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Activation of an apical Ca2�-dependent Cl� channel (CaCC)
is the rate-limiting step for fluid secretion in many exocrine tis-
sues.Here,we compared theproperties of nativeCaCC inmouse
submandibular salivary gland acinar cells to the Ca2�-gated Cl�

currents generated by Tmem16A and Best2, members from two
distinct families of Ca2�-activated Cl� channels found in sali-
vary glands. Heterologous expression of Tmem16A and Best2
transcripts in HEK293 cells produced Ca2�-activated Cl� cur-
rentswith time and voltage dependence and inhibitor sensitivity
that resembled the Ca2�-activated Cl� current found in native
salivary acinar cells.Best2�/� andTmem16A�/�micewere used
to further characterize the role of these channels in the exocrine
salivary gland. The amplitude and the biophysical footprint of
the Ca2�-activated Cl� current in submandibular gland acinar
cells from Best2-deficient mice were the same as in wild type
cells. Consistent with this observation, the fluid secretion rate in
Best2 null mice was comparable with that in wild type mice. In
contrast, submandibular gland acinar cells from Tmem16A�/�

mice lacked a Ca2�-activated Cl� current and a Ca2�-mobilizing
agonist failed to stimulate Cl� efflux, requirements for fluid secre-
tion. Furthermore, saliva secretion was abolished by the CaCC
inhibitor niflumic acid inwild type andBest2�/�mice.Our results
demonstrate that both Tmem16A and Best2 generate Ca2�-acti-
vated Cl� current in vitro with similar properties to those
expressed innative cells, yetonlyTmem16Aappears tobeacritical
componentof the acinarCa2�-activatedCl� channel complex that
is essential for saliva production by the submandibular gland.

A Ca2�-activated Cl� channel (CaCC)6 is the major apical
Cl� efflux pathway required for fluid secretion in exocrine
glands; however, the molecular nature of this channel remains
to be determined. Bestrophins (also known as BEST or VMD2)
aremembers of a family of CaCC found in epithelial tissues that
express Ca2�-activated Cl� currents (1–3). The recent discov-
ery of the TMEM16 (also termed ANO) family of CaCC (4–7)
introduces additional questions regarding the molecular iden-
tity of the epithelial CaCC. Both bestrophin and TMEM16
channels have been shown to generate Ca2�-activated Cl� cur-
rents in vitro that are dependent on physiological intracellular
Ca2� concentrations (4–6, 8–10).

TMEM16 and BEST Ca2�-activated Cl� channels (4–6, 8,
11–14) share many of the functional and pharmacological
properties of the CaCC expressed in native secretory cells (15–
18), unlike the other putative Ca2�-activated Cl� channels, i.e.
CLCA, CLC3, and TWEETY (19–22). Silencing of TMEM16A
by small interfering RNA transfection inhibited the short cir-
cuit current due to Ca2�-dependent Cl� secretion in primary
cultures of human bronchial epithelial cells and in the pancre-
atic cell line CFPAC-1 (4), as well as the swell-activated, Ca2�-
dependent current in numerous cell lines (23). However,
expressed mouse Tmem16A was markedly more sensitive to a
panel of anion channel blockers than the CaCC found in native
secretory cells, and importantly, knockdown of Tmem16A pro-
duced only a modest effect (�25% inhibition) on saliva secre-
tion (6) raising the possibility that another CaCC is present in
salivary gland acinar cells. Similarly, small interfering RNA to
Best1 suppressed endogenous Ca2�-activated Cl� currents in
airway and colonic epithelial cells (1, 24), whereas expression of
Best1 transcripts and CaCC activity were up-regulated in neu-
rons following injury (7), implying that Best1 encodes a Ca2�-
activated Cl� channel in these various cell types. Nevertheless,
the Ca2�-activated Cl� current in the retinal pigment epithe-
lium of Best1 null mice is normal (25). Accordingly, the func-
tioning of bestrophins in native tissue as Ca2�-dependent Cl�
channels remains controversial (11, 22). These results suggest
that the Ca2�-activated Cl� current in salivary gland acinar
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cells may involve multiple channels, possibly including a
TMEM16 and/or a BEST family member. Consequently, it is
important to determine whether other Ca2�-activated Cl�
channels, including members of the TMEM16 and BEST fami-
lies, are important in the functional formation of the Ca2�-
activated Cl� channel complex in the exocrine salivary gland
and other organ systems.
The human bestrophin gene family consists of four mem-

