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HCO;™ Secretion by Murine Nasal Submucosal Gland Serous Acinar
Cells during Ca?**-stimulated Fluid Secretion
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Airway submucosal glands contribute to airway surface liquid (ASL) composition and volume, both important for
lung mucociliary clearance. Serous acini generate most of the fluid secreted by glands, but the molecular mecha-
nisms remain poorly characterized. We previously described cholinergic-regulated fluid secretion driven by Ca-
activated CI™ secretion in primary murine serous acinar cells revealed by simultaneous differential interference
contrast (DIC) and fluorescence microscopy. Here, we evaluated whether Ca*-activated Cl~ secretion was accom-
panied by secretion of HCO;™, possibly a critical ASL component, by simultaneous measurements of intracellular
pH (pH;) and cell volume. Resting pH; was 7.17 + 0.01 in physiological medium (5% CO¢—25 mM HCO;"). During
carbachol (CCh) stimulation, pH; fell transiently by 0.08 + 0.01 U concomitantly with a fall in Cl” content revealed
by cell shrinkage, reflecting C1™ secretion. A subsequent alkalinization elevated pH; to above resting levels until ag-
onist removal, whereupon it returned to prestimulation values. In nominally CO,—~HCO; -free media, the CCh-in-
duced acidification was reduced, whereas the alkalinization remained intact. Elimination of driving forces for
conductive HCO;™ efflux by ion substitution or exposure to the Cl” channel inhibitor niflumic acid (100 pM)
strongly inhibited agonist-induced acidification by >80% and >70%, respectively. The Na'/H" exchanger (NHE)
inhibitor dimethylamiloride (DMA) increased the magnitude (greater than twofold) and duration of the CCh-in-
duced acidification. Gene expression profiling suggested that serous cells express NHE isoforms 1-4 and 6-9, but
pharmacological sensitivities demonstrated that alkalinization observed during both CCh stimulation and pH; re-
covery from agonistinduced acidification was primarily due to NHEI, localized to the basolateral membrane.
These results suggest that serous acinar cells secrete HCO3~ during Ca**-evoked fluid secretion by a mechanism
that involves the apical membrane secretory Cl~ channel, with HCO;™ secretion sustained by activation of NHE1
in the basolateral membrane. In addition, other Na'-dependent pH; regulatory mechanisms exist, as evidenced by
stronger inhibition of alkalinization in Na*free media.

INTRODUCTION

The secretion of airway surface liquid (ASL) and the
control of its volume and composition are critical for
the maintenance of mucociliary clearance and the abil-
ity to rid the lung of inspired pathogens and irritants
(for review see Wine and Joo, 2004). In cartilaginous
airways, submucosal exocrine glands secrete a large per-
centage of the NaCl-rich fluid and mucus that comprise
the ASL (for review see Ballard and Inglis, 2004; Ballard
and Spadafora, 2007), and a knowledge of both the reg-
ulation and composition of submucosal gland secretion
is essential for understanding lung fluid homeostasis.
Previous experimental studies of intact tissue prepara-
tions have provided insights into secretagogue-mediated
regulation of these glands, including the rates of secre-
tion and the volumes of the end-product secretions
(Yang etal., 1988; Inglis et al., 1997a,b, 1998; Jayaraman
etal., 2001; Joo et al., 2001a,b, 2002a,b, 2006; Song and
Verkman, 2001; Salinas et al., 2005; Song et al., 2006;
Wu et al., 2006; Ianowski et al., 2007). However, the
complex structure and relative inaccessibility of airway
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submucosal glands have limited experimental studies of
the ionic composition of the primary secretions and
the molecular mechanisms by which the various cell
types (serous, mucous, and both ciliated and nonciliated
collecting duct cells) secrete and/or modify the fluid/
mucous product.

Of particular interest are serous acinar cells present at
the distal ends of submucosal glands, because they likely
secrete the bulk of glandular fluid in response to secre-
tagogues that use cAMP and/or Ca®* as second messen-
gers (Wuetal., 2006). The fluid secreted by serous acinar
cells contributes directly to ASL volume and is also likely

Abbreviations used in this paper: AE, Cl—/HCOs;— (anion) ex-
changer; AM, acetoxymethyl; ASL, airway surface liquid; BCECF, 2°,7"-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; CCh, carbachol;
CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance
regulator; DAPI, 4,6 diamidio-2-phenylindole; DIC, differential inter-
ference contrast; DMA, 5-(N,N-dimethyl)amiloride; DPBS, Dulbecco’s
PBS; EIPA, 5-(N-ethyl-Nisopropyl)amiloride; NBC, Na*-HCO; co-
transporter; NFA, niflumic acid; NHE, Na*/H* exchanger; NKCCI,
Na® K" 2CI' cotransporter isoform 1; pH;, intracellular pH; SNARF,
seminaphtharhodafluor-5F 5-(and-6)-carboxylic acid; Wt, wild-type.
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crucial for proper hydration of mucin granules released
from more proximal mucous cells (for review see Ballard
and Inglis, 2004). Serous cells also play an important
role in innate airway immunity by secreting lysozyme,
lactoferrin (Raphael et al., 1989), various antimicrobial
peptides such as defensins, and mucin macromolecules
such as Muc7 (for reviews see Ballard and Inglis, 2004;
Wine and Joo, 2004). Submucosal gland serous cells
have been hypothesized to play a particularly critical
role in the pathology of the disease cystic fibrosis (CF).
CF is a disease caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR), an api-
cal membrane anion channel expressed in various epi-
thelia, including the airway. In addition to conducting
Cl” and HCO;™ (Poulsen et al., 1994), CFTR also may
directly or indirectly regulate the activities of other ion
channels and transporters, including the epithelial Na*
channel (for review see Huang et al., 2004) and Cl"/
HCO;™ exchangers (Lee etal., 1999a,b; Park etal., 2002;
Ko et al., 2004). Immunochemical localization studies
suggest that serous acinar cells are major sites of CFTR
expression in the lung (Engelhardt et al., 1992; Jacquot
etal., 1993). It has therefore been hypothesized that de-
fects in the volume and/or composition of submucosal
gland secretions caused by lack of CFIR contribute to
the ASL dehydration that leads to impaired mucociliary
clearance and the ultimately fatal lung damage from the
resultant chronic bacterial infection that is a hallmark of
CF pathology.

Because of the critical role of serous acinar cells in
airway fluid physiology, we previously examined the
ion transport mechanisms that underlie Ca®* agonist-
evoked fluid secretion in primary serous cells isolated
from mouse nasal turbinate and septum (Lee et al.,
2007). Agonists such as acetylcholine that elevate intra-
cellular [Ca®] ([Ca®'];) are believed to be the major
submucosal gland secretagogues in terms of the mag-
nitude and rate of the fluid secretion response (Yang
et al., 1988; Inglis et al., 1997b; Trout et al., 1998a; Joo
et al., 2001b, 2002a,b; Wu et al., 2006). We combined
differential interference contrast (DIC) microscopy with
simultaneous quantitative fluorescence imaging of indica-
tor dyes to measure the concentrations of ions involved
in driving fluid secretion (Cl™) and regulating it (Ca¥).
Cholinergic agonistinduced fluid secretion was shown
to be reflected in cell volume changes that were indi-
cative of changes in cell solute content underlying fluid
secretion, suggesting that murine serous acinar cells
secrete Cl™ and fluid in response to a rise in [Ca®]..
The observed Ca*-evoked Cl~ secretion occurs through
a CI” efflux pathway that is independent of CFTR, in
agreement with observations of intact gland preparations
from CF human lungs and CFTR-knockout (¢ftr™!"™/7)
mice that suggested that cholinergic-stimulated fluid
secretion remains intact in the absence of CFIR function
(Jayaraman et al., 2001; Joo et al., 2002a; Thiagarajah

etal., 2004; Salinas et al., 2005; Song et al., 2006; Ianowski
etal., 2007).

In addition to their role in Cl” secretion, we hypothe-
sized that airway submucosal gland serous cells are likely
important for secretion of HCO;™ into the airway. Other
exocrine gland acinar cells stimulated with cholinergic
agonists exhibit marked decreases in intracellular pH
(pH;) that have been proposed to reflect loss of cellular
HCO;™ indicative of HCO3~ secretion (Robertson and
Foskett, 1994; Evans et al., 1999; Nguyen et al., 2000;
Brown et al., 2003; Nguyen et al., 2004). To determine
whether Ca*-mobilizing agonists stimulate HCO;~ se-
cretion from airway gland serous acinar cells, the DIC
fluorescence microscopy technique was modified to
simultaneously monitor agonist-induced cell volume
changes (reflecting Cl™ secretion) and the fluorescence
of seminaphtharhodafluor-5F 5-(and-6)-carboxylic acid
(SNARF-5F), a quantitative ratiometric indicator of pH;
(reflecting changes in [HCOs™ ];), in combination with
appropriate ion substitutions and pharmacology. The
results outlined below suggest that cholinergic/Ca*" stim-
ulation of serous acinar cells leads to cytoplasmic acidifica-
tion that results from a net efflux of cellular HCO;™ via
a niflumic acid (NFA)-sensitive pathway shared with
Cl™. Carbachol (CCh)-induced acidification is compen-
sated for by up-regulation of the activity of the Na'/H"
exchanger isoform 1 (NHE1), which drives HCO;~ secre-
tion by raising pH; and promoting conversion of intra-
cellular CO, to HCO3 ™. These data contribute to the
understanding of submucosal gland fluid secretion, the
composition of serous cell secretions, HCO;™ secretion
mechanisms in the airway, and the mechanisms of pH;
regulation in serous cells.

MATERIALS AND METHODS

Reagents

Molecular biology reagents were obtained from Invitrogen. A rab-
bit polyclonal antibody against the 22—amino acid C terminus of
rat NHE1 (100% homologous to the mouse NHE1 C terminus)
and control antigenic blocking peptide were purchased from
Alpha Diagnostic International. Polyclonal antiserum against the
Na' K" 2C1" cotransporter isoform 1 (NKCCI1) was a gift from
R. James Turner (National Institute of Dental and Craniofacial
Research, Bethesda, MD). Anti-CFTR monoclonal antibody 24-1
was purchased from R&D Systems, Inc. All microscope filters were
obtained from Chroma Technologies, Inc. Cariporide (HOE 642;
(4Hsopropyl-3-methylsulfonyl-benzoyl)-guanidine methanesulfonate)
and $3226 (3-[2-(3-guanidino-2-methyl-3-oxo-propenyl)-56-methyl-
phenyl]-N-isopropylidene-2-methyl-acrylamide dihydrochloride)
were gifts from Sanofi-Aventis Deutschland GmbH. All other rea-
gents were purchased from Sigma-Aldrich unless otherwise noted.

Experimental Solutions

All experimental solutions were made fresh daily, with compositions
listed in Table I. A vapor pressure osmometer was used to ensure
that the osmolality was ~300 mOsm kgfl. Unless noted, experi-
ments were performed in one of two physiological salt solutions,
Solution A (COs—HCO; -buffered; gassed with 95% Os—5% CO,)
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TABLE |

Experimental Solution Compositions

Solution A B C D E F G
NaCl 125* 125 5 41
NMDG-ClI 125 125 120-140

KCl 5 5 5 5 5 60 57
K-Gluconate 80 32
MgCly 1.2 1.2 1.2 1.2 1.2 1.2
MgSO, 0.8

CaCly 1.2 1.2 1.2 1.2 1.2 1
Ca-Gluconate 1.6

NaH,PO, 1.2 1.2 1.2
KH,PO, 1.2 1.2 1.2

Glucose 11 11 11 11 11 11
Sucrose 10 10

HEPES 10 10 10 20

NaHCO;4 25 25
NMDG-HCOs 25

NH,Cl1 0, 5, 10, or 20

pH, 7.4 7.4 7.4 7.4 7.4 6.8,7.2, or 7.6 7.4
gassed w/ 5% CO9/95% Oy 100% Oy 5% CO3/95% Oy 100% Oy 100% Oy 100% Oy 5% CO3/95% Oy

All values for dissolved solids are mM.

or Solution B (HEPES-buffered, nominally CO,—~HCOj3 -free;
gassed with 100% O,). Experiments performed under Na'-free
conditions (with Na® isosmotically replaced by NMDG") were
performed in Solution C. Experiments performed under both
Na'- and HCO; -free conditions were performed in Solution D.
Intracellular pH; buffering capacity was measured using Solution
E (containing no Na® or HCO;™ to neutralize all mechanisms of
cellular pH; regulation) with [NHs], = 0.6, 1.2, or 2.5 mM (at
pH 7.4; made via isosmotic replacement of NMDG-CI with 5, 10,
or 20 mM NH,CI, respectively). Intracellular in vivo SNARF calibra-
tion was performed using high [K'], Solution F containing 10 pg/ml
nigericin and pH, values of 6.8, 7.2, and 7.6. Solution G (high
[K'],, low [Cl7],) was used to experimentally block HCO;™ ef-
flux, as described in the text. In all experiments involving agonist
stimulation, 100 pM CCh was used, previously shown to be a satu-
rating concentration for both serous cells (Lee et al., 2007) and
intact murine submucosal glands (Ianowski et al., 2007).

