ~160 nM, respectively, estimated using
Maxchelator); or 135 K glutamate, 10 HEPES, 2.5 Diazo-2, 10
EGTA, 7.53 or 8.6 CaCly, and 250 pM Fluo-4 K, pH 7.2 (estimated
free [Ca®] was 500 nM or 1 1M). The [Ca*] of the pipette solutions
was verified fluorimetrically. However, the measured [Ca?*] in the
Diazo-2 solutions was unexpectedly lower than predicted (~175
and ~550 nM, 7.53 and 8.6 mM added CaCls, respectively). It is
possible that this discrepancy reflects the presence of noncaged
Ca*" chelator in the solution. After patch rupture, 4 min was
allowed for sufficient pipette solution equilibration. Because
there is evidence that Ca*-activated Cl channels are exclusively
localized in the apical region of acinar cells (M.K. Park et al.,
2001; Yang et al., 2008; Romanenko et al., 2010a), the Cl~ current
was used as positive control to validate photolysis at the apical
region. External solutions were designed to isolate Ca*-dependent
K* and CI” currents. For monitoring K channel currents, a solu-
tion with a very low CI” concentration was used. This solution
contained (in mM): 135 Na-glutamate, 5 K-glutamate, 2 CaCl,,
2 MgCly, and 10 HEPES, pH 7.2. To isolate particular Ca*-activated
K* currents, the specific BK channel inhibitor paxilline or IK
channel inhibitor TRAM-34 was present in the bath solution.
Cl” channel currents were measured after block of K channels
with TEA. This solution consisted of (in mM): 140 TEA-CI and
10 HEPES, pH 7.2.

Changes in Fluo-4 fluorescence were monitored using a
monochromator-based imaging system (Polychrome IV) and
high-speed CCD camera (both from TILL Photonics). Cells were
illuminated at 488 nm, and fluorescence was collected through a
525-nm band-pass filter (Chroma Technology Corp.). Images
were acquired at 45-52-ms intervals depending on image size,
with an exposure of 20 ms and 2 x 2 binning, and displayed as
AF/F, = (F — F)/F,, where F was the recorded fluorescence
and F; was the average fluorescence of the initial 10 sequential
frames of the image series. Images were scaled to 4,096 gray
levels and pseudocolored.

Flash photolysis of caged compounds was performed using
a UV laser and custom-designed condenser, as described pre-
viously in detail (Won et al., 2007). In brief, a 375-nm diode laser
(maximum output, 18 mW; Toptica) was interfaced to an in-
verted microscope (TE200; Nikon) through a single-mode fiber
and a dual-port UV flash condenser (TILL Photonics). The laser
was brought to focus in the sample plane using a x40 (NA = 1.3)
oil-immersion objective (Nikon). The full width at half-maximum
of the laser point was ~0.7 pM in the x and y plane and ~2.0 pm
in the z plane. Previous modeling suggested that 70% of the
optical power is contained inside a spot of 1-pm diameter (Won
et al., 2007). The laser power was software controlled between
0.5 and 6 mW, and the cells were illuminated for one image frame
(i.e., between 45 and 52 ms). The whole cell current recordings,
fluorescence image acquisition, and triggering of the laser ex-
posure were synchronized by the Polychrome IV image controller
and executed by the Vision suite of software (TILL Photonics).

Experiments were performed using varied Ca** buffering to
establish suitable conditions to result in spatially localized Ca*
elevations after photolysis of caged Ca*". The laser emission was
positioned next to the appropriate PM, and Ca®" release was
deemed local if the change in fluorescence measured on the
opposite pole of the cell remained less than a 10% increase over
the resting signal in this region (i.e., AF/F; < 1.1). Initial trials were
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performed in cells loaded with 10 mM NP EGTA and 5 mM
CaCly (free Ca*, ~160 nM). As shown in Fig. 2 (A, images, and
B, kinetic traces immediately after the flash from either apical
[red] or basal [blue]), under these conditions, large Ca? tran-
sients were evoked that were not spatially limited to the ap-
propriate region. In an effort to spatially constrain the Ca*"
signal, the buffering capacity was enhanced by increasing the
NP EGTA-Ca* ratio. Fig. 2 (C, images, and D, kinetic) shows a
representative experiment in cells dialyzed with 10 mM NP-EGTA
and 2 mM Ca®* and demonstrates that, under these conditions,
a sizeable Ca® transient could be generated without significant
spread of the signal away from the photolysis site. In this ex-
ample, the laser was focused on the apex of the cell (Fig. 2 C,
red spot). Fig. 2 E illustrates a typical example of the image of a
peak post-flash fluorescence change and the spatial analysis of
the change in fluorescence along a line from the photolysis site in
the apical region to the basal PM. Fig. 2 F shows normalized
pooled data from several experiments. This analysis demon-
strates that the increase in fluorescence peaks 0.46 = 0.13 pm
from the center of the flash site (pixel size, 0.32 pm) and decays
exponentially from the photolysis site with a mean length con-
stant of 2.5 + 0.2 pm (average cell diameter, 14.1 + 0.81 pm).
These data demonstrate that laser exposure under these buff-
ering conditions results in minimal changes in fluorescence in
the basal aspects of the cell and was therefore adopted in all subse-
quent caged Ca** photolysis experiments. A similar approach
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to producing a spatially limited Ca®* reduction after photolysis
of the caged chelator Diazo-2 was used for experiments described
in Fig. 5.