bers, BEST1–4 (also known as VMD2 and VMD2L1–L3,
respectively) (10, 26, 27), whereas the Tmem16 family has 10
members, TMEM16A–TMEM16K (or ANO1–ANO10) (6,
28). Three functional bestrophin homologues are present in the
mouse genome (29). Best3 generates numerous splice variants
in tissues such as the mouse brain, retina, kidney (29), and sal-
ivary glands (9). Salivary gland acinar cells express Best2, but
not Best1, as well as Best3-�2,3,6, a splice variant of the Best3
Ca2�-dependent Cl� channel (9). Because it lacks 132 amino
acids in the critical N-terminal domain (30, 31), Best3-�2,3,6
does not produce Ca2�-dependent Cl� currents, nor does it
regulate Best2 channel activity (9). If a bestrophin codes for the
CaCC current in the exocrine salivary gland, it is not likely to be
Best3. Therefore, we have focused onBest2 in this study. On the
other hand, TMEM16A protein is also detected in exosomes
isolated from human parotid saliva (32) as well as in the apical
membrane of mouse salivary gland acinar cells (6), suggesting
that this channelmay be part of theCa2�-activatedCl� channel
complex in salivary gland cells.
To explore these possibilities, we evaluated the role of the

Tmem16A and Best2 channels in the exocrine mouse subman-
dibular salivary gland. Heterologous expression of mouse
Tmem16A and Best2 generated Ca2�-activated Cl� currents
with similar properties to those expressed in native mouse sal-
ivary gland acinar cells. Nevertheless, disruption of Best2 failed
to change the properties of the Ca2�-activated Cl� current in
acinar cells or the fluid secretion rate in thesemice. In contrast,
Tmem16A�/� mice lacked stimulated Cl� efflux, an index of
fluid secretion, and Ca2�-activated Cl� current. We conclude
that Tmem16A, but not Best2, is an important functional ele-
ment of the Ca2�-activated Cl� channel complex in subman-
dibular gland acinar cells.

EXPERIMENTAL PROCEDURES

General Methods—Tmem16A�/� and Best2�/� mice were
generated and maintained as described previously (33, 34).
Mice were housed in micro-isolator cages with ad libitum
access to laboratory chow and water during 12-h light/dark
cycles. Gender- and age-matched (2–6 months old) littermate
wild type and Best2�/� animals were utilized. Because few
Tmem16A�/� mice survive more than 4 days past birth, 2–3-
day-old mice were used (34). C57BL/6 strain mice were
obtained from The Jackson Laboratories (Bar Harbor, ME),
the strain on which the Best2�/� and Tmem16A�/� mice were
maintained. All experimental protocols were approved by the
University of Rochester Animal Resources Committee. Mice
were rendered unconscious by exposure to CO2 and then killed
by exsanguination prior to removal of the submandibular
glands. Reagents were obtained from Sigma unless otherwise
specified.

Heterologous Expression of Mouse Tmem16A and Best2—To
characterize their function, mouse Tmem16A and Best2 were
expressed in HEK293 cells (HEK293-Tmem16A and HEK293-
Best2, respectively), a cell line that endogenously expresses lit-
tle if any Tmem16A or Best2. HEK293 cells were maintained in
growth medium (Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum) containing nonessential
amino acids (0.1 mM), sodium pyruvate (1 mM), L-glutamine
(2mM), penicillin and streptomycin (100�g/ml of each antibio-
tic) at 37 °C in a 5% CO2 atmosphere humidified incubator.
Reagents were obtained from Invitrogen.
Best2-inducible HEK293 cells were engineered with the

insertion of a single copy of the Best2 cDNA into the genome
(supplemental Fig. 1A). Best2 expression was induced by addi-
tion of tetracycline (2 �g/ml) to the growth medium. After
induction, the cells expressed Best2 mRNA as detected by
reverse transcriptase-PCR (supplemental Fig. 1B). Patch clamp
analysis revealed currents that were stimulated by intracellular
Ca2� and reversed near ECl as expected for a Cl� current. No
CaCC current was detected in non-tetracycline-induced
HEK293-Best2 cells (Fig. 2B, see arrow).
Primers (Integrated DNA Technologies, Coralville, IA) con-