Under conditions of CO,—~HCO;~ buffering, the pH, and dis-
solved [COs], of the extracellular medium are critical, because
calculation of CO,—HCO; -dependent intracellular buffering ca-
pacity (Bucos.) strongly depends on [COs], (as described below),
and because H" and HCOj4™ transport mechanisms are likely
highly sensitive to [H'] and [HCO;"] gradients. Because of the
high CO, permeability of plastics, the CO,—HCOj ™ -buffered solu-
tions were gassed in glass water-heated reservoirs connected with
glass tubing to glass water-heated coils, where the solution was
warmed before perfusion into the chamber containing the cells.
Because a loss of dissolved [COs], would be reflected in a rise in
pH,, solutions of 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein (BCECF) free acid were used to confirm that pH, = ~7.4
for gassed Solution A in the perfusion system (as shown in Fig. 1,
A and B, and described in the legend). The temperature of the
perfusate inside the perfusion chamber was measured daily using
a digital thermometer (VWR Scientific) and probe (YSI, Inc.) and
adjusted to ~37°C.

Murine Nasal Serous Acinar Cell Isolation
Murine serous acinar cells were isolated as previously described
(Lee et al., 2007) from adult wild-type (Wt) or ¢fn™"""~/~ mice

on a C57BL/6 background housed in a pathogen-free facility.
Ages of the mice ranged from 3 to 7 mo. All procedures involving
animals were handled according to regulations set out by the In-
stitutional Animal Care and Use Committee of the University of
Pennsylvania. In brief, nasal turbinate and septum were removed
from mice killed via CO, asphyxiation followed by cervical dis-
location. Tissue was immediately placed in ice-cold Solution B,
minced finely with scissors, and then digested for ~45 min at
room temp in CaClyfree Solution B supplemented with 1x MEM
vitamins, 1x MEM amino acids, 2 mM 1-glutamine, 1.5 mg ml™"
type IV collagenase (Worthington Biochemical Corp.), 0.28 U
ml ! liberase enzyme blend 3 (Roche Diagnostics Corp.), 10 ig/ml
DNase I, and 0.8% BSA with gentle shaking and continuous gas-
sing of 100% O,. Cells were then washed via gentle centrifugation
and resuspended in either Solution A or B (with continuous gas-
sing as appropriate) supplemented with 1x “Complete” protease
inhibitor cocktail (Roche Diagnostics Corp.). Serous cells were
optically identified by size and visible morphology under DIC
optics as previously described (Lee et al., 2007).

Simultaneous DIC Measurement of Cell Volume and

Quantitative Fluorescence Measurements of pH; and [Ca
Preliminary experiments were conducted with the pH-sensitive
fluorescein derivative BCECF (Molecular Probes). However, ob-
servations suggested significant cellular toxicity as a result of
BCECF illumination, including abnormally high resting pH;
(>7.6-7.8), rapid cytoplasmic acidification during the course of
dye illumination (pH; < 7.2 after ~2-3 min of typical fluorescence
sampling), and failure to observe cell shrinkage in response to
CCh (as previously reported by Lee et al., 2007). Therefore, pH;
measurements were instead made with SNARF-5F (Molecular
Probes; Buckler and Vaughan-Jones, 1990; Liu et al., 2001). After
plating on coverslips coated with Cell-Tak (BD Biosciences), iso-
lated cells/acini were loaded with SNARF-5F by incubation in the
acetoxymethyl (AM) ester derivative SNARF-5F-AM at a concen-
tration of 5-10 pM for 10-15 min at room temperature in either
Solution A or B with continuous gassing of 95% Oy-5% CO,
or 100% O, as appropriate. After loading, the cells adhering to
the coverslip were washed via gentle pipetting of Solution A or B
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Figure 1. Measurement of extracellular COo—
HCO;3™ buffer pH, and in vivo calibration
SNARF pH; indicator fluorescence. (A) Mea-
surement of pH, under experimental condi-
tions. The experimental perfusion system was
loaded with either Solution A (5% COs-25
mM HCOs") or Solution B (HEPES with pH, =
6.8, 7.2, or 7.6 and ungassed) containing
0.5 pg/ml BCECF free acid. BCECF 495/440
nm fluorescence excitation ratios (emission
collected at 535 nm) were measured upon
switching between the solutions with different

pH,. (B) Mean BCECF fluorescence ratios
(from experiment shown in A) were plotted
vs. pH, (diamonds). Mean ratios were 2.74,
3.71, and 4.71 for solutions of pH, 6.8, 7.2,
and 7.6, respectively. Solid line represents lin-
ear fit to the data with slope 2.46 + 0.02 (s.d.)
and intercept —14.0 = 0.2 (s.d.). The BCECF
fluorescence ratio in CO,—HCO; -buffered
Solution A (large black circle) was 4.32, corre-
sponding to pH,, of ~7.44. (C) Example of an
in vivo SNARF fluorescence calibration exper-
iment. A SNARF-loaded serous acinar cell was
treated with 10 pg/ml nigericin and exposed
to 140 mM [K'], solutions with pH, = 6.8, 7.2,
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and 7.6. (D) Composite calibration of SNARF
640,580 ratio measured in vivo as shown in C.
Plotted are 78 raw data points (gray circles)
from 26 experiments. Mean SNARF ratio val-

ues (+SEM; black diamonds) for pH 6.8, 7.2, and 7.6 were 1.29 + 0.02, 1.84 + 0.05, and 2.52 + 0.08, respectively. Solid line represents
linear regression fit to the raw data, with slope = 1.6 + 0.1 (s.d.) and intercept —9.89 = 0.7 (s.d.), used to convert SNARF fluorescence

ratio values to pH; values in all subsequent experiments.

(as appropriate) to remove excess unloaded dye and then incu-
bated at room temperature for ~5-10 min to allow for recovery
and de-esterification of loaded dye. The observed resting pH; of
SNARF-loaded cells was typically stable (~7.2 as described below).
Additionally, the rates and magnitudes of both cell shrinkage in
response to CCh and cell swelling upon removal of agonist (as re-
ported below) were nearly identical to values previously reported
(Lee et al., 2007), suggesting that neither SNARF-loading nor
illumination was significantly toxic to the cells over the time
course of experiments (>20-40 min).

Ratiometric fluorescence measurements of pH; were per-
formed by sequential dual-emission imaging of SNARF fluores-
cence collected at ~580 and ~640 nm. Cells were illuminated
with light from a Xe arc lamp filtered through a 480/40-nm band
pass (bp) filter and reflected by a 515-nm long pass (Ip) dichroic
to the objective lens (40x Nikon Plan Fluor; 1.3 N.A.) for epi-illu-
mination. Fluorescence emission collected by the objective was
filtered sequentially with either a 580/10-nm bp filter or a 640/
10-nm bp filter housed in a computer-controlled filter wheel (Sutter
Instruments). DIC and fluorescence images were taken sequen-
tially with a single camera using a method previously described
(Foskett, 1988, 1990a) with a DIC polarizer/analyzer housed in
the emission filter wheel (Lee et al., 2007). Light from a halogen
lamp for DIC transillumination was filtered through a 610/10-nm
bp filter and tested to ensure it did not pass through the two fluor-
escence emission filters or excite the SNARF dye. No measurable
changes in background fluorescence and/or SNARF fluorescence
were detected when high intensity 610-nm transmitted light was
shuttered on and off with either the 580/10 or 640/10-nm emis-
sion filter in place. Three sequential images were taken at each
time point (separated by ~250-500 ms): (1) SNARF fluorescence
image using 480/40-nm excitation and 580/10-nm emission filters;

164

(2) SNAREF fluorescence image using 480/40-nm excitation and
640/10-nm emission filters; (3) DIC image using filtered 610/10-nm
transmitted light (Xe lamp shuttered closed) and DIC analyzer in
the emission filter wheel. To minimize possible toxic effects of dye
illumination, care was taken to minimize sampling frequency and
both the illumination intensity (using neutral density filters) and
length (exposure time) while still maintaining an acceptable
signal to noise ratio (SNARF fluorescence >15-fold above back-
ground). Camera, image acquisition, and filter wheels were con-
trolled by Perkin Elmer Ultraview LCI software.

To measure changes in [Ca*T;, isolated serous acinar cells were
loaded with 2 pM fura-2-AM (Molecular Probes) for ~10-15 min
using a procedure similar to that described above. Simultaneous
DIC imaging of cell volume and fluorescence imaging of fura-2 as
well as calibration of fura-2 340/380 ratios to [Ca*']; values were
performed exactly as described previously (Lee et al., 2007). Cell
volume determinations were estimated by taking the area of a
DIC-imaged cross section of a serous cell or acini (traced using
Image] software; W.S. Rasband, NIH, Bethesda, MD) to the 3/2
power, and cell volumes are expressed as normalized volumes (V)
relative to the cell volume at ¢t = 0 (V,). We previously demon-
strated that this method (Foskett, 1988, 1990a) provides a repro-
ducible and accurate estimation of serous acinar cell volume
when compared with cell volume measurements made via confo-
cal 3-D reconstruction of fluorescent calcein-loaded serous cells
(Lee et al., 2007).

Calibration of SNARF-5F in Murine Serous Acinar Cells

To quantitatively convert changes in SNARF 640/580 ratio to
changes in pH;, in vivo calibration experiments were performed
to calibrate the behavior of the SNARF dye in serous acinar cells.
The 640/580 fluorescence emission ratios were recorded from
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SNARF-loaded cells exposed to the H'/K" exchanger nigericin
in solutions of high [K'], (to equilibrate pH; = pH,) with three
different pH, values (6.8, 7.2, and 7.6; example shown in Fig. 1 C).
The linear regression fit of the raw data points taken from 17
calibration experiments (Fig. 1 D) was used to convert 640/580
ratios to pH; values in all subsequent experiments. SNARF fluo-
rescence varied linearly within the physiological pH; range ob-
served (Fig. 1 D).

Measurement of Intracellular Buffering Capacity

To convert changes in pH; to rates of base equivalent (OH™ eq)
flux, cellular buffering capacity had to first be taken into account.
The total intracellular acid/base buffering capacity (Br) is the
sum of the CO,—HCO3 -dependent buffering capacity (Bycos) as
well as the intrinsic COs-independent buffering capacity (B;; in-
cluding H*-buffering of cytoplasmic macromolecules and organ-
clles). Because of marked variation in buffering capacity of various
cell types (due to size and organelle composition), 3; must be ex-
perimentally determined. Serous acinar cell 3; was measured by
observing pH; changes in cells and acini exposed to solutions of
various [NH,Cl], in a Na*- and HCO; -free solution to block pH;
regulatory mechanisms (as previously described in Roos and
Boron, 1981; Renner et al., 1989; Weintraub and Machen, 1989).
It has been demonstrated that exposure of cells to a solution of
NH;-NH," leads to rapid entry of membrane-permeant NHj into
the cell, causing pH; alkalinization reflective of H" consumption
as the intracellular NHj is converted to NH,". This is followed by
a slower decrease in pH;, believed to reflect NH," entry, possibly
through K channels and/or the Na“/K" ATPase ((Boron and
De Weer, 1976; for reviews see Roos and Boron, 1981; Thomas,
1984). Upon an experimental change in [NH;],, the [NH,']; can
be calculated using the Henderson-Hasselbach relationship
([NH4"]; = [NHs]; x 10pKapHi) assuming that [NH;s]; rapidly equili-
brates with [NH;], and the pK, of intracellular and extracellular
NH;/NH," is identical (~9.2; Weintraub and Machen, 1989).