Data analysis

Data were analyzed with Origin software (OriginLab). Data are
expressed as mean + SEM of n independent experiments. Statistical
comparisons were by paired Student’s ¢ test. P < 0.05 was considered
statistically significant.

Online supplemental material

Fig. S1 depicts photolysis of caged Ca*" on more lateral aspects of
the PM. Identical methods detailed in the text associated with
Figs. 1-4 were used for these experiments. Fig. S1 is available at
http://www.jgp.org/cgi/content/full/jgp.201110718/DCI.

RESULTS

Our first series of experiments was performed to in-
vestigate if Ca*-activated K channels are expressed in
the extreme apical domain of parotid acinar cells. Data
were collected from single cells and small clumps with
pronounced polarized morphology as defined in Fig. 1.

B Figure 2. Establishing condi-
10 | tions for local manipulation of
8 [Ca*]. (A) A bright field im-
we age of a parotid acinar cell is
E 4 shown together with pseudo-

colored fluorescence image se-
ries of cells immediately before
0.0 0510152025 and after flash photolysis. The

time (sec) pipette solution contained 10 mM
NP-EGTA and 5 mM Ca* (free
i Ca®, ~160 nM). The images

were acquired every 45 ms, and
the single image containing the
flash artifact was removed. Re-

= lease of Ca®" after laser expo-
0005 1015 20 25 sure (green arrow) resulted in a
" time (se) marked increase in fluorescence

at the photolysis site in the basal
pole (blue dot), which decayed
rapidly but spread toward the
apical pole (red dot). (B) The
change in AF/F, ratio in either
the basal (blue line) or apical
(red line) region, demonstrat-
Gorssun e ing that the increase in the “un-
targeted” pole was >10% when

5 10 15 20 compared with basal values.

distance (um) (C) A similar experiment is
shown, except the pipette solu-

tion contained 10 mM NP-EGTA and 2 mM Ca* (free [Ca*'], ~40 nM). The series of images demonstrates that the increase in [Ca*]
remains localized to the apical pole (red dot) under these conditions. (D) The change in AF/F, ratio values for this experiment, indicat-
ing that the marked increase in fluorescence after laser exposure in the apical domain (red line) results in little increase (<10% increase
over basal) in fluorescence in the untargeted region (blue line). (E) A spatial analysis of the peak change in fluorescence after photolysis
with buffering conditions as in C. The peak change in fluorescence shown in E (left) was compared with an average image generated
from the previous five frames under basal conditions. The change in AF/F, ratio along the yellow line is shown in the right panel and
demonstrates that the fluorescence decays exponentially from the photolysis site, with a length constant of 2.5 + 0.2 pm. The fit for the
decay is shown in the red line. (F) A similar analysis in which the individual experiments are normalized to the peak fluorescence in the

individual cell. The red line shows the mean fit of the data.
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An example of this type of experiment is illustrated in
Fig. 3. A bright field image of the small clump is shown
in Fig. 3 A (left). The uppermost cell was attached to
the recording pipette, which contained Ca** indicator
dye and caged Ca®" as described in Materials and
methods. The UV laser was focused on the apical PM
(at the position indicated by the red dot), and whole
cell currents were monitored. Laser emission was initi-
ated 1.05 s after the start of electrical recording as
detailed in Materials and methods. An increase in the
fluorescence signal was evoked, which peaked in the
subsequent frame, reflecting an almost instantaneous
rise in [Ca*];. A continuous recording of fluorescence
in both the apical (red) and basolateral (blue) regions
is shown in Fig. 3 B, with the time of the laser flash indi-
cated by the green arrow. It is clear from these records
that the increase in [Ca*] was confined to the extreme
luminal side of the cell. On average, the fluorescence
change measured in the apical membrane region reached
3.03 = 0.05 (AF/F, range between 1.7 and 7.7; n = 12)
and remained essentially unchanged (<10% increase
over basal values; mean, 1.05 + 0.01; AF/F, range between
1.006 and 1.095) near the basal membrane.