taining KpnI and BamHI restriction sites (underlines) were
used to amplify the Tmem16A transcript from mouse
(C57BL/6) submandibular gland cDNA for insertion into
pcDNA3.1� (Invitrogen). PCRs were performed using Plati-
num�-Pfx DNA polymerase (Invitrogen) following the manu-
facturer’s protocol. The PCR products were digested and
ligated into pcDNA3.1� at the KpnI and BamHI sites and ver-
ified by direct sequencing. The primers were from 5� to 3�,
forward, GAGGCCGGTACCATGAGGGTCCCCGAGAAG-
TACTCGACG, and reverse, ACCGGATCCCTACAGCG-
CGTCCCCATGGTACTC.
HEK293-based Flp-InTM 293 cells (Invitrogen) were tran-

siently co-transfected with the mouse Tmem16A-pcDNA3.1�

construct (0.1 �g) and pmaxGFP (for positive visualization of
transfected cells; 0.25 �g; Lonza, Walkersville, MD), using
Lipofectamine 2000 (Invitrogen) as described previously (35).
Transfected cells were incubated in 5% CO2 at 37 °C overnight,
and experiments were performed the next day.

�-Galactosidase Staining—The Best2 gene was disrupted by
targeted insertion of the lacZ gene, replacing exons 1, 2, and
part of exon 3 (33). Consequently, expression of LacZ is driven
by the Best2 promoter, permitting detection of the endogenous
Best2 expression pattern. The submandibular glandswere fixed
in 0.2% paraformaldehyde in 0.1 M PIPES, pH 6.9, at 4 °C. Tis-
sues were rinsed in phosphate-buffered saline, equilibrated in
30% sucrose overnight, and embedded in Tissue-Tek (Sakura
Finetek) for sectioning. Frozen sections of 7�mwere post-fixed
in 0.2% paraformaldehyde on ice for 10 min, rinsed in phos-
phate-buffered saline with 2 mM MgCl2, and processed for
�-galactosidase staining as described previously (36).
Immunolocalization—Immunostaining was performed es-

sentially as described previously (37). Briefly, endogenous bio-
tin was blocked using an Avidin/Biotin blocking kit (Vector
Laboratories, Burlingame, CA). After biotin blocking, sections
stained for LacZ as above were incubated overnight with a rab-
bit anti-peptide polyclonal antibody (1:500 dilution) directed to
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a 17-amino acid sequence in the cytoplasmic region of rat
AQP5 (Calbiochem). For Tmem16A immunolocalization, sub-
mandibular glands from 2- to 3-day-old and 2- to 3-month-old
adultmicewere fixedwithBouin’s fixative andparaffin-embedded
(37). Sections were incubated overnight with a rabbit anti-peptide
polyclonal antibody (1:1000 dilution) directed to an amino acid
sequence (residues451–466;KDHPRAEYEARVLEKS) flankedby
putative transmembrane domains 2 and 3 in the mouse
Tmem16A protein (AbFrontier Co., Seoul, Korea). Bound immu-
noglobulinwas detectedwith theVectastain EliteABCkit (Vector
Laboratories), and peroxidase was visualized by incubation with
3,3�-diaminobenzidine (Vector Laboratories).
Ex Vivo Submandibular Gland (SMG) Perfusion—Ex vivo

SMG perfusion was performed essentially as reported previ-
ously (38). The perfusion solution contained (in mM) the fol-
lowing: 4.3 KCl, 120 NaCl, 25 NaHCO3, 5 glucose, 10 HEPES, 1
CaCl2, 1 MgCl2, pH 7.4. Solutions maintained at 37 °C were
gassedwith 95%O2, 5%CO2 and perfused at 0.8ml/min using a
peristaltic pump. The ex vivo gland was stimulated with a com-
bination of muscarinic and �-adrenergic receptor agonists (0.3
�M carbachol and 5 �M isoproterenol, respectively). Once the
gland began to secrete fluid (defined as time 0), stimulation was
continued for an additional 10 min. Saliva was collected in
precalibrated capillary tubes (Sigma), and volumes were re-
corded everyminute to calculate the flow rate (�l/min). The pH
was measured at the end of the saliva collection period using a
pH electrode (Thermo Scientific, Beverly, MA). Ex vivo saliva
samples were then stored at �86 °C until further analysis. Na�

and K� concentrations were analyzed by atomic absorption
using a 3030 spectrophotometer (PerkinElmer Life Sciences).
The Cl� concentration was analyzed with an Expandable Ion
Analyzer EA 940 (Orion Research).
Plasma Membrane Protein Isolation and Western Blot

Analysis—A 75-cm2 flask of Flp-InTM-293 cells was transiently
transfected with either Tmem16A-pcDNA3.1� or pcDNA3.1�

(empty vector). Cells were incubated 48 h post-transfection
with 0.25 mg/ml EZ-Link� Sulfo-NHS-SS-Biotin (Pierce) in
ice-cold phosphate-buffered saline for 30 min at 4 °C as de-
scribed previously (35). Scraped cells were centrifuged at 500�
g for 3 min (Allegra� X-15R Centrifuge, Beckman Coulter; Ful-
lerton, CA), and the resultant pellet was lysed on ice for 30 min
in 150 �l of lysis buffer containing Halt protease inhibitor mix-
ture (Pierce), followed by sonication (Sonifier S-450A; Branson,
Danbury, CT) and centrifugation at 10,000� g for 2min at 4 °C.
The supernatant was incubated with NeutrAvidin beads
(Pierce) for 60 min at 4 °C. Bound biotinylated proteins were
released by adding SDS-PAGE sample buffer containing 50mM

dithiothreitol.
Crude plasma membranes from submandibular salivary

glands from C57BL/6 and Best2�/� mice were isolated as
before (37). Minced glands were suspended in 1 ml of ice-cold
homogenizing buffer containing 250 mM sucrose (J. T. Baker
Inc.), 10mM triethanolamine, 1�g/ml leupeptin, and 0.1mg/ml
phenylmethylsulfonyl fluoride. Cells were homogenized with a
glass-Teflon tissue grinder and centrifuged at 4,000 � g for 10
min at 4 °C. The supernatant was saved, and the pellet was
resuspended and centrifuged in the same volume of homogeni-
zation buffer as before. The collected supernatants were pooled

and centrifuged at 22,000 � g for 20 min at 4 °C. The pellet was
suspended in the same buffer and centrifuged at 46,000 � g
(Beckman Coulter SW28 Ti rotor) for 30 min at 4 °C to obtain
the crude plasma membrane fraction.
ForWestern blot analysis, 50 �g of the submandibular crude

plasmamembrane fraction or 15�g of the biotinylated fraction
from transfected Flp-InTM-293 cells were heated at 55 °C for 20
min prior to separation in a 10% SDS-PAGE Tris-glycine mini-
gels (Bio-Rad). Protein was transferred overnight at 4 °C onto
polyvinylidene difluoride membranes (Invitrogen) using a
transfer buffer containing 10 mM CAPS, pH 11, in 10% metha-
nol. Membranes were blocked overnight at 4 °C with 5% nonfat
dry milk in 25 mM Tris, pH 7.5, 150 mM NaCl (TBS) prior to
incubation with anti-Tmem16A antibody (Open Biosystems,
Huntsville, AL) at 1:500 dilution, in TBS, 2.5% nonfat dry
milk solution at 4 °C overnight. The rabbit anti-peptide poly-
clonal antibody was generated by simultaneous introduction
of three unique amino acid sequences of mouse Tmem16A
located between the predicted transmembrane domains
TM2 and TM3 (FEEEEDHPRAEYEARVLEKSLR) and be-
tween domains TM5 and TM6 (MEECAPGGCLMELCIQL
and DREEYVKRKQRYEVDFNLE). After washing with Tris-
buffered saline containing 0.05% Tween 20 (TBS-T), the
membranes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (Pierce)
at a dilution of 1:2500 in TBS-T, 2.5% nonfat dry milk for 1
h at room temperature. Labeled proteins were visualized
by enhanced chemiluminescence (ECL detection kit; GE
Healthcare).
Electrophysiological Recordings—Single cells were prepared

from mouse submandibular glands as described previously for
acinar (39) and for granular duct (38) cells. Voltage clamp
experiments were performed using the standard whole-cell
patch clamp technique at room temperature. Electrophysio-
logical data were acquired using a PC-501A amplifier (Warner
Instrument, Hamden, CT) or an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA). Voltage pulses were gen-
erated with Clampex 9 software through a Digidata 1320A
interface (Molecular Devices, Sunnyvale, CA), which also
served to acquire the currents. Pipettes from Corning 8161
patch glass (Warner Instrument, Hamden, CT) were pulled to
give a resistance of 3–5 megohms in the solutions described
below. Ca2�-activated Cl� currents were recorded in an exter-
nal solution containing (in mM) the following: 155 tetraethyl-
ammonium Cl, 2 CaCl2, 1 MgCl2, 10 HEPES, pH 7.2, and the
pipette solution contained the following: 60 tetraethylammo-
nium Cl, 90 tetraethylammonium glutamate, 5 Ca2�-EGTA,
10 HEPES, pH 7.2. The level of free Ca2� was varied between 0
and 2.5 �M, estimated using the WEBMAXC calculator web-
site. In some experiments, the extracellular Cl� (150 mM) was
substituted with Br�, I�, NO3