Serous cells were exposed to solutions of 0, 5, 10, and 20 mM
[NH4CI], (representative experiment shown in Fig. 2 A), contain-
ing 0, 0.6, 1.2, and 2.5 mM [NH;s],, respectively, as calculated
from Henderson-Hasselbach with pH,, = 7.4. After an experimen-
tal increase or decrease in [NH3],, [NH, ]; was calculated at the
point of initial fast pH; increase or decrease. The mean buffering
power of all non-NHs-NH,"-dependent intracellular buffering
(occurring around the midpoint of the pH; change) was calcu-
lated as B; = A[NH,'];/A pH; (in units of mmol-liter ! of acid or
base equivalent required to change pH; by one unit). The raw
data points taken from 24 3; experiments (34 imaged acini/cells;
Fig. 2 B, gray circles) were then fitted with an exponential func-
tion (Fig. 2 B; solid black line; as described in the legend).

The continuously gassed 5% CO»-95% Og-equilibrated solu-
tion clamps [COy], constant, forming an open buffering system
(for review see Roos and Boron, 1981; Boron, 2004). Because the
plasma membrane is highly permeable to CO,, it was assumed
that [COy]; = [COy], = ~1.2 mM (as determined by Henry’s Law
with pCOs = 0.05 atm). Using the Henderson-Hasselbach rela-
tionship and assuming that the intracellular pKa of CO,-HCO;~
is ~6.1 (Boron, 2004), [HCO; |; = 1.2 mM x 10PH%! and Byycos =
2.3 x [HCO4™|; (Fig. 2 B, dashed line). Because [CO,]; is constant,
both [HCO;™ |; and Bucos. rise exponentially as pH; increases.
Total intracellular pH buffering in the presence of CO-HCO3™
was calculated as the sum of the two curves, Br = B; + Bucos-
(Fig. 2 B, u-shaped solid black line). For experiments performed
in the absence of CO,—HCO;, it was assumed that intracellular
pH; buffering = ;.

Measurement of OH™ Equivalent and ClI~ Fluxes
OH™ eq flux values for each experiment were determined by
first using a median-smoothing filter to minimize noise in the raw
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Figure 2. Measurement of serous acinar cell pH; buffering ca-
pacity. (A) Representative NH,CI pulse experiment showing pH;
changes in response to varying [NH4Cl], (from 0 to 20 mM) in
Na'- and HCO; -free Solution E. Intrinsic cellular buffering ca-
pacity (3;) was determined from NH,Cl -induced pH; changes as
described in Materials and methods. (B) Measurements of serous
acinar cell B; plotted as a function of pH;. Data points (circles)
represent 184 measurements made in 34 separate cells/acini from
experiments as shown in A. Igor Pro software was used to fit 3; data
with an exponential function (equation of fitted line: Bi = 0.88259 +
249.8.¢((C09PHD/0.249)y 'The dashed line represents COy~HCO; -
dependent buffering (Bucos.), calculated as 2.3 x [HCOs™ |; (as
described in Materials and methods). The total buffering curve
(By; u-shaped curve) is the sum of the 3; and Bycos. curves. Con-
versions of changes in pH; to OH™ eq flux values were performed
using either the B, or B; functions in the presence or absence of
COy,-HCOg™, respectively.

pH; trace (Igor Pro Software; smoothing index = 3). Light median
filtering best preserved the shape of the pH; trace while remov-
ing single outlier points. The derivative of the smoothed pH;
trace was taken with respect to time (in units of pH unit-s™!)
for each point of the trace and then multiplied by the cellular
buffering capacity (based on pH; at that point) to obtain the OH™
eq flux (in units of meq OH liter '-s™"), which was then plotted
vs. time.

Cl” flux values were obtained by first converting relative cell
volume values from each experiment to values of intracellular C1~
content. As previously described (Foskett, 1990a,b, 1993), isos-
motic loss of cellular KCI content is reflected in a parallel decrease
in [CI"]; due to the presence of impermeant organic ions that
make up >50% of cellular anionic content. The linear relation-
ship between cell volume and [Cl™ ]; in murine serous acinar cells
was previously determined using the Cl -sensitive fluorphore SPQ
(Lee etal., 2007) and described by the linear fit [Cl ]; (in mM) =
((V/V,) — 0.66)/0.005. To determine CCh-stimulated CI™ fluxes,
the relationship between cell volume and actual Cl™ content lost
by the cell was calculated from these data (i.e., the changes in
cell volume must be taken into account). This transformation
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TABLE Il
Primers Used for rtPCR

Transcript GenBank/EMBL/DDB]J Expected product Primer set (5" - 3") 5'- binding
accession number (bp) site

NHEI1 NM_016981 315 for TGTAGAGTAGAAAGTACTG 4262
rev TGAAAAAGGTTCAGTTTCC 4558
NHE2 NM_001033289 127 for CCATTTCTGTGTTTTTCCTG 3247
rev TCTTTAAACACTATGGGCTG 3354
NHE3 NM_001081060 207 for AACTATGAAGAGATCAGTGG 2161
rev AGAGTTTGGAATCTGAACAC 2348
NHE4 NM_177084 223 for TTGCTCTGGAGTTTAGTAAC 3566
rev TATTGATCTGGTTGCCATAG 3769
NHES5 NM_001081332 356 for TCAGGAGTAGAGAATAGTAG 4763
rev CCTTTGTCTAGTAAATGCTC 5099
NHE6 NM_172780 385 for GTGAAGAAATGTGTACTACC 2163
rev GTTTTTCCAACAAAGGAACC 2528
NHE7 NM_177353 403 for GTGTATGATAATCAAGAGCC 2010
rev GAGTGGTAAGATAGTTTCAG 2384
NHES NM_148929 249 for TTCTTTCTTCTCTGACATGG 4237
NM_178371 rev TAACTATCCAGTCATGTGAC 4466
NHE9 NM_177909 226 for ACCTTATCACATGTATCCTC 2212
rev ATCCAAAATCCACATGAAGG 2418

assumed that resting [Cl™]; = ~65 mM in SNARF-loaded acinar
cells, as previously measured in SPQ-loaded acinar cells (65 + 4
mM; Lee et al., 2007). The [CI™]; at each point (determined by
the normalized cell volume) was multiplied by the normalized
cell volume. For example, at rest, [Cl™ ]; was ~65 mM. If V/V, falls
to 0.80, [Cl ]; falls to ~28 mM, but because the CI™ is contained
in a smaller volume (the cell shrunk), the change in [Cl™ ]; under-
estimates the actual amount of C1~ content lost. Multiplying [C]™];
(28 mM) by volume (0.80) yields a CI” content of 22 mmol per li-
ter of original (resting) cell volume (i.e., the cell lost 66 — 22 =
~44 mmol CI -liter '). Using the volume traces, normalized cell
volume was multiplied by the [Cl™]; at each point, and ClI”~ flux
was computed by taking the derivative of the ClI™ content trace
with respect to time (in units of meq Cl-liter '-s”'). Following
electrophysiological convention, efflux of an anion across the
plasma membrane out of a cell results in negative (inward) cur-
rent, and thus negative CI” and OH™ eq flux values represent
efflux of cellular CI” and OH™ equivalents.

Gene Expression Profiling of NHE Transcripts in Serous Acinar
Cells

Gene expression profiling was performed as previously described
((Lee etal., 2007) using the method of (Van Gelder et al., 1990),
for review see Eberwine, 2001). In brief, single small serous acini
(three to four cells) plated on Cell-Tak—coated coverslips (washed
several times to remove cellular and noncellular debris) were har-
vested by gentle suction with a pulled patch clamp glass electrode
of ~5 pm diameter (taking care not to aspirate any debris). Two
rounds of antisense RNA (aRNA) amplification were performed
using a poly dT-oligo (to selectively amplify expressed mRNA)
containing a T7 RNA polymerase promotor. Control RNA (from
murine nasal turbinate, kidney, and brain) was extracted from
surgically dissected tissue using TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. Due to the intrinsic 3'-bi-
asing of aRNA amplification, primers were directed to the 3" end
of the published transcript sequences (~300-1,000 bp from the
poly-A tail) obtained from GenBank/EMBL/DDBJ. Nonquantita-
tive reverse transcription (rt)-PCR reactions were performed us-
ing a thermocycler and temperatures of 94°C, 57°C, and 72°C for

denaturation, annealing, and extension steps, respectively. Reac-
tions were run on a 1.8% agarose gel stained with ethidium
bromide and visualized on a UV light box for photography.
Transcript-specific primers and expected product sizes are listed
in Table II. Four serous acinar aRNA samples and three parotid
acinar aRNA samples from acini harvested from three different
Wt C57BL/6 mice were used in these studies, as well as kidney,
brain, and nasal turbinate RNA isolated from tissue taken from
two different Wt C57BL/6 mice. No differences in tissue specific
NHE transcript expression were observed between the mice. As
controls, PCR reactions were performed on isolated RNA in which
the reverse transcription (rt) step was omitted and no PCR pro-
ducts were detected (not depicted), suggesting that the results
were reflective of RNA expression and not contaminating geno-
mic DNA.

Immunocytochemistry and Confocal Immunofluorescence
Microscopy

Isolated serous acinar cells and acini were plated on glass cover-
slips (coated with Cell-Tak) for ~30-45 min in Solution B. Cells
and acini were then fixed with a solution of 4% formaldehyde
in Dulbecco’s PBS (DPBS; w/Ca® and Mg*"; GIBCO BRL) for
20 min at room temp. Following aspiration of the fixative solution
and three washes with DPBS (~5 min each), the coverslips were
incubated for 1 h at room temp in DPBS containing 1% BSA, 1%
normal goat serum, and 0.15% saponin. Primary antibody incuba-
tion was performed overnight at 4°C in the same solution. Anti-
NHEI1 antibody (NHE1-1A) was used at a final concentration of
~10 pg/ml. As a control for antibody specificity, NHEI antigenic
blocking peptide (NHE1-1P) was preincubated with 1° anti-NHE1
antibody at a concentration of 50 pg/ml (fivefold excess by
weight) for ~1 h at 4°C. Polyclonal rabbit antiserum against
NKCC1 (o-wCT; directed against the C terminus of rat NKCCI;
Parvin et al., 2007) was used at a 1:300 dilution. Anti-CFTR mono-
clonal antibody 24-1 was used at a final dilution of 1:100. The
specificity of CFTR immunostaining with 24-1 was previously dem-
onstrated by use of serous acinar cells isolated from the ¢fty?!""/~
mice and by inhibition of immunostaining by an antigen-containing
C-terminal CFTR peptide (Lee etal., 2007).
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Following 1° antibody incubation and three subsequent washes
with DPBS, the coverslips were incubated in solution containing
Alexa-Fluor (AF)-labeled 2° antibody (AF488 anti-mouse IgG,
AF568 anti-rabbit IgG, or both as appropriate; Molecular Probes)
for ~1-2 h at room temp. After three final washes in dPBS,
the coverslips were mounted on slides using Vectashield mount-
ing medium for fluorescence (Vector Laboratories) containing
1.5 pg/ml 4°,6 diamidio-2-phenylindole (DAPI). Slides were stored
in the dark at 4°C and viewed on an inverted Nikon microscope
equipped with a 60x (1.4 N.A.; Nikon Plan Apochromat) objec-
tive lens. Immunofluorescent staining was visualized using the
488 and 568 lines of an Ar/Kr-ion laser attached to a Perkin
Elmer Ultraview LCI spinning-disc confocal system. DAPI was
visualized via wide-field fluorescence microscopy by moving a
filter cube (containing a 400-nm Ip dichroic mirror) into the light
path to reflect light from a Xe-arc lamp (filtered through a
380/10-nm bp filter) to the specimen for epi-illumination. DAPI
emission was collected and filtered through a 450-nm lp filter
housed in the cube and detected by the same camera used for the
confocal imaging.

Data Analysis
All data analysis and graphing was performed using Excel or Igor
Pro Software (Wavemetrics, Inc.). Data are reported as mean +

800

time (s)

HCO,; HEPES

to CCh stimulation. (A) Representative ex-
periments showing pH; (black circles; left
axes) and cell volume (red triangles; right
axes) responses of SNARF-loaded serous
acinar cells to stimulation with 100 pM CCh
in COy—-HCO; -buffered solution, showing
transient acidification occurring concomi-
tantly with CCh-induced cell shrinkage/
Cl™ efflux followed by a prolonged alka-
linization. Upon removal of agonist, pH;
relaxed back to near resting levels. A sec-
ond identical response was observed upon
reapplication of agonist (second panel).
(B) Representative traces from cells stimu-
lated with CCh in nominally CO,-~HCOj -
free (HEPES-buffered) solution, resulting
in ~50% smaller acidification (compared
with COo~HCO3™ conditions) but a similar
subsequent pH; increase. (C) Summary of
resting pH; (left), CCh-induced pH; de-
crease (middle), and CCh-induced OH™ eq
flux (right) in CO,-HCOg3 - and HEPES-
buffered conditions. (D) Summary of cell
shrinkage (left) and Cl™ fluxes (right).