Fig. 3 C (top) shows the whole cell K' currents recorded
at +40 mV for approximately a second before and after
the laser exposure (arrow). The basal [Ca*] in the in-
tracellular solution for these experiments was too low
to significantly activate IK Ca®"-activated K channels.

The 40-mV recording voltage will activate parotid BK
channels even in low [Ca*], accounting for the large
(near 1.7-nA) baseline level of K' current recorded
before the laser flash. The local elevation of [Ca®];
resulted in a rapid rise in K" current of ~0.6 nA (mean
current, 1.1 + 0.11 nA preflash vs. 1.49 + 0.16 nA post-
flash; P < 0.001; n=12). The mean fractional increase in
K channel current was 1.34 + 0.02 (n = 12), indicating
the presence of a significant number of K channels
located in the apical region of the cells. Fig. 3 D (left)
shows that an increase in apical K' current was observed
in all 12 cells that were similarly tested.
Immunocytochemistry indicates that Ca*-activated
Cl channels (TMEMI16a) are only present in the apical
membrane of salivary acinar cells (Yang et al., 2008;
Romanenko et al., 2010a). Consistent with this idea,
a similar approach to the current studies demon-
strated that functional Ca*-dependent Cl channels are
restricted to the apical membrane of pancreatic acinar
cells (M.K. Park et al., 2001). We therefore used the
presence of Ca*-activated Cl~ currents as an electro-
physiological marker of the apical membrane. In sev-
eral experiments, a second photolysis was performed
at the same location, juxtaposed to the apical PM, after
replacing the bath solution with one containing 140 mM
TEA-CI to inhibit K" conductances and to provide Cl ions.
As illustrated in Fig. 3 C (bottom), the second laser
exposure elicited a comparable Ca®* increase to the first

A Apical Ca® uncaging
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B C T 25 D K" current CI current
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Figure 3. Apically localized increase in [Ca*] activates K and Cl channels. Experiments were performed with the buffering conditions
established in Fig. 2 (C-F). (A) A bright field and pseudocolored image series in which the [Ca?*] was increased close to the apical PM
(red dot). (B) In these images and kinetic plot, a marked increase in signal was evoked in the apical domain (red line) and remained
highly localized. A minimal increase is observed in the basal region (blue line) after laser exposure (green arrow). (C; top) The increase
in whole cell K* current evoked by the Ca® transient in B is shown. (Bottom) The increase in Cl~ current after a subsequent apical
laser exposure after the bath solution had been exchanged for 140 mM TEA-CI. A robust increase in whole cell CI™ current is evoked.

(D)Paired experiments before and after flash.
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exposure and an associated, large increase in Cl~ current
(mean current, 0.05 = 0.02 nA preflash vs. 0.42 = 0.1 nA
postflash; P < 0.01; n=10). The data in Fig. 3 D (right)
show that an increase in Cl channel current was ob-
served in all similar experiments. These data indicate
that both Ca*-activated Cl and K channels share a simi-
lar distribution in the extreme apical region of parotid
acinar cells.

The apical domain of exocrine cells is estimated
to contribute between 3 and 8% of overall PM surface
area (Poulsen and Bundgaard, 1994), and thus, on-cell
patch-clamp studies monitoring K channels likely reflect
K channels present in the basal and lateral PM. Indeed,
we readily observed single-channel activity, consistent with
BK currents in cell-attached patches, whose activity was
increased by uncaging Ca* or carbachol application (not
depicted). To investigate the contribution of K channels
outside the apical domain, we next performed experi-
ments with the laser positioned immediately below the
PM on the basal side of parotid acinar cells. The local