�, or glutamate. In other experi-
ments, the external solution was supplemented with a Cl�
channel inhibitor, 2-[3-(trifluoromethyl)anilino] nicotinic
acid (NFA, niflumic acid), 4,4�-diisothiocyanatostilbene-
2,2�-disulfonate (DIDS), or anthracene-9-carboxylic acid
(A9C) at various concentrations or with 1 �M of the Ca2� iono-
phore ionomycin. In a significant fraction of HEK293 cells, a
transient anion current was observed in addition to the CaCC
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current. This current, which usually disappeared within 15min
after breakthrough, showed biophysical (i.e.weak outward rec-
tification and slow inactivation at positive potentials) and phar-
macological properties like VRAC, the volume-activated anion
current (40, 41). Recording of CaCC current was performed
only in the absence of VRAC as evidenced by the lack of both
voltage-dependent inactivation at positive potentials and sen-
sitivity of the current to 100 �M suramin (40).

The relative anion permeability was determined using the
GHK equation (42) modified as follows: PX/PCl � [Cl�]ob/([X]o
exp(�ErevF/RT)) � [Cl�]oa/[X]o, where [Cl�]ob and [Cl�]oa are
the chloride concentrations before and after extracellular anion
replacement; �Erev is the resultant reversal potential shift, and
F, R, and T have their conventional thermodynamic meanings.
The measured reversal potentials were corrected for the com-
puted liquid junction potentials (Clampex, Molecular Devices,
Sunnyvale, CA). The effectiveness of channel inhibitors was
evaluated by constructing the dose-response curve using the
following equation: I� (Imax � Imin)/((IC50/[Inh])n � 1), where
Imax and Imin are the maximum or minimum current ampli-
tudes, [Inh] is the inhibitor concentration, IC50 is the [Inh] to
block 50% of the current, and n is the Hill coefficient. The
[Ca2�] dependence of the currents was fitted with the Hill
equation of the form I � Imax/{1 � 10∧((logEC50 �
log[Ca2�])n)}, where EC50 is the concentration of Ca2� that
produces half-maximal activation of the channels, and n is the
Hill coefficient, and F-test was used for comparison. Statistical
analyses were done using Prism (GraphPad, La Jolla CA). Note
that the distribution of the best fit EC50 is not Gaussian,
whereas the distribution of logEC50 passes the normality test
(43). Therefore, the data were fit to the Hill equation written
in terms of logEC50 rather than EC50, and the standard errors
are provided for logEC50 values but not for EC50 values. Fit-
ting and statistical analyses were performed using either
Clampfit (Molecular Devices, Sunnyvale, CA), Origin (Ori-
gin Labs, Northampton, MA), or Prism (GraphPad, La Jolla
CA) software.
[Ca2�]i and [Cl�]i Measurements—SMG acinar cells were

isolated from age-matched littermate mice (Tmem16A�/�,
Tmem16A�/�, and Tmem16A �/�) 2–3 days post-birth and
prepared as described above (see under “Electrophysiological
Recordings”). The fluorescent dyes Fura-2 and SPQ were used
essentially as described previously for [Ca2�]i (44) and [Cl�]i
(45, 46)measurements, respectively. Cells were loadedwith dye
by incubation with either 2 �M Fura-2 AM (Invitrogen) for
10–20 min at room temperature or 5 mM SPQ (Molecular
Probes) for 30 min at 37 °C. Imaging was performed using an
inverted microscope (Nikon Diaphot 200) equipped with an
imaging system (Till Photonics, Pleasanton, CA). Images were
acquired at a rate of 1 Hz by alternate excitation at 340 and 380
nm (Fura-2) or excitation at 344 nm (SPQ), and emission cap-
tured at 510 nm using a high speed digital camera (Till Photon-
ics). Chamber volume was maintained at �400 �l. Cells were
superfused at a rate of 4 ml/min with the ex vivo perfusion
solution at 37 °C. For [Ca2�]i measurements, the fluorescence
ratio of 340 nm over 380 nm was calculated, and all data were
presented as the change in ratio units. [Cl�]i data are presented
as F0/F units essentially as described previously (45, 46), a ratio

generated by dividing the average fluorescence during the
1-min time period obtained at rest just prior to stimulation
(F0) by the fluorescence values (F) obtained throughout the
experiment.
Statistical Analyses—Results are presented as the mean �

S.E. Statistical significance was determined using unpaired
Student’s t tests where appropriate. Two-tailed p values of
less than 0.05 were considered statistically significant. With
more than two groups, statistical analysis was made by one-
way analysis of variance. The post hoc Bonferroni test was
applied with a threshold for statistical significance of p 	
0.05. All experiments were performed using three or more
separate preparations.