1200

*%*

SEM (s.e.m.) unless standard deviation (s.d.) is indicated. Image
processing was performed using Perkin Elmer Ultraview Software
and/or Image]. Statistical significance/P values were determined
using Student’s two-tailed ¢ test. A P value of <0.05 was considered
statistically significant. For all bar graphs, a single asterisk repre-
sents P < 0.05, a double asterisk represents P < 0.01, and n.s. rep-
resents no statistical significance.

RESULTS

CCh Stimulation of Isolated Serous Acinar Cells Causes a
Transient Acidification that Is Reduced in the Absence of
CO,-HCO;~

Serous acinar cells loaded with the pH; probe SNARF-
5F exhibited a resting pH; of 7.17 + 0.01 (n=>51) in 5%
COo—25 mM HCO; -buffered medium (Solution A)
that remained stable in most cells for >30-45 min of ob-
servation. Cells and acini that initially exhibited a slowly
drifting or unstable pH; (~15% of cells) were allowed
to equilibrate for 3-5 min without illumination. Typi-
cally, a steady-state pH; near 7.2 was observed after this
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rest period, and these cells/acini were used for experi-
ments. However, cells that did not reach a steady-state
pH; after 3-5 min (<5% of all observed cells) were dis-
carded. No differences were observed in the responses
of cells with a preliminary slight pH; drift and an imme-
diately stable resting pHi.

SNARF-loaded serous acinar cells and acini stimu-
lated with 100 pM CCh in CO,-HCO;™ medium exhib-
ited a marked decrease in cell volume of 19 + 2% within
70 £ 11 s (n=9) that reversed upon removal of agonist
to >95% resting volume after 310 +52's (n=9; Fig. 3 A).
These responses were similar to previously reported ob-
servations (Lee et al., 2007), suggesting that SNARF
loading was not toxic to Cl™ efflux and influx pathways
previously characterized. Additionally, CCh stimulated a
transient pH; decrease (acidification) of 0.08 + 0.01 pH
units within 49 + 6 s (n=9) that occurred concomitantly
with the cell shrinkage (Fig. 3 A). This was followed
immediately by an alkalinization above the resting pH;
level (7.35 +0.02; n=10). Upon washout of agonist, pH;
returned to near resting levels within 500 + 90 s and re-
mained stable until subsequent restimulation (Fig. 3 A,
second panel). In nominally CO,—HCO; -free solution
(Solution B, buffered with HEPES and gassed with
100% Oy), the cells exhibited an alkalinized resting pH;
(7.33 £ 0.02; n = 37; Fig. 3, B and C), likely due to the
lack of intracellular H" formed by the reaction of dis-
solved CO, with HyO to form HyCO3 (which dissociates
to HCO;  and HY). Serous cells in CO—HCOs -free
buffer exhibited a CCh-induced acidification of 0.03 +
0.01 pH units (n = 10; Fig. 3, B and C), smaller than the
acidification observed in CO,—HCO3™ buffer (P < 0.01).
However, the time to peak acidification (59 + 9 s) was
not different. In contrast to the reduced initial acid-
ification, the subsequent CCh-induced alkalinization
remained intact in the absence of CO,-HCO;™, as pH;
increased to 7.47 £ 0.05 (n=9). No differences were ob-
served in the magnitude or rate of CCh-induced cell
shrinkage (20 + 1% within 74 + 7 s; n = 8) or cell swelling
upon CCh removal (time to return to >95% V, = 297 +
44 s; n = 8) in HEPES-buffered conditions compared
with COo,—HCO; -buffered conditions. These results are
summarized in Fig. 3 (C and D) and suggest that COy—
HCOs is required for maximal CCh-induced acidification,
but not for the activation of the observed alkalinization
mechanism nor for either normal cell shrinkage (Cl1~
efflux) or cell swelling (CI™ influx).

Serous acinar cell buffering capacity measurements
were performed to enable extrapolation of pH; changes
to magnitudes of base equivalent (OH™ eq) fluxes (Fig. 2).
In COs—HCOs3 -containing medium, the peak net OH™
eq flux during CCh-induced acidification was —0.23 +
0.04 meq-liter '-s™! (n = 11; Fig. 3 C). This peak OH"~
eq flux coincided with the peak CCh-induced net CI™
flux of —1.8 + 0.4 meq-liter '-s™! (n=11; Fig. 3 D). Con-
firming the similar kinetics of the initial CCh-induced

acidification and cell shrinkage (as shown in the traces
in Fig. 3), the peak OH™ eq and CI™ fluxes occurred
concomitantly, at 19 + 2 and 17 + 2 s, respectively (n.s.),
after the onset of cell shrinkage. In HEPES-buffered
conditions, the initial OH™ eq flux during CCh stimula-
tion was —0.04 + 0.01 meq-liter '-s™!, equivalent to only
~19% of the flux observed in CO—HCO3 -buffered con-
ditions (P < 0.01). In contrast, the CCh-induced peak
Cl™ flux in HEPES buffer (—1.9 + 0.3 meq-liter 's™';
Fig. 3 D) was identical to that observed in CO,—HCO3~
buffer (n.s.). As observed in CO,—-HCO;", the peak
CCh-induced ClI” and OH™ eq fluxes occurred con-
comitantly, at 20 = 4 and 22 + 4 s, respectively, after the
onset of cell shrinkage. These values were not different
from each other or those observed in CO,—HCO3™ buf-
fer. These results demonstrate that the CCh-induced
OH™ eq flux during the initial CCh-induced acidifi-
cation was strongly CO,—HCO; -dependent. In con-
trast, the CI™ efflux underlying the CCh-induced cell
shrinkage was unaffected by the presence or absence of
CO,-HCOs"™.

Inhibition of Na*/H* Exchange Increases the Magnitude of
and Prolongs the CCh-induced Acidification

The marked alkalinization subsequent to the rapid tran-
sient CCh-induced acidification suggested that, in addi-
tion to the initial CCh-induced net OH™ eq efflux, an
alkalinization mechanism is also activated during CCh
stimulation. The most ubiquitous cellular pH; control
mechanism is plasma membrane Na'/H' exchange,
mediated primarily by the SLCIA family of Na'/H" ex-
change proteins (NHEs; for reviews see Orlowski and
Grinstein, 2004; Zachos et al., 2005). At least 10 NHE
isoforms have been cloned from mammalian cells (for
review see Orlowski and Grinstein, 2004). The main
plasma membrane NHE isoforms (NHE1-5 and possi-
bly 8) are believed to operate with an electroneutral 1:1
Na":H" stoichiometry. NHEI is ubiquitous, where it
plays a crucial role in pH; homeostasis (for review see
Masereel et al., 2003). In addition, NHEs can have spe-
cialized roles in secretory and absorptive epithelia, in-
cluding sustaining secondarily active Cl~ secretion (via
basolateral NHEI activity in concert with basolateral
Cl”/HCOs™ [anion] exchange [AE], as observed in pa-
rotid acinar cells; Robertson and Foskett, 1994; for re-
view see Melvin et al., 2005) and mediating H* secretion
and/or Na' absorption (via apical NHE2 and/or NHE3
activity, as observed in the gastrointestinal tract and kid-
ney; for review see Zachos et al., 2005). Because of their
ubiquitous nature, as well as evidence that NHE activity
is up-regulated upon muscarinic stimulation in exocrine
acinar cells from parotid gland (Robertson and Foskett,
1994; Robertson et al., 1997; Evans et al., 1999; Park
etal., 2001), pancreas (Brown et al., 2003), and sublingual
mucous glands (Nguyen et al., 2000), we hypothesized
that CCh-induced NHE activity mediated the sustained
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Figure 4. DMA enhances and pro-
longs CCh-induced acidification.
(A) Representative experiment show-
ing enhanced and prolonged CCh-
induced acidification in serous acinar
cells exposed to 30 pM DMA in
presence of CO,—HCOs™. (B) After
removal of CCh, 30 pM DMA signi-
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alkalinization observed upon prolonged stimulation of
serous acinar cells.

The amiloride-derivative 5-(N,N-dimethyl)amiloride
(DMA) is a potent inhibitor of NHE activity (for review
see Masereel et al., 2003). We previously showed that
30 pM DMA (a saturating concentration for many NHE
isoforms) affected neither CCh/Ca*-induced cell shrink-
age (CI” secretion) nor cell swelling (Cl™ uptake) upon
restoration of resting [Ca?*]; (Lee et al., 2007). This
suggests that paired NHE/AE activity is not critical for
maintenance of Cl™ secretion in airway gland serous
cells, in contrast with the important role these proteins
serve in sustaining parotid gland CI~ secretion (Robertson
and Foskett, 1994). The effects of DMA on agonist-
induced pH; changes were measured in SNARF-loaded
serous acinar cells. Exposure of cells to 30 pM DMA
alone had little affect on resting pH;, resulting in a
maximal acidification of only 0.02 + 0.01 pH units in
COs—HCOs™ buffer (n=6) and 0.01 + 0.01 pH units in
HEPES buffer (n = 14) after prolonged (>300 s) expo-
sures. In contrast to its minimal effect on resting pH;,
DMA strongly enhanced the CCh-induced acidification

cch

4 CCh +DMA, CCh  +DMA

not affect cell swelling (Cl™ uptake).
(C) Serous cells in COo—HCO; -free
conditions stimulated with CCh in
L ] the presence of DMA exhibited small

n.s. acidification nearly identical to that
observed in DMA-free conditions.
However, DMA strongly blocked the
subsequent pH; increase observed in
presence of CCh alone. (D) Sum-
mary comparing CCh-induced acidi-
fication (left) and OH™ eq flux data
(right) + 30 pM DMA in CO,-HCO;"-
and HEPES-buffered conditions.

cch '

in CO,~HCOs™ buffer. After ~60-100 s pretreatment with
30 pM DMA, acinar cells were stimulated with 100 pM
CCh in the continued presence of DMA. CCh caused
pH; to drop by 0.17 + 0.02 pH units (n = 8; Fig. 4 A, sum-
marized in D), a greater than twofold increase compared
with CCh stimulation in the absence of DMA (P < 0.01).
The peak CCh-induced OH™ eq flux in the presence
of DMA (—0.36 + 0.03 meq-literfl-sfl; n = 8) was also
increased compared with that observed during stimula-
tion with CCh alone (P < 0.05; Fig. 4 D). Additionally,
DMA treatment profoundly inhibited the alkalinization
that typically followed the transient CCh-induced acid-
ification (compare Fig. 4 A with Fig. 3 A) and substan-
tially slowed pH; recovery after removal of CCh (Fig. 4 B),
as described in more detail below.

In contrast, the small CCh-induced acidification in
HEPES-buffered solution was not enhanced by the pres-
ence of 30 pM DMA (0.05 + 0.01 pH units; n = 14; Fig.
4 C, summarized in D). In HEPES buffer, the peak CCh-
induced OH™ eq fluxin the presence DMA (—0.05+0.01
meq-liter '-s™'; n = 14) was also not different compared
with that observed in the absence of DMA (summarized
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Figure 5. Blocking the driving force for conductive HCO3™ efflux
significantly inhibits CCh/DMA-induced acidification. (A) Repre-
sentative experiments showing serous acinar cells stimulated with
100 pM CCh after pretreatment with 30 pM DMA in high (89 mM)
[K*],/low (103 mM) [Cl ], conditions (Solution G), demonstrat-
ing that both cell shrinkage and acidification are blocked under
these conditions. (B) Mean CCh-induced pH; decrease and cell
shrinkage (top graph) along with peak CCh-induced OH™ eq and
CI™ fluxes (bottom graph) in Solution A (normal [K'],/[C]"],)
vs. Solution G (high [K'],/low [CI],). Asterisks represent signifi-
cance when compared with 100 pM CCh stimulation in Solution
A'in the presence of 30 pM DMA.

in Fig. 4 D). However, the subsequent alkalinization
observed after the transient initial CCh-induced drop
(as seen in Fig. 3 B) was totally absent in the presence

of DMA (Fig. 4 B), suggesting that NHE mediates the
prolonged alkalinization during CCh stimulation in the
absence of CO,—HCOs . In agreement with previous
observations that DMA did not affect secretagogue-
induced CI” content dynamics, neither CCh-induced
cell shrinkage nor the CCh-induced peak CI™ flux was
affected by DMA. In CO,~HCO3;™ buffer in the presence
of DMA, cells shrunk by 21 + 1% within 72 + 11 s with a
peak Cl” flux of —1.7 + 0.3 meq-liter s~ (n=8), values
nearly identical to those measured during CCh stimula-
tion in the absence of DMA. The presence of DMA also
had no effect on CCh-induced cell shrinkage in HEPES
buffer (20 + 1% within 76 + 7 s) or peak CCh-induced
Cl™ flux (—=1.5+0.1 meq~liter’1~s’1; n =14). DMA did
not affect the similar initial kinetics of cell shrinkage
and acidification in either buffer, as evidenced by the
traces in Fig. 4. In CO,—-HCOs™, the initial peak OH™
eq flux and Cl” flux occurred concomitantly at 17 = 5
and 16 + 3 s, respectively, after the onset of cell shrink-
age. Identical observations were made in HEPES buf-
fer, with peak OH™ and Cl™ fluxes occurring at 19 + 3
and 17 + 7 s after the onset of cell shrinkage (n.s. com-
pared with each other and compared with values in COy—
HCO;™ buffer).