A Basal Ca™ uncaging

low power
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post-flash increase in [Ca*']; was comparable to the pre-
vious apical photolysis experiments (mean increase
in AF/F,, 2.66 + 0.38; range between 1.8 and 3.4) and
remained highly localized (Fig. 4, A, images, and B,
kinetic; mean rise in apical AF/Fy, 1.04 + 0.01; range
between 1.01 and 1.07). Surprisingly, this increase in
[Ca®*] did not result in any significant elevation in K*
current (mean current, 1.25 + 0.37 nA preflash vs.1.27 +
0.39 nA postflash; n = 4), as presented in Fig. 4 (C, top,
and D, left). Subsequent photolysis in the same cells in
TEA-Cl-containing solution also failed to evoke any C1~
current, as shown in Fig. 4 (C, bottom, and D, right;
mean current, 0.08 = 0.04 nA preflash vs. 0.08 = 0.04 nA
postflash; n = 4). These data confirm the localization of
the laser exposure to the basal domain and further-
more substantiate the idea that apically localized chan-
nels were not exposed to any increase in [Ca®'] in these
experiments. In several experiments using the same cells,
the laser power was increased in an effort to evoke a
larger increase in [Ca”]. In these experiments, the change

1.08 sec

Figure 4. Basolaterally local-

K’ current CI current ized increases in [Ca®'] fail to
-—* 02y, —° activate K and CI channels. (A) A

20 bright field and pseudocolor
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1.5 = in which [Ca*] was increased
— o 00— o under the basal PM (blue dot)
—2 using laser parameters identi-
0.5 4 -0.1 4 cal to Fig 3. (B) The kinetic

demonstrates that a substantial
and localized increase in fluo-
rescence was evoked. Increasing
the [Ca?*] at the basal PM failed
to significantly activate K chan-
nels (C, top) or Cl channels in
TEA-CI solution (C, bottom).
(D) Paired experiments before
and after flash. (E) Similar experi-
ments were performed, but the
laser power output was increased
5 K" current CI current t[(()‘ g;glerateha larger lian(Tease ir)]
; Ja”], as shown in images
sol— " o and F (kinetic). (G) Under these
conditions, no increase in K'
conductance could be evoked.
1.0 . . 00l e—o (H) Paired experiments dem-
onstrating that no significant
increase in either K (left) or C1™
4 (right) conductance occurred
under these conditions.
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in local AF/F, ratios at the basal PM was substantially
higher (Fig. 4, E, images, and F, kinetic; mean change
in AF/F,, 6.21 + 1.95; range between 3.18 and 11.79)
and was less tightly localized, as a small but measurable
increase in fluorescence could be measured in the api-
cal pole (mean AF/F, change, 1.16 + 0.04; range be-
tween 1.09 and 1.27). Despite the larger, less localized
[Ca*] change, no statistically significant increase in
K* current was evoked (mean current, 1.04 + 0.38 nA
preflash vs. 1.1 + 0.41 nA post-flash; n = 4; Fig. 4, G and
H, left). Similarly, in TEA-Cl-containing solutions, no
increase in CI- current could be demonstrated (mean
current, 0.07 + 0.04 nA preflash vs. 0.07 £ 0.05 nA post-
flash; n = 4; Fig. 4 H, right). The latter finding indicates
that although less localized, the increase in [Ca*]
evoked by greater laser exposure is still not sufficient to
activate apically localized channels and serves to vali-
date the more conservative inclusion parameters for
localized signals used in Figs. 2 and 3.

Next, we addressed if K" currents could be evoked by
local uncaging in the more lateral aspects of parotid
acinar cells. Morphologically, we defined the lateral PM
as the peripheral membrane on an arc approximately
equidistant from the extreme apical and basal regions.
Functionally, this membrane was again defined by the
absence of Ca*-activated Cl~ currents. In four cells, the
K" conductance before uncaging was 0.904 + 0.115 nA
and did not significantly change after photo-release of
Ca* (0.915 + 0.11 nA post-flash; mean change in AF/F,
= 1.99 + 0.193—fold over baseline; range, 1.5-2.3). In
these cells, the C1~ was also unchanged after photolysis
(0.073 + 0.01 nA before and 0.075 = 0.01 nA after pho-
tolysis). Notably, in four additional experiments, small
K" and CI™ currents were evoked after similar highly
localized, presumed lateral photolysis (Ig, 0.946 + 0.055 nA
before and 1.023 + 0.039 nA after photolysis; I, 0.166 +
0.027 nA before and 0.208 + 0.03 nA after photolysis).
These data are presented in Fig. S1. Our interpretation
of these data is that when currents were evoked that this
actually represents activation of K and Cl channels in
the extended luminal membrane. Further, these data
indicate that although lateral PM is morphologically
distinct, it is, as expected, functionally very similar to
the basal PM. This conclusion is consistent with immuno-
cytochemical localization of TMEMI16A (Romanenko
et al., 2010a) and tight junction markers, which sug-
gest that salivary glands have a relatively elaborate and
enlarged luminal membrane structure (Matsuzaki et al.,
1999; Larina and Thorn, 2005). This organization has
been proposed to represent a specialization of the
gland to facilitate copious fluid secretion.