RESULTS

Ca2�-activated Cl�Currents in Submandibular Acinar Cells
and HEK293 Cells Expressing Mouse Tmem16A and Best2—A
CaCC is the major apical Cl� efflux pathway activated during
fluid secretion in exocrine salivary glands; however, the molec-
ular nature of this channel is unknown (47). Previous reports
demonstrate thatmembers of theTMEM16 (4–7) andBEST (8,
11–13) gene families encode Ca2�-activated Cl� channels with
properties much like those found in native tissues (1, 15–18).
TMEM16A was previously detected in a proteomics screen of
exosomal proteins isolated from human parotid saliva (32) and
in the apical membrane of mouse salivary acinar cells (6),
whereas mouse salivary gland acinar cells express transcripts
for Best2 (9). These studies suggest that one or both of these
channels might contribute to the Ca2�-activated Cl� channel
complex in salivary gland acinar cells. Direct sequencing con-
firmed that the Tmem16A and Best2 transcripts from the
mouse submandibular salivary gland are identical to those
reported previously (Tmem16A(a,c) splice variant, NCBI
accession number Q8BHY3; Best2, NCBI accession number
BC031186).
We next compared the properties of the CaCC currents gen-

erated in HEK293 cells expressing either mouse Tmem16A
(HEK293-Tmem16A) or Best2 (HEK293-Best2) to those in
native mouse SMG acinar cells. It is often difficult to directly
compare the results from studies of CaCC currents in native
cells and expression systems because of themany different con-
ditions and protocols employed (e.g. compare the different
properties of expressed Best2 in Fig. 1Cwith those in Ref. 9). To
control for such differences, we have used identical experimen-
tal conditions. Fig. 1 illustrates the general similarity of the
CaCC currents in mouse SMG acinar cells (Fig. 1A) and in
HEK293 cells expressing Tmem16A (Fig. 1B) or Best2 (Fig. 1C).
The CaCC current activated by 250 nM internal Ca2� was
recorded from a holding potential of �50 mV during voltage
clamp steps from �80 to �120 in 20-mV increments. All three
cells displayed hallmarks of epithelial CaCC currents, including
slow time-dependent current activation, de-activating tail cur-
rents upon repolarization (upper panels, Fig. 1, A–C), and
strong outward rectification (current plotted is Cl� current at
the end of the pulse; filled symbols, lower panels, Fig. 1, A–C).
Note that the CaCC currents were effectively inhibited by the
Ca2�-activated Cl� channel blocker NFA (100 �M; open sym-
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bols) in SMG acinar, HEK293-Tmem16A, and HEK293-Best2
cells (Fig. 1, A–C, respectively).
Collectively, the close resemblance of the Ca2�-activated

Cl� currents presented in Fig. 1, A–C, suggested that the
endogenous CaCC current in mouse SMG acinar cells may be
generated byTmem16A and/or Best2. Further investigations of
the functional properties of expressed Tmem16A and Best2
were consistent with this premise (Fig. 2). The normalized cur-
rent-voltage relations of the CaCC current activated by 250 nM
internal Ca2� for the three cell types showed strong outward
rectification that overlapped, indicating that their voltage de-
pendence was comparable (Fig. 2A). Note also that the normal-
ized current-voltage relation of the CaCC current activated by
high internal Ca2� (1 �M) was nearly linear in SMG acinar,
HEK293-Tmem16A, and HEK293-Best2 cells (Fig. 2A, inset),
another characteristic property of epithelial CaCC currents.
The Ca2� sensitivities of the CaCC currents generated by
expressed Tmem16A and Best2 were in the physiological range
and quite similar to that observed in native SMG acinar cells
(Fig. 2B, filled symbols). High internal Ca2� (1000 nM) failed to
activate a CaCC current in HEK293-Best2 cells that had not
been induced to express Best2 with tetracycline or in HEK293
cells transfected with green fluorescent protein (Fig