These data suggest that NHE activity is up-regulated
during CCh stimulation of serous acinar cells, which
minimizes the magnitude of the initial acidification pre-
sent in COs—HCO; -containing medium and causes the
subsequent CO,-HCOj; -independent alkalinization.
Before further investigation of this CCh-activated NHE-
mediated alkalinization (as described below), we first
determined whether the initial CCh-induced net OH™ eq
efflux underlying the observed acidification was indeed
caused by an efflux of cellular HCO3™ content reflective
of HCOj3™ secretion.

Reducing the Driving Force for HCO;™ Efflux Blocks CCh-
induced Acidification

To test if CCh-induced acidification was caused by HCOs~
efflux, ion substitution was used to eliminate the driv-
ing force for HCO;~ movement, and the subsequent
effects on CCh-induced pH; changes were observed.
At the resting pH; of ~7.2, with [HCO;™ ]; = ~16 mM
and [HCO;™ ], = 25 mM, the Nernst equilibrium poten-
tial for HCO3™ (Egcos.) = ~—12 mV. Therefore, with the
cell membrane potential (V,,) = Eycos. = —12 mV, the
driving force for net HCO;™ flux should be eliminated.
Since stimulation of serous cells with CCh was previ-
ously shown to result in net efflux of a large quantity
(>40 meq liter ') of cellular KCI (Lee et al., 2007), it
was assumed that K" and ClI” permeabilities are domi-
nant in setting V,, during CCh stimulation, and that
changing [K'], and [C]"], so both Ex and E¢; = =12 mV
would clamp V,, at =12 mV and abrogate the driving
force for conductive HCO;™ efflux. The mean resting
[CI™]; was previously determined to be ~65 + 4 mM
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in serous acinar cells (Lee et al., 2007). While not di-
rectly measured, [K']; was assumed to be ~140 mM, a
typical [K']; value as measured in other mammalian
cells (for review see Foskett, 1990b). Thus under nor-
mal conditions ([Cl ], = 135 mM; [K*], =5 mM), E¢ =
~—19 mV and Ex = ~—87 mV. From the Nernst equa-
tion, it was calculated that lowering [Cl™ ], to 103 mM
and raising [K'], to 89 mM would set E¢; = Ex = Eycos =
—12mV.

Serous acinar cells were stimulated with 100 pM CCh
in the presence of 30 pM DMA (to accentuate the ob-
served CCh-induced acidification by blocking subsequent
NHE-mediated alkalinization) in COo—HCO3 -buffered
solution containing 103 mM [Cl"], and 89 mM [K'],
(Solution G; Fig. 5 A). The maximal CCh-induced acid-
ification in high [K'],/low [C]l™], buffer + DMA was
0.032 = 0.008 pH units (n = 10), and the maximal CCh-
induced OH™ eq flux was —0.07 + 0.02 meq-liter '-s™!
(n=10; summarized in Fig. 5 B). These values are both
~80% smaller than those observed during CCh stimu-
lation in normal [K'],/[Cl ], CO-—HCOs buffer in
the presence of DMA (P < 0.01 for both). Additionally,
cell shrinkage was also almost completely blocked, as
expected since [K]; - [Cl]; = [K], - [Cl], and thus the
driving force for KClI efflux had been nearly eliminated.
Maximal CCh-induced shrinkage was reduced to 3 + 1%
with maximal Cl” flux of —0.23 + 0.17 meq-liter '-s™'
(n = 10; summarized in Fig. 5 B). These measurements
correspond to ~84% and 86% inhibition, respectively,
compared with observations during CCh stimulation
in the presence of DMA in normal [K'],/[CI”], buffer
(P < 0.01 for both). These results indicate that CCh-
induced acidification requires conductive efflux of cel-
lular HCOs™, suggesting that the acidification reflects
cholinergic-stimulated HCO;~ secretion occurring con-
comitantly with CI~ secretion.

CFTR Is Not Required for CCh-induced Acidification

The above data demonstrate that CCh stimulation is
associated with an efflux of HCO3;™ from serous acinar
cells. We considered the possibility that this may occur
through the same permeability that mediates the CCh-
induced Cl™ efflux. We previously demonstrated that
CCh-induced CI™ efflux does not depend on CFTR, as it
was not reduced in acinar cells isolated from ¢fi™ V"¢ /~
knockout mice (lacking functional CFTR; for review see
Grubb and Boucher, 1999) or in acinar cells exposed to
the CFTR inhibitor CFTR;,,172 (Lee et al., 2007). To
now examine whether CCh-induced HCOs™ efflux re-
quires CFTR function, we again used acinar cells iso-
lated from the ¢ft"™'""/“mice. Acinar cells isolated
from ¢ft™'""”/“mice stimulated with 100 pM CCh in
the presence of 30 pM DMA were observed to shrink ro-
bustly (21 +2%) with a peak CCh-induced Cl™ efflux of
—2.2+0.2meq Cl” liter 's™' (n=9; unpublished data).
Shrinkage was accompanied by an acidification of 0.20 +
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Figure 6. NFA inhibits CCh/DMA-induced acidification and
cell shrinkage/Cl™ efflux, suggesting that both CI” and HCOs~
effluxes occur through a similar CI” channel pathway. (A) Rep-
resentative experiment showing that application of 100 pM NFA
completely blocked CCh-induced cell shrinkage/Cl™ efflux with-
out significantly inhibiting CCh-induced [Ca®]; signals. (B) Rep-
resentative experiment showing that NFA blocks CCh-induced
acidification (~80%) in the presence of 30 pM DMA. NFA in-
hibited cell shrinkage to a similar extent. (C) Summary of acidi-
fication and cell shrinkage (top) along with peak CCh-induced
Cl” and OH"™ eq fluxes (bottom). Asterisks represent significance
compared with 100 pM CCh stimulation in the presence of 30 pM
DMA but in the absence of NFA.

0.02 pH units with a peak CCh-induced OH™ eq flux of
—0.31 £ 0.05 meq OH" liter ' s™! (n = 10; unpublished
data). These values were not different from those observed
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Figure 7. Inhibition of NKCC does not affect CCh-induced pH;
dynamics, suggesting that CCh/DMA-induced acidification is not
dependent on changes in [Cl™]; and that NFA block of HCOs™
efflux is not dependent on block of CI™ efflux. (A) Recovery of
pH; after CCh + DMA-induced acidification was not dependent
on influx of C1” (cell swelling; blocked with 100 pM bumetanide).
(B) Representative experiment showing NFA inhibition of CCh +
DMA:-induced acidification under conditions of low [Cl™ ]; (shrunken
cell with CI™ uptake inhibited by bumetanide).

in Wt acinar cells (as reported above), suggesting that
CFTR does not contribute to either the magnitude or
rate of CCh-induced Cl~ or HCO;3™ efflux.

The CI~ Channel Blocker Niflumic Acid Strongly Inhibits
both CCh-induced Cell Shrinkage/Cl~ Efflux and CCh-
induced Acidification/HCO;~ Efflux

Because CCh-induced loss of CI™ (Lee et al., 2007) or
HCO;™ content does not depend on CFTR, we hypothe-
sized that another CI™ channel, possibly a Ca%*-activated
Cl” channel, serves as the CI~ efflux pathway during cho-
linergic stimulation. The nonspecific Cl” channel blocker
NFA inhibits several types of heterologously expressed
and endogenous Ca*-activated Cl~ currents (for review
see Hartzell et al., 2005) and inhibits CCh-evoked fluid
secretion from intact murine submucosal glands (ITanowski
et al., 2007). We therefore examined the effects of NFA
on both agonistinduced Cl™ secretion and acidification.
We hypothesized that NFA inhibition of the secretory C1™
channel would block agonistinduced cell shrinkage as
well as OH™ eq efflux. First, however, control experiments
were performed to examine whether NFA interfered with
CCh-triggered Ca** signaling.

Serous cells loaded with fura-2 exhibited a 100 pM
CCh-induced peak [Ca*]; of 468 + 57 nM followed by a
plateau [Ca*]; of 177 + 17 nM (n = 10; unpublished
data) in the absence of NFA (control conditions). The
presence of either 10 or 100 pM NFA had no effect on
these [Ca*]; levels. The CCh-induced peak and plateau
[Ca®']; values were 397 + 37 and 182 + 11 nM, respec-
tively, in the presence of 10 pM NFA (7 = 9) and 431 +
61 and 188 + 60 nM, respectively, in the presence of 100
BM NFA (n = 5; Fig. 6 A). Nevertheless, while the CCh-
induced increase in [Ca*]; was accompanied by a 20 +
2% shrinkage within 62 + 8 s (n = 6) in the absence of
NFA, the magnitude and rate of CCh/ Ca’*-induced cell
shrinkage was reduced to 15 + 2% within 85 + 6 s in the
presence of 10 pM NFA (n = 8; P < 0.05 for both values).
CCh-induced cell shrinkage/Cl™ efflux was nearly com-
pletely inhibited with 100 pM NFA (Fig. 6 A; max shrink-
age =4 + 2%; n=5; P < 0.01 compared with control),
despite the robust CCh-evoked [Ca*], response. These
observations indicate that NFA blocks Cl™ efflux with-
out inhibiting the CCh/muscarinic receptor Ca* sig-
nal, suggesting that NFA directly inhibits the secretory
Cl™ channel.

Exposure of acinar cells to 100 pM NFA + 30 pM DMA
(to magnify any observed acidification) in the absence
of CCh had little effect on either pH; or cell volume
(Fig. 6 C). The maximal observed acidification was 0.01 +
0.01 pH units and maximal observed shrinkage was 0 +
1% (n="T7) after prolonged (>300 s) exposure. When
acinar cells were stimulated with 100 pM CCh in the
presence of both 30 pM DMA and 100 pM NFA, both
cell shrinkage and acidification were severely reduced
(Fig. 6 B, summarized in C). CCh caused pH,; to fall by
only —0.04 + 0.01 pH units with a peak OH™ eq flux of
—0.05 + 0.01 meq OH liter '-s™! (n = 7). This corre-
sponded to ~76% and 86% inhibition of the acidifica-
tion and OH™ eq flux, respectively, compared with CCh +
DMA application in the absence of NFA (P < 0.01 for
both). NFA also reduced CCh-induced cell shrinkage (4 +
1%) and peak C1™ flux (—0.27 £0.12meq Cl"-liter s~ ;
n = 7). This corresponded to ~80% and ~84% in-
hibition, respectively, compared with CCh application
in the presence of DMA alone (P < 0.01 for both values;
summarized in Fig. 6 C). The identical magnitudes of
the effects of NFA on HCO;™ and CI™ effluxes suggest
they occur through a similar CI™ channel pathway.

Block of HCO;™ Efflux by NFA Is Not a Secondary Effect of
Blocking CI™ Efflux

Another possible interpretation of the NFA inhibition
of the CCh-induced acidification is that the normal fall
in [CI™]; caused by CCh stimulation provides a driving
force for HCOs ™ efflux through a CI" /HCOs~ exchanger,
and that NFA blocks the apparent HCO;™ efflux indi-
rectly by blocking Cl~ channel-mediated Cl~ efflux.
However, this mechanism seems unlikely due to the
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reproducible kinetic correspondence of the CCh-induced
acidification (HCO;™ efflux) and cell shrinkage (Cl1~
efflux). Nevertheless, to rule out a dependence of CCh-
induced OH™ eq efflux on the Cl”~ gradient, we examined
the effect of NFA on pH; in cells with reduced [CI™ ]
Serous acinar cells were stimulated with 100 pM CCh in
the presence of 30 pM DMA and 100 pM bumetanide
(Fig. 7 A), the latter to block NKCC1-mediated Cl™ up-
take (as previously shown in Lee etal., 2007). Following
removal of CCh and DMA, pH; returned to resting lev-
els (time to 50% pH; recovery 190 + 40 s; n = 4), but
bumetanide prevented CI™ uptake and volume recov-
ery. Under these conditions, [Cl™]; was ~30 mM, as
demonstrated previously (Lee et al., 2007). Restimula-
tion of the shrunken [Cl™ ];-depleted cells with CCh in
the presence of 30 pM DMA led to another acidification
that was similar to that associated with the first stimula-
tion. This second acidification was nearly completely
blocked by 100 pM NFA (Fig. 7 B; representative of
three experiments), demonstrating that NFA inhibits
agonist-induced acidification even under conditions of
low [Cl™ ;. These results strongly suggest that the block

Ngd

N »

> LAY
@1%\1'0

A

<—NHE6
(385 b.p.)