To further test the hypothesis that K channels are
expressed in the apical domain of parotid acinar cells, a
complimentary approach was designed whereby the
activity of K channels preactivated by elevated [Ca®']; was
monitored after focal release of the caged Ca®* chelator,

Diazo-2. Experiments were performed with a pipette
solution with either ~175 or ~550 nM Ca*. These
[Ca®"] have been shown previously to activate BK and
IK channels in parotid acinar cells (Romanenko et al.,
2010b). Again, we empirically determined that a local-
ized, pole-specific reduction in [Ca*]; could be achieved
after brief, low power laser exposure by inclusion of
2.5 mM Diazo-2 in the patch pipette. Fig. 5 shows a rep-
resentative experiment in which the cell was initially
dialyzed with 550 nM Ca** before photolysis of Diazo-2
in the apical pole (A, images, and B, kinetic). Spatial
analysis, comparing the change in fluorescence along
an axis from the apical to basal pole in pre- and post-
flash images, confirmed that the decrease is highly
localized and decayed exponentially from the laser
exposure point with a length constant of 3.63 + 0.27 pm
(Fig. 5 G; n = 9). This decrease in [Ca*] in the apical
pole was sufficient to significantly reduce the K' current
in all nine cells in which this experiment was performed
and provides further support for our contention
that K channels are present in the apical PM. Based on
the initial correlation of the currents and Ca*" signal, we
analyzed the reduction in currents at the peak of the
Ca” signal decline. The average K' current reduction
was 118 + 25 pA (Fig. 5, D, top, and E, left, high [Ca*];
P < 0.001). A second exposure to laser illumination in
cells, now bathed in TEA-CI, also resulted in a significant
reduction in CI™ current on average 95 + 20 pA (n = 8),
confirming the apical localization of the conductance
monitored (Fig. 5, D, bottom, and E, right, high [Ca*];
P < 0.01). Similar experiments were performed in cells
dialyzed with a pipette solution containing 175 nM Ca*".
Although the amount of baseline current was reduced
in these experiments, apical photolysis of Diazo-2 again
resulted in a statistically significant decrease in both
K" current (Fig. 5 E, right, low [Ca%]) and CI~ current
(Fig. 5 E, left, low [Ca%T]).

It should be noted that in a majority of trials (seven
of nine experiments), both the K" and CI™ currents,
although closely tracking the initial decrease in [Ca®']
after the flash, smoothly attained a sustained lower
level. Although the [Ca®"] signal had a large transient
component, the Ca** level remained somewhat reduced
after the flash and likely accounted for the sustained
change in current level. The lack of complete recovery
of the Ca®* signal might result from a relatively main-
tained level of Ca*" chelator after the flash. The lack
of a rapid transient change in channel activation may
reflect several factors, including the fact that the high
initial [Ca*] concentration may have fully activated the
channels leading to complex kinetics for Ca** binding
to, and activation of, the channel.

Experiments were also performed to locally reduce the
[Ca®]; in the extreme basal pole of parotid acinar cells
dialyzed with a pipette solution containing 550 nM [Ca®'].
Again, alocal, pole-specific reduction in [Ca®"]; was readily
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achieved after laser exposure (Fig. 5, F, images, G, kinetic,
and H, spatial analysis). Despite the reduction in fluores-
cent signal, and thus presumably the [Ca*"] being compa-
rable in both poles, in this series of experiments, no
change in K’ current or CI~ current was observed after
basal photolysis of Diazo-2 (Fig. 5, I and J, n="5 or 3 K or
Cl, respectively). These data are again consistent with the
proposal that K channels are present in the apical pole at
adenser distribution relative to the basal aspects of parotid
acinar cells.

A Apical chelator uncaging

1196

Next, experiments were performed to define which
class of Ca*-activated K channel contributes to the
apical K" current observed in the previous experiments.
Initially, a pharmacological approach was taken using
relatively specific chemical inhibitors of BK and IK
and monitoring their effects on the K channel activity
after a focal increase in apical [Ca®] as defined in
Figs. 2 and 3. The BK channel inhibitor paxilline or IK
channel inhibitor TRAM-34 was bath applied at 1 pM, a
concentration shown previously to maximally inhibit
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sis along the yellow line of the peak change
in fluorescence compared with the mean of
the five previous basal frames. The single-
exponential fit is shown in the red line, and the
mean of these analysis yields a length constant
of 5.02 £ 0.76 pm. (D; top) The decrease in

4
00 05 10 15 20 25 0.2
[ 246 time (sec) J 0 5 10 15 20
£ distance (um)
g 4.2 IK A K'current  CI current
5 4.0 55— o 351,
00 05 10 15 20 25
< 5.0n o 3.0l—
£5887 455 o
= 3.4 i S 2.5
8 321 I } 4.0
2.0
3 3.0 3.5 B——H o °
00 05 10 15 20 25
time (sec) 3.0 15

128 Apical K channels in parotid cells

[Ca%**] evoked in A resulted in a significant
reduction in K* and ClI™ conductance (bottom).
(E) Paired experiments are shown before
and after flash for either 550 or 175 nM
[Ca®1], “high” or “low” [Ca?], respectively. In
F (images) and G (kinetic), basal photolysis of
Diazo-2 resulted in a similar decrease in [Ca**]
in the basal domain, which again remained lo-
calized as demonstrated by the spatial analysis
shown in H. (I and J) Basal photolysis failed to
reduce either K' or Cl™ currents in cells dia-
t lyzed with the “high [Ca®]” pipette solution.
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the respective channels (Romanenko et al., 2007).
Importantly, both compounds act in a Ca*-independent
manner (Strgbaek et al., 1996; Wulff et al., 2000). The
baseline levels of K' current in the presence of paxilline
before an increase in [Ca*] in Fig. 6 A were very small
(mean preflash current, 0.095 + 0.01 nA; » = 3) and are
consistent with most of the K" currents recorded in the
absence of paxilline arising from BK channels, as was
discussed in the text associated with Fig. 3. Also consis-
tent with this conclusion is that the baseline currents in
the presence of TRAM-34 were only slightly smaller than
in the absence of this IK channel inhibitor (mean pre-
flash current, 0.88 + 0.09 nA; compare Fig. 3 D). The data
in Fig. 6 A illustrate the observed flash-induced increase
in K channel currents in the presence of TRAM-34 (left,
n=06) or paxilline (right, n=3). The increase in current
in the presence of each inhibitor demonstrates that
both types of channels responded to the increase in api-
cal [Ca®]. Consistent with this idea, inclusion of both
inhibitors essentially abolished the current evoked by
apical photolysis (Fig. 6 A, right, n = 3).

A K" current
. TRAM-34
16 0, T g, Peiine
1.4
/ 0.61 0.61
1.21
1.0 % 0.41 0.41
0.8
Gie /. 0.21 0.21
0.4/ } 0.0 b 0.0 }
B Slo (-/-)
14, K" current 0.6-C| current
1.2 0.51
< ;-g' 0.4]
r=Bandl ]
g 0.6 0.3
3 0.4- 0.2
0.21 TRAM-34 0.1-
0.0 ? f 0.0- f

Figure 6. BK and IK are present in the apical PM. Experiments
were performed using the techniques described in Fig. 3 to ana-
lyze the contribution of IK and BK to the currents evoked by api-
cal photolysis. (A) K" currents could be evoked in the presence of
cither TRAM-34 (left) or paxilline (middle) but were essentially
abolished when cells were incubated with both agents. (B) Similar
experiments were performed in BK-null animals (Slo /7). The
baseline current was reduced, but apical photolysis resulted in
an increase in the remaining IK current, which was markedly re-
duced in the presence of TRAM-34. However, ClI™ currents could
be evoked by apical photolysis in the same cells (right).

To further probe the contribution of apical IK chan-
nels, experiments were performed in transgenic BK-null
mice (Meredith et al., 2004). In parotid acinar cells
isolated from these animals, an apical increase in [Ca*]
evoked a large increase in K' current (mean current,
0.133 + 0.03 nA preflash vs. 0.857 + 0.186 nA post-flash;
n=>5) and CI™ current (mean current, 0.105 + 0.025 nA
preflash vs. 0.401 + 0.049 nA post-flash; n = 5). Notably,
in a similar fashion to wild-type animals, basal photolysis
failed to evoke an increase in K current (not depicted).
The increase in K" current after apical photolysis was
almost abolished by exposure to TRAM-34 (Fig. 6 B).