4= NHE7
(403 b.p.)

Figure 8. NHE isoform mRNA transcript ex-
pression in murine airway gland serous acinar
cells. Messenger RNAs harvested from small air-
way gland serous acini were amplified and sub-
ject to rtPCR using NHE isoform-specific primers
(shown in Table II). (A-I) Representative EtBr-
stained agarose gels showing PCR products demon-
strating expression of NHE isoforms 1-9. Serous
acinar cells (SMG acinar aRNA) expressed NHEs
1,2, 3,4, 7,8, and 9. These isoforms were also
detected in RNA isolated from nasal tissue.

(226 b.p.)

of HCO;™ efflux by NFA is a direct effect, and not a sec-
ondary effect of blocking the concomitant Cl~ efflux.

Expression of NHE isoform mRNA Transcripts in Serous
Acinar Cells

Taken together, the above data suggest that CCh stimu-
lation induces an acidification caused by a net loss of
OH" equivalents reflecting secretion of HCO;3~ though
a Cl” channel pathway. Because CCh also caused a pro-
longed DMA-sensitive alkalinization following the im-
mediate acidification, we hypothesized that NHE could
function as a mechanism to maintain HCO;~ efflux by
extruding protons and alkalinizing pH; during sustained
secretion (i.e., activated CI” and HCOj;™ efflux path-
ways). Because [COy]; is clamped equal to [COs], as a
consequence of the high membrane permeability to
COs, this alkalinization would promote the hydration of
COy to carbonic acid, which would then dissociate to
form HCO;3;™ and H" (for reviews see Roos and Boron,
1981; Boron, 2004), keeping [HCOs]; elevated. To de-
termine which NHE isoform (s) are responsible for alka-
linizing pH; during muscarinic stimulation, and whether
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Figure 9. The NHEI isoform is the major al-
kalinizing mechanism during CCh stimulation.
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1 pM DMA (B), 30 pM DMA (not depicted), 100
PM DMA (C), 0.5 pM EIPA (notdepicted), 1.5 pM
cariporide (D), or 0.8 pM S3226 (E; open bars).
Scales of x axes are identical, with the time of
CCh removal set as ¢ = 0 to facilitate comparisons
among experiments. All experiments performed
in presence of CO,-HCO;3™. (F) Summary from
replicate experiments as shown above. Low con-
centrations of DMA and EIPA (1 pM and 0.5 pM,
respectively) and the NHEI inhibitor cariporide
inhibited alkalinization similarly to a high con-
centration of DMA (100 pM), whereas the NHE3
inhibitor 3226 had no effect. Asterisks represent
significance compared with buffer only. (G) Rep-
resentative experiments of serous cells stimulated
with 100 pM CCh in the presence of either 1 pM
DMA (left trace), 1.5 pM cariporide (middle),
or 1 pM S3226 (right). Cells stimulated in pres-
ence of DMA or cariporide exhibited enhanced
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this alkalinization could serve as a mechanism for sus-
taining HCO;™ secretion, we used a combination of
targeted gene expression profiling, pharmacology, and
immunocytochemistry.

The mRNA transcript expression of various known NHE
isoforms was evaluated using single-cell aRNA amplifi-
cation (Van Gelder et al., 1990; for review see Eberwine,
2001) followed by reverse transcription (rt)-PCR using
NHE transcript-specific primers (listed in Table II).
Single small homogenous serous acini (three to four
cells; as described in Materials and methods) were iso-
lated and subject to aRNA amplification followed by
rtPCR using NHE isoform-specific primers. As controls,
TRIzol-extracted RNA from brain, kidney, and salivary
(parotid) gland was also used, as well as RNA amplified
from small parotid acini using the aRNA method. NHEI
mRNA was detected in all samples used in these studies,
including aRNA amplified from small submucosal gland

800 1200
time (sec)

prolonged acidification, while cells exposed to
§3226 showed only transient acidification.

serous and parotid acini (Fig. 8 A). Surprisingly, NHE2
and NHE3 transcripts were detected in RNA amplified
from serous acinar cells and intact nasal turbinate tissue
(Fig. 8, B and C). Neither NHE2 nor NHE3 was detected
in RNA amplified from parotid acini (Fig. 8, B and C),
but both transcripts were detected in RNA isolated from
intact parotid gland (Fig. 8, B and C), in agreement with
their expression in salivary gland ducts (Robertson et al.,
1997; Park et al., 1999). As expected, NHE2 and NHE3
transcripts were detected in RNA isolated from kidney
(unpublished data).

The physiological roles and expression patterns of
the remaining isoforms are much less well studied.
NHE4, shown to be expressed in the basolateral mem-
branes of secretory and possibly absorptive epithelia
(for review see Zachos et al., 2005), was detected in all
RNA samples examined (including RNA from serous
acinar cells and parotid acinar cells; Fig. 8 D). NHED,
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expressed mainly in brain ((Baird et al., 1999; for review
see Orlowski and Grinstein, 2004), but also in spleen,
skeletal muscle (Klanke et al., 1995), and sperm (Wang
etal., 2003), was not detected in any of the samples tested
(including submucosal gland acinar cells) except for
brain RNA (Fig. 8 E). NHE6, NHE7, NHES, and NHE9,
believed to be ubiquitous and primarily intracellular
(Nakamura et al., 2005), although NHE8 may also be
apically expressed in renal cortex and/or medulla (Goyal
et al., 2003, 2005; Becker et al., 2007; Kang’ethe et al.,
2007; Zhang et al., 2007), were detected in RNA samples
isolated from nasal, parotid, and kidney tissue, as well
as serous acinar cells and parotid acinar cells (Figs. 8,
F-I). Neither the sperm-specific NHE isoform termed
mspermNHE (Wang et al., 2003) nor the osteoclast-
specific NHE10 (Lee et al., 2008) were examined here.

These gene expression data suggest that transcripts
for all of the well-characterized plasma membrane iso-
forms thought to be involved in epithelial ion/fluid se-
cretion and absorption (NHE1-4) were detected in serous
acinar cells, in contrast to the parotid acinar cells, where
only NHE1 and NHE4 were detected. The variety of
plasma membrane NHEs expressed in serous cells dic-
tated that other methods were needed to determine which
of these isoform(s) was/were required for the alkalini-
zation observed during CCh stimulation.

The NHE1 Isoform Predominantly Contributes to
Alkalinization during CCh Stimulation and during pH;
Recovery from CCh/DMA-induced Acidification

To elucidate the contributions of different NHE iso-
forms to agonistinduced alkalinization in submucosal
gland serous acinar cells, several NHE inhibitors were
used to construct a pharmacological profile of the ob-
served alkalinization mechanism. As described above,
stimulation with 100 pM CCh in the presence of 30 pM
DMA led to an enhanced and prolonged acidification
of ~0.2 pH units. To test the effects of NHE inhibitors
on pH; recovery following this agonist-induced acidifi-
cation, acinar cells were acidified by stimulation for ~90 s
with CCh in the presence of 30 pM DMA (as shown in
Fig. 9, A-E, solid black bars), followed by removal of
CCh and exposure of the cells to different concentra-
tions of DMA or other NHE inhibitors (Fig. 9, A-E,
open bars). Upon removal of both CCh and DMA (“buf-
fer only” conditions), pH; rapidly alkalinized to resting
levels (time for recovery to 50% resting pH; = 172 + 17 s,
n =7; Fig. 9 A). However, when CCh was removed and
cells were exposed to a low concentration of DMA (1 pM;
Fig. 9, B and F), pH; recovery was slowed by >2.5-fold.
The time to 50% pH; recovery in the presence of 1 pM
DMA was 480 =49 s (n=4; P <0.01 compared with buffer
only). The time for the return to 50% of resting pH; in
the presence of 30 pM DMA (524 + 41 s; n=7; Fig. 9 F)
was also slower than the recovery observed in the pres-
ence of buffer alone (P < 0.01), but not enhanced (n.s.)

beyond that observed in the presence of 1 pM DMA. A
higher concentration of DMA (100 pM; Fig. 9, C and F)
also increased the time to 50% pH; recovery (565 + 57 s,
n=4) compared with buffer alone (P <0.01). However,
the inhibition observed with 100 pM DMA was not in-
creased beyond that observed with 30 pM DMA. These
data are summarized in Fig. 9 F, and demonstrate that
1 pM DMA is a near-saturating concentration. Reported
ICsy values (in pM) of DMA for NHEI, 2, and 3 are
~0.023, 0.25, and 14, respectively (for review see Masereel
etal., 2003). The lack of enhanced inhibition with [DMA]
> 1 pM suggests that DMA-sensitive alkalinization is
mediated by NHE1 and/or 2, typically classified as the
“amiloride-sensitive” isoforms (for reviews see Masereel
et al., 2003; Zachos et al., 2005). In agreement, a low
concentration of another amiloride derivative, 5-(N-
ethyl-N-isopropyl)amiloride (EIPA; 0.5 pM) also slowed
pHi recovery (trace not depicted, summarized in Fig. 9 F;
559 + 31 s to 50% pH; recovery, n = 5) compared with
buffer only (P < 0.01). The inhibition of pH; recovery
with 0.5 pM EIPA was nearly identical to the inhibition
observed with 30 pM DMA (n.s.). EIPA has ICs, values
(in pM) of 0.01, 0.08, 2.4, and 2.5-10 for NHEs 1, 2, 3,
and 4, respectively (Chambrey et al., 1997, 2001; Masereel
etal., 2003). The strong inhibition observed with 1 pM
DMA and 0.5 pM EIPA suggests that the DMA-sensitive
component of the observed alkalinization is mainly due
to the contributions of NHE1 and/or NHE2.

To further confirm the identity of the isoform(s) in-
volved, we used the benzoylguanidine inhibitor caripo-
ride (HOE 642), a strongly potent and selective NHE1
inhibitor. Previously reported 1Cs, values for caripo-
ride are (in pM) ~0.03 for NHEI, 4.3 for NHE2, >100
for NHE3 (Masereel et al., 2003), and >500 for NHE4
(Chambrey et al., 2001). A low dose of cariporide (1.5
pM) strongly inhibited pH; recovery after CCh + DMA-
induced acidification (Fig. 9, D and F; time to recovery
to 50% pH; = 511 £ 59 s, n="7; P < 0.01 compared with
buffer only). This was not different than the inhibition
observed with 30 pM DMA (n.s.). In marked contrast, a
low dose (0.8 pM) of the specific NHE3 inhibitor S3226
showed no inhibition of pH; recovery after CCh + DMA-
induced acidification (Fig. 9, E and F; time to return to
50% resting pH; = 157 + 20 s, n = 5). The IG5, value for
$3226 is 0.02 pM for NHE3, compared with 3.6 pM for
NHEI and ~80 pM for NHE2 (Schwark et al., 1998).
Taken together, these data suggest that NHE] is the pri-
mary NHE isoform contributing to pH; recovery after
CCh + 30 pM DMA-induced acidification.

In a separate experimental protocol, serous acinar
cells were stimulated with 100 pM CCh in the presence
of a low dose of DMA (1 pM), cariporide (1.5 pM), or
S$3226 (1 pM). In the presence of DMA or cariporide,
a sustained and enhanced acidification was observed
(Fig. 9 G, first and second panels). The CCh-induced
acidification was 0.20 + 0.03 U with 1 pM DMA (n = 3)
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and 0.21 + 0.03 U with 1.5 pM cariporide (n = 4). This
CCh-induced acidification was increased compared
with that observed during stimulation with CCh alone
(P < 0.01) but was identical to that observed during
CCh stimulation in the presence of 30 pM DMA (n.s.).
However, 100 pM CCh in the presence of 1 pM S§3226
(Fig. 9 G, third panel) caused only a transient acidifica-
ton (0.05 + 0.01 units; n=8) that was not different from
that observed during stimulation with CCh alone (n.s.)
but less than the acidification observed during CCh
stimulation in the presence of 1 pM DMA (P < 0.01)
or 1.5 pM cariporide (P < 0.01). Taken together, these
data suggest that NHE1 is the major NHE isoform that
contributes to alkalinization of pH; during conditions
of CCh stimulation.

Figure 10. Confocal immuno-
fluorescence microscopy indicates that
NHEI localizes to the basolateral mem-
brane of serous acinar cells and acini.
(A) Isolated, fixed serous acini exhib-
ited NKCC1 immunofluorescence lo-
calized to the basolateral membranes.
Top and bottom panels represent two
separate focal planes imaged through
same acinus. (B) Basolateral NKCCI1
immunofluorescence did not overlap
with CFTR, shown previously to be an
apical serous cell marker. (C) NHEI
immunostaining revealed basolateral
immunofluorescence pattern similar to
that for NKCCI. (D) NHEI immuno-
fluorescence did not overlap with CFTR
immunofluorescence. (E) Preincubation
of NHE1 antibody with antigenic peptide
reduced NHE] immunofluorescence.
Micrographs in E taken with identical
system settings (filters, camera gain, ex-
posure time, laser power) as used for im-
ages in D. Scale bar in each micrograph
represents 10 pm.

NHE1 Is Expressed on the Basolateral Membrane of
Serous Acinar Cells

For the observed CCh-induced NHEI activity to indeed
serve as a mechanism for sustaining HCO;~ secretion,
NHEI expression must be localized to the basolateral
membrane of the serous epithelium. If NHEI were in-
stead localized to the apical membrane, HCO;™ secre-
tion would be neutralized by the parallel efflux of H"
into the acinar lumen. The localization of NHE1 was in-
vestigated by confocal immunofluorescence microscopy
of isolated fixed acini and acinar cells using a polyclonal
antibody against NHE1. As a control, immunostain-
ing was also performed using a polyclonal antibody to
NKCCI, a well-characterized protein expressed on the
basolateral membrane of secretory epithelia (for reviews
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Figure 11. Removal of Na’, enhances CCh-in-
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recovery. Representative experiments illustrating
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see Gerelsaikhan and Turner, 2000; Haas and Forbush,
2000). Strong NKCC1 immunofluorescence was detected
along apparent basal and lateral membranes of serous
acini (Fig. 10 A), in agreement with functional and
genetic evidence of NKCCI expression in murine serous
acinar cells (Lee et al., 2007), and functional data sug-
gesting NKCC contributes to CCh-induced fluid secre-
tion from intact murine submucosal glands (Ianowski
et al., 2007). NKCC1 immunofluorescence did not
overlap with immunofluorescence for CFIR (Fig. 10 B),
previously shown to be expressed apically in serous
acini (Engelhardt et al., 1992; Jacquot et al., 1993; Lee
etal., 2007). The distinct patterns of NKCC1 and CFTR
immunostaining support the basolateral localization
of the NKCCI immunofluorescence pattern. A similar
basolateral immunofluorescence pattern was observed
for NHE1 (Fig. 10 C). NHEI immunofluorescence also
did not overlap with CFTR immunofluorescence (Fig.
10 D). When NHEI antibody was preincubated with ex-
cess antigenic peptide, NHE1 immunofluorescence was

CCh DMA 0-Na* CCh DMA 0-Na*

CCh-induced acidification, and lacked pH; or vol-
ume recovery upon removal of CCh. (D) Removal
of Na*, in HEPES buffer (Solution D) also caused
prolonged acidification, with realkalinization
upon reintroduction of Na*,. (E) CCh stimulation
in HEPES-buffered 0 Na* solution enhanced CCh-
induced acidification, but to a smaller extent than
observed in CO,—~HCOs™ buffer. (F) Summary of
CCh-induced acidification (left) and peak OH™ eq
fluxes (right) in Na'-containing and 0 Na" COy—
HCO;3; and HEPES buffers.

cch cch'

significantly reduced while CFTR immunofluorescence
was unaffected (Fig. 10 E), supporting the specificity
of the NHE] immunostaining. These data indicate that
that the basolateral membrane is the major site of NKCC1
and NHEI expression in serous acinar cells, consistent
with the hypothesis that NHE1 plays a crucial role in
HCOs;™ secretion during CCh stimulation.

Removal of Extracellular Na* Leads to a Slow Prolonged
Acidification and Completely Inhibits pH; Recovery after
CCh-induced Acidification, but Does Not Significantly
Enhance the Initial CCh-induced OH™ Eq Flux

The above data suggest that NHEI is the main NHE iso-
form contributing to alkalinization during CCh-stimulated
fluid secretion and during pH; recovery from CCh-
induced acidification, and suggest that NHEI localiza-
tion would permit it to function in maintaining HCO;~
secretion. However, other pH; regulatory mechanisms
exist in serous acinar cells, as evidenced by the ability of
cells to alkalinize, albeit very slowly, in the presence of
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100 pM DMA. It is possible that Na™-linked DMA-insensitive
transporters, for example Na'-HCO;~ cotransporters
(NBCs), may be involved. The Na* dependence of both
resting pH; regulation and pH; recovery after CCh-in-
duced acidification was evaluated using 0 Na' solutions
(Na'isosmotically replaced by NMDG"). In CO~HCO; -
buffered conditions, removal of Na* from the extracel-
lular medium led to a continuous acidification (Fig. 11 A),
suggesting that Na' is required for regulation of rest-
ing pH;. The acidification was slow (0.01 + 0.003 pH
unit-min~' during the first 10 min of observation),
with a maximal net OH™ eq flux of —0.04 + 0.01 meq
OH liter "min"! (n = 6). CCh stimulation in 0 Na*
COs-HCOs™ buffer (Fig. 11, B and C) caused an imme-
diate fast drop in pH; of 0.20 + 0.01 U (7 = 8). This was
~2.5-fold larger than the acidification observed with
CCh stimulation in normal Na'-containing COs—HCO3~
buffer (P < 0.01) and also slightly larger than that
observed with CCh stimulation in Na'-containing COo—
HCOs;™ buffer in the presence of 30 pM DMA (P <0.05).
The peak CCh-induced OH™ eq flux in Na'-free COo—
HCO;™ buffer was —0.44 + 0.07 meq OH -liter 's™!
(n = 8). This value was approximately twofold larger than
that observed with CCh stimulation in Na'-containing
COy-HCO;™ buffer (P < 0.01) but nearly identical to
that observed during CCh stimulation in Na'-containing
CO,-HCO;™ buffer in the presence of 30 pM DMA (n.s.).
CCh-induced acidification and OH™ eq flux values are
summarized in Fig. 11 F.

The fact that CCh-induced OH™ eq efflux and acidifi-
cation in 0 Na' solution were only slightly enhanced
compared with those observed in Na'-containing solu-
tion with saturating [DMA] strongly suggests that NHE1
is the major alkalinizing mechanism activated during
CCh stimulation. However, the slow alkalinization mech-
anisms observed in cells stimulated with CCh in the
presence of DMA were absent in cells stimulated with
CCh in 0 Na' buffer, as cells continued to acidify after
the initial CCh-induced drop (Fig. 11 C) regardless of
whether CCh was removed. The complete lack of pH;
recovery in 0 Na' solution suggests that the DMA-insen-
sitive pH; recovery mechanism(s) observed in the cells
are strongly dependent upon extracellular Na'. In con-
trast, 0 Na* conditions did not affect CCh-induced cell
shrinkage (23 + 1%) or maximal Cl~ flux rate (—1.7 +
0.2 meq-Cl ™ -liter ":s™'; n=8) compared with CCh stim-
ulation in Na'-containing buffer (n.s.). However, cell
swelling upon removal of CCh was completely blocked in
0 Na' conditions (Fig. 11 C), likely due to total inhibition
of NKCCI.

In the absence of CO~HCO;3 ", removal of Na" (0 Na*
Solution D; Fig. 11 D) also caused pH; to fall (—0.03 +
0.01 pH unit-min~" during the first 10 min of observa-
tion), faster than that observed under 0 Na* conditions
in the presence of CO,—-HCO;™ (P < 0.05). However, this
apparent increased rate was due to the reduced buffer-

ing capacity of cells lacking Brcos., as the peak net OH™
eq flux (—0.05 + 0.02 meq OH ™ -liter "-min""; n="7) was
not increased beyond that observed in 0 Na" COo—
HCO;™ buffer (n.s.). The initial CCh-induced acidifica-
tion (0.04 + 0.01 pH units) and OH™ eq flux values
(—0.05 + 0.01 meq OH liter "“min"!; n = 5) in 0 Na*
HEPES-buffered solution were identical to those ob-
served during CCh stimulation in Na*-containing HEPES
buffer (n.s.). However, the CCh-induced acidification
and OH™ eq flux values in 0 Na" HEPES buffer were
only ~25% and ~12%, respectively, of those observed
in 0 Na" CO,—HCO;~ buffer (P < 0.01 for both; Fig. 11,
E and F). Nevertheless, as observed in CO,—HCO3™ buf-
fer, cells exhibited no ability to recover either pH; or
cell volume under Na'-free CO,—HCOjs -free conditions
(Fig. 11 E), as pH; continued to acidify for >30 min of
observation. Taken together, these data suggest that DMA-
insensitive Na'-dependent pH; regulatory mechanisms
are involved in maintenance of resting pH; and full re-
covery after agonistinduced acidification.

DISCUSSION

Serous Acinar Cells Secrete HCO;™ in Response to
Muscarinic Stimulation

Exocrine gland fluid secretion is mediated by a com-
plex set of ion channels and transporters acting in con-
cert and subject to intricate feedback and regulatory
mechanisms (for review see Melvin et al., 2005). The
generalized model of epithelial fluid secretion dictates
that secondarily active basolateral transport (coupled to
the Na' gradient and membrane potential generated by
the Na'/K" ATPase) leads to accumulation of anions
(CI", HCOg") inside the secretory cell at concentrations
above their electrochemical equilibrium. During secre-
tion, these anions can exit across the apical membrane,
with basolateral K" channels allowing for efflux of K" and
maintenance of electroneutrality. The resulting negative
transepithelial potential draws Na® across the epithe-
lium, likely through a paracellular pathway, and osmoti-
cally obliged water follows the movement of the Na"and
Cl™ ions. We previously examined the mechanisms of
fluid secretion in airway submucosal gland serous aci-
nar cells from murine nasal tissues, by imaging agonist-
induced cell volume changes to track changes in cell
solute content, along with fluorescence microscopy
of ion indicator dyes (Lee et al., 2007). Serous cells
stimulated with CCh shrank by ~20% in response to a
muscarinic-induced increase in [Ca®]; and stimulation
of Ca**-activated membrane permeabilities. Cell shrink-
age was caused by efflux of >60% of cell Cl” content
associated with activation of CI™ secretion. Sustained
Cl™ secretion required the activity of the NKCC1 co-
transporter, with no apparent involvement of coupled
Na'/H" and ClI" /HCO;~ exchangers.
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In this study, the capacity of acinar cells to secrete
HCOs;™ was evaluated. We performed quantitative mea-
surements of pH; at rest and during cholinergic stimula-
tion. Because changes in cell volume provide information
regarding the fluid secretory state of the cells, cell vol-
ume was measured simultaneously with pH;. Our results
indicate that cholinergic stimulation of fluid secretion
is associated with activation of two major mechanisms
that acidify and alkalinize the cells, respectively, that
together mediate HCOj™ secretion. Several pieces of
evidence suggest that the initial rapid acidification was
caused predominately by HCO;™ efflux. First, the mag-
nitude of the acidification was greatly enhanced by the
presence of CO,—HCOs™ in the medium. This was par-
ticularly evident when activation-induced alkalinization
mechanisms (Na“/H* exchange) were inhibited. Im-
portantly, elimination of the electrochemical driving
force for conductive HCOs™ efflux (clamping V,, = Ecos.)
by manipulation of the concentrations of K" and CI°,
the two major ions that determine membrane potential
in acinar cells, nearly completely eliminated the acidifi-
cation. This result suggests that the acidification is me-
diated by HCO;™ efflux, and furthermore that the efflux
mechanism is conductive.