In a final series of experiments, we investigated the
distribution of K channels by immunofluorescence
techniques. Using a variety of antibodies raised against
BK, we were unable to detect any specific distribution in
clumps of parotid acinar cells. However, an antibody
raised against IK showed prominent membrane local-
ization, which appeared to be enriched in the apical
portion of the cell (Fig. 7, B and F). This staining was
completely abolished by preincubation with the peptide
used to raise the antibody. A portion of the IK staining
also colocalized with the tight junction marker ZO-1
(Fig. 7 C), indicating an apical distribution of a portion
of IK channels. Furthermore, the apical PM staining
colocalized with labeling of the InsPsR-3 (Fig. 7 G,)
which resides on specialized ER immediately below the
apical PM (Nathanson et al., 1994; Lee et al., 1997a;
Yule etal., 1997; Larina and Thorn, 2005). Notably, this
localization data are again consistent with an extremely
elaborated apical/luminal domain in salivary acinar cells.
Collectively, these data strongly suggest that K channels
are present and functional in the extreme apical por-
tion of PM in parotid acinar cells.

DISCUSSION

The electrochemical driving force for Cl™ secretion and
thus fluid secretion is maintained by the exit of K" from
salivary acinar cells. Theoretically, K’ could leave exclu-
sively from the basolateral PM, apical PM, or by a dis-
tribution of K channels to both domains. Numerous
models of epithelial fluid secretion have been based on
K" exit exclusively through the basal membrane. Indeed,
this is an intuitive assumption, based on the observation
that the primary saliva is rich in Na" and not K'. Fur-
thermore, significant or exclusive localization of apical
K channels has been suggested to likely impede secretion
by resulting in a more depolarized basolateral PM.
Basolateral PM depolarization would then decrease the
activity of both the Na/K-ATPase and Na/K/2Cl trans-
porter and ultimately lead to reduced intracellular
CI™ accumulation (Silva et al., 1977; Palk et al., 2010).
Despite these ideas, alternative models have predicted that
fluid secretion would be more effective if some K channels
are implicitly located to the apical PM of salivary acinar
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cells (Cook and Young, 1989; Palk et al., 2010). How-
ever, to date, little experimental data are available to
support this idea in salivary acinar cells.

In this study, we have used a combination of whole
cell electrophysiology and spatially restricted manipu-
lations of intracellular [Ca*] to functionally investigate
the distribution of K channels in parotid acinar cells.
Importantly, we first established conditions using focal
laser illumination of caged molecules, which allowed
the [Ca®] to be selectively manipulated in a small
volume under either the apical or basal PM. These pa-
rameters were verified by temporally resolved digital
imaging and show minimal signal contamination out-
side the targeted compartment. Using this experimen-
tal paradigm, the primary finding of this study is that
a localized, brief increase in [Ca*] after photolysis
of caged Ca** directed to a volume in the extreme apex
of a parotid acinar cell elicited a marked increase in
K" conductance. Experiments using relatively specific
pharmacology suggest that both BK and IK contribute
to this conductance, and this co-distribution may reflect
the intimate interaction that has been reported for
these channels in parotid acinar cells (Thompson and
Begenisich, 2006, 2009). Confirmation that the apical
PM was specifically targeted was confirmed as a robust
Cl™ current was always elicited by comparable apical
photolysis in the same cells. Notably, an increase in C1~
current was never evoked by basal photolysis. In addi-
tion, when the [Ca*] was transiently reduced under the
apical PM from levels that activate IK and BK, the whole
cell K' conductance was reduced. In total, the apical
photolysis experiments combined with immunofluores-
cence localization of IK provide strong evidence that
some K channels are distributed to a distinct compart-
ment shared with CI” channels located in the extreme
luminal domain of parotid acinar cells.

This conclusion does differ significantly from an ear-
lier study performed in submandibular salivary gland

130 Apical K channels in parotid cells

acinar cells. Harmer et al. (2005) reported that Ca*
signals evoked by either low concentrations of ACh or
InsP; dialysis through the patch pipette could be local-
ized and maintained in the apical domain. Notably,
these localized signals selectively activated Cl1~ currents,
and only Ca” signals that spread to the basolateral face
of the cell elicited any K conductance. Although we
have no explanation for these disparate findings, aci-
nar cells from the two salivary glands have specific
Ca®'-signaling characteristics and distinct physiology,
with parotid acinar cells being responsible for the
major volume of stimulated saliva secretion. Moreover,
local Ca* signals have not been reported in parotid
acinar cells, and, in the absence of significant experi-
mental intervention, signals invariably rapidly global-
ize (Giovannucci et al., 2002; Won et al., 2007). It is
therefore possible that the specific localization of K chan-
nels represents specializations unique to the individual
cell types.

Given the expectation supported by our immuno-
fluorescence data that K channels are distributed through-
out the acinar cell PM, a somewhat surprising finding is
that similar experiments manipulating Ca* in the basal
and lateral aspects of the cell failed to reveal a measur-
able K' current. However, these data do not exclude the
presence of K channels above the tight junctional com-
plexes of parotid acinar cells, but rather may indicate
that the density of K channels is higher in the restricted
area constituting the apical PM. In this scenario, our
failure to activate this reduced density of K channels
might be explained by an inability to generate a suffi-
ciently large, but still localized, increase in [Ca*], using
these techniques. A further conclusion drawn from the
fact that a K" conductance could not be evoked except
by focal apical photolysis is that it appears unlikely that
basal or lateral K channels are at sufficient density to
contribute to the increase in conductance observed
after apical photolysis.

Figure 7. Localization of IK in pa-
rotid clumps by immunofluorescence.
Immunofluorescence experiments were
performed as described in Materials
and methods. (A and E) Transmitted
laser light images of the parotid clus-
ters. (B and F) The localization of IK is
shown and illustrates a prominent PM
distribution with enriched localization
of channels to the apical domain of the
cells. (C) The distribution of the tight
junction marker ZO-1 in the clump
of cells stained with IK antibodies in B.
(G) The localization of InsP3;R-3, known
to localize to the ER juxtaposed to the
apical PM, is shown in the same cells.
(D) The overlap of IK and ZO-1 is
shown. (H) The co-distribution of IK
and InsPsR-3. Bar, 10 pm. Each image is
a single z slice acquired at an approxi-
mately equatorial plane.
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In the mathematical model of Palk et al. (2010), the
rate of fluid secretion was optimum if 100% of the Cl~
and between 20 and 40% of the whole cell K* conduc-
tance was localized specifically to the apical PM. This
localization was predicted to efficiently maintain the
driving force for CI™ exit locally at the apical PM by
effectively eliminating the contribution of the electrical
resistance of the tight junctions. In contrast, as the per-
centage of K conductance in the apical PM was further
increased, the flow rate was predicted to decrease, and
ultimately, when K channels were exclusively localized
apically, secretion was effectively arrested. Although our
data indicate that the K channel density is relatively
higher in the apical PM than in basolateral regions, the
current experiments do not provide any information
regarding the absolute numbers of channels in each
domain but are clearly consistent with a fraction, but
not exclusive, distribution of K channels to the apical PM.

The apical domain of exocrine cells is specialized
structurally and functionally such that the Ca*-signaling
machinery and the important downstream effectors
of the Ca* signal are closely localized (Kiselyov et al.,
2006). The localization is proposed to facilitate close
coupling between the Ca® signals and the Cl channels
in the apical PM (Giovannucci et al., 2002). In a similar
manner, localization of a portion of the complement
of K channels would be predicted to ensure rapid acti-
vation, essentially simultaneously with Cl channels. This
domain has been termed the Ca* “trigger zone” be-
cause Ca” signals are initiated here as a function of the
high density of InsPsR distributed to a specialized region
of ER associated with the apical PM and actin cytoskeleton
terminal web (Lee etal., 1997a,b; Yule et al., 1997). InsPsR
localization is reported to depend on both cholesterol-
rich domains and interactions with the actin cytoskeleton
(Maximov et al., 2003; Fukatsu et al., 2006; Nagata et al.,
2007). Notably, depletion of cholesterol is reported to
both disrupt Ca* signals and also alter the functional
interaction between BK and IK in acinar cells (Nagata
et al., 2007; Romanenko et al., 2009). These observa-
tions are consistent with the colocalization of these
proteins. Evidence also exists that BK can physically
interact with InsP3R in aortic smooth muscle (Zhao
et al., 2010), and thus, the possibility exists that the
K channel-InsPsR interaction in the signaling trigger
zone has a structural as well as functional basis in the
apical PM of parotid acinar cells.
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