The Nature of the HCO;™ Efflux Pathway

The kinetics of the agonistinduced acidification closely
followed the kinetics of Cl1™ efflux, as the time course of the
initial cell shrinkage and acidification were similar, and the
maximum CI~ and OH™ eq efflux rates coincided tempo-
rally. These results suggest that the HCO;~ conductance
pathway might be the same as that for CI". We found that
neither CI™ nor HCO;™ efflux in response to CCh was de-
pendent on CFTR, as they were unaffected in cells isolated
from ¢f"™"""/~ mice (this study and Lee et al., 2007).
This result was not surprising considering that CCh-evoked
secretion rates measured from murine ¢fi"™'""”/~ submu-
cosal glands are identical to rates observed in Wt glands
(Tanowski et al., 2007). To test the involvement of other
Cl” channels, we examined the effects of the nonspecific
ClI” channel inhibitor NFA, previously shown to inhibit
CCh-evoked fluid secretion from intact murine submuco-
sal glands (Tanowski et al., 2007) . We found that NFA inhib-
ited CCh-induced Cl™ efflux from isolated serous cells,
strongly suggesting that non-CFIR CI~ channels account
for cholinergic-induced Cl™ secretion in murine serous ac-
inar cells. Importantly, NFA also nearly completely blocked
the cholinergic-induced acidification. The temporal coin-
cidence of the CI” efflux and HCO; -dependent acidifica-
tion and their similar pharmacological sensitivities together
suggest that HCOs™ efflux is mediated by the same path-
way that mediates Ca*-activated Cl~ efflux.

An important caveat to use of isolated cells is lack of
information regarding the apical vs. basolateral polar-
ization of the ion transport mechanisms examined, in
particular the ClI- and HCOs™ efflux pathways experi-

mentally examined here. Itis possible that a component
of the C1I” and HCO;3™ efflux we observed is mediated
by basolaterally localized CI~ channels. However, the ac-
cepted model of exocrine gland CI™/fluid secretion
(for review see Melvin et al., 2005), supported by data
from intact tissue preparations, is that the majority of
secretagogue-regulated anion conductances are local-
ized to the apical membrane, as basolaterally localized
anion channels would “short circuit” the vectoral anion
transport that drives fluid secretion. Cultured primary
tracheal ciliated epithelial cells possess basolateral Cl1™
channels (Fischer et al., 2007), but these likely play a
role in fluid absorptive properties of the surface epithe-
lium. Basolateral ClI”~ channel expression has not been
directly demonstrated for serous or other submucosal
gland cell types. The simplest and most likely interpre-
tation of our results is that the majority of secretagogue-
stimulated Cl™ efflux we observed reflects CCh-evoked
Cl™ secretion through the secretory Cl™ channel(s), as
concluded in studies in other dispersed secretory acinar
cells (for review see Melvin etal., 2005). This interpreta-
tion is further strongly supported by the similar NFA
sensitivity of both CCh-induced acinar cell Cl™ efflux
and intact gland fluid secretion.

Assuming that almost all of the CCh-stimulated OH™ eq
efflux represents HCO;™ efflux (as the ion substitution
data suggest), and that the efflux pathway for Cl” and
HCOj;™ is the same (as the NFA data suggest), then the
values determined for HCO3™ and Cl™ fluxes can be
used to provide a rough estimate of the CI":HCO;™ con-
ductance ratio of the anion efflux pathway. The flux (J)
is equal to the product of the conductance (G) and the
driving force (DF), or J = G - DF, and Ja../Jucos- = (Ga. -
DFc1)/ (Ghcos- - DFncos.) -

The driving force is equal to the sum of the electrical
and chemical driving force. While the membrane poten-
tial in these experiments is unknown, the electrical driv-
ing force for HCOs;™ and CI™ efflux is the same since
both are monovalent anions, allowing the electrical term
to be ignored and requiring only a comparison of the
concentration ratios. Thus, Jao./Jucos- = (Ga. -+ ([Cl7 ]/
[C171,)) / (Gucos - ([HCO3™];/[HCO;™1,)). At resting
pH; = 7.2 and pH, = 7.4, [HCO; " ];,/[HCO; " ], = 16 mM/
25 mM = 0.64. Assuming resting [Cl” |; = 65 mM, [C]" ],/
[CI"], = 65 mM/135 mM = 0.48. Using the efflux rates
determined during stimulation with CCh in the pres-
ence of 30 pM DMA, —1.7 meq-liter '-s™' and —0.36
meq'literfhsf1 for CI" and HCO;", respectively, G/
Gucos. = (—1.7-0.64)/(—0.36 - 0.48) =1.1/0.17 = 6.5.

This estimation gives a CI"/HCOs~ conductance of
~6.5, similar to C1" /JHCO3;~ conductance values (~5)
previously reported for Ca*-activated Cl~ channels (Qu
and Hartzell, 2000; for review see Hartzell et al., 2005).
The ratio of fluxes and their mutual NFA sensitivity sug-
gest that a Ca®-activated Cl~ channel serves a dual role in
serous acinar cells as the primary cholinergic-activated
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secretion pathway for both C1I” and HCOs ™. The iden-
tity of this Ca*-activated Cl~ channel(s) in the airway
is/are yet to be determined, as is the expression of poten-
tial candidate channel proteins (bestrophins, etc.) in
submucosal gland serous cells.

Taken together, our data suggest that CCh induces
HCO;™ secretion from airway gland serous cells. Previous
work has demonstrated that cholinergic-induced fluid
secretion by intact murine and porcine glands is signifi-
cantly blocked by removal of CO,—HCO;~ from the ex-
tracellular medium (Inglis et al., 1997a, 1998; Ballard
et al., 1999; Joo et al., 2001a,b, 2002b; Ianowski et al.,
2007). While these data suggest that HCO;3 ™ plays an im-
portant role in secretion, they are difficult to interpret,
since inhibition could be caused by either a primary de-
fect of serous cell secretion or defective modification of
secreted fluid elsewhere in the gland. Our results sug-
gest that CCh-evoked murine serous cell fluid secretion
does not depend strongly on the presence of HCO3 ™, as
we observed little effect of removal of HCO3~ on CCh-
evoked Cl™ dynamics, and our previous data showed that
basolateral CI~ accumulation is primarily dependent on
NKCC1 and not NHE/AE.

We previously concluded that serous cell volume
changes in response to CCh are due almost entirely due
to a loss of KCI content (Lee et al., 2007). Our results
here indicate that a portion also reflects loss of KHCOs.
However, the HCO3~ content lost is small, as [HCO3™ |,
would be expected to fall at most from ~16 mM (at
pHi = 7.2) to ~12 mM at (pH; = 7.0; the approximate
pH; after stimulation with 100 pM CCh + 30 pM DMA).
Taking into account the change in cell volume (V/V,
from 1 to ~0.8), the cells would have lost at most (16
meq-liter ' x 1) — (12 meq-liter ' x 0.8) = ~6.4
meq-liter ' of HCO;~ content. This is approximately
sevenfold less than the 44 meq-liter ' of C1~ content lost
during CCh stimulation (Lee et al., 2007). In reality, the
cells lose even less, because activation of NHE]1 restores
lost HCO3™ content by raising pH; and enabling CO, to
be continuously hydrated to form HCO;™.

Optical measurements of conductive CI” and HCO;~ ef-
fluxes are not as direct as electrophysiological characteriza-
tion of HCO3™ and CI™ currents. However, we have found
patch clamp electrophysiology of murine serous acinar
cells to be challenging because seal formation is rare, likely
due to the presence of connective tissue that has been dif-
ficult to remove without overdigesting and killing the cells.
Alternately, our optical approaches have enabled study of
these pathways in intact cells with intact signal transduction
mechanisms, and they have enabled us to elucidate the
contributions (or lack thereof) of electroneutral processes
such as Na*'/H" or CI" /HCO; ™~ exchange.

NHE1 Sustains HCO3;~ Secretion
Our data suggest that NHEI activity in airway serous aci-
nar cells is strongly up-regulated in response to CCh

stimulation. Aside from the ubiquitous role of NHEI in
pH; homeostasis in almost all cell types, NHE1 has been
coopted by secretory epithelia to serve a variety of func-
tions. Basolaterally expressed NHE1 functions in com-
bination with CI"/HCO;~ exchangers to facilitate C1~
accumulation and sustain transepithelial C1™ secretion
in the parotid gland (Robertson and Foskett, 1994; for
review see Melvin et al., 2005). However, in the murine
airway submucosal gland serous cells studied here, the
primary function of NHEI appears to be to raise pH;
during stimulated fluid secretion. By keeping pH; ele-
vated during agonist-activated HCO;™ efflux, basolat-
eral NHEI can act as a major mechanism to sustain
HCO;3™ secretion.

Ballard and colleagues demonstrated that DMA inhib-
ited >50% of bumetanide-insensitive liquid secretion and
nearly 50% of HCO;™ secretion by excised porcine bron-
chi (Trout et al., 1998a, 2001) and that DMA affected the
composition of fluid and mucus secreted from intact
porcine submucosal glands (Inglis et al., 1997a, 1998;
Trout et al., 1998b). Our results here suggest that those
observations could be accounted for, at least in part, by
DMA inhibition of NHEI-dependent sustained HCO3~
secretion from submucosal gland serous acini. In the
future, the methods described here will be translated to
isolated porcine serous cells to test this hypothesis.

The molecular mechanisms of cholinergic activation
of NHE1 in murine airway serous acinar cells is unclear.
It is unlikely that the initial HCO3~ efflux is a signal,
since agonist-induced alkalinization was observed in the
absence of a strong initial acidification when the cells
were stimulated in COo—HCO; -free conditions. Musca-
rinic activation of NHEI in salivary acinar cells is medi-
ated by increased [Ca®*;, independent of calmodulin
and PKC (Manganel and Turner, 1989, 1990, 1991;
Okada et al., 1991; Robertson et al., 1997), whereas re-
combinant NHEI requires calmodulin and/or PKC for
agonist-induced activation (for reviews see Putney etal.,
2002; Malo and Fliegel, 2006). Whether these pathways
are required for NHEI activation in airway serous aci-
nar cells remains to be determined.

Our data support the existence of other Na'-dependent,
but DMA-insensitive, mechanisms in serous cells that play
an important role in regulating resting pH;, in agreement
with conclusions reached in intact porcine submucosal
glands (Hug and Bridges, 2001). The identity and role of
other H' and/or HCO; -linked transporters, including
NBC isoforms, remains to be elucidated.

Possible Importance of Serous Cell HCO;™ Secretion for
Normal and Pathogenic Airway Fluid Homeostasis

The secreted fluid product from intact submucosal glands
has been consistently determined to be near or slightly
less than neutral pH (Jayaraman et al., 2001; Joo et al.,
2001a; Song et al., 2006). However, our results suggest
that serous acinar cells secrete a primary alkaline fluid.
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Unless serous cells possess unknown mechanisms to
further modify rates or amounts of HCO;™ secretion
that have remained undetected in our experiments,
these results suggest that fluid secreted by serous cells
may be modified by other cell types during its transit
to the airway surface epithelium. It is possible that an
initial alkaline pH of the primary secreted fluid is im-
portant as it washes past mucous cells and hydrates re-
leased mucous granules. Modifications of the primary
secreted fluid may be accomplished by ion transport
mechanisms in mucous and/or collecting duct cells
that are still unknown. The methods presented here
could be adapted to study ion transport pathways in
these cell types.

In the genetic disease CF, it has been speculated that
lung disease may be due not only to a reduced quantity,
but also to altered composition of the ASL. In particu-
lar, it has been speculated that HCO;™ secretion and
regulation of ASL pH may play an important role in CF
pathology (for review see Quinton, 1999, 2001). It has
been suggested that CF ASL may be acidic compared
with normal ASL (for review see Coakley and Boucher,
2001), and that isolated intact submucosal glands from
CF patients produce a hyperacidic product compared
with control glands (Song et al., 2006), although the
mechanisms involved are unknown. Our data suggest
that serous acinar cells can support HCO;™ secretion in
response to cholinergic stimulation, likely through a
Ca*"-activated Cl~ channel. Because cholinergic-stimu-
lated secretion in CF submucosal glands is intact, this
supports the possibility that the Ca*-stimulated secre-
tion pathway and/or alternative CI~ channels may be
important therapeutic targets for CF treatment if im-
pairment of cAMP-activated HCOs™ secretion from se-
rous cells contributes to CF pathology. However, it still
remains to be determined if serous acinar cells secrete
HCOs;™ in response to cAMP agonists, and whether any
cAMP-induced HCO;™ secretion is altered in cells lack-
ing functional CFTR. In the future, the optical tech-
niques developed and outlined in this study will be used
to examine the role of cAMP and CFTR in serous cell
HCOs;™ secretion to begin to address whether this pro-
cess is impaired in CF.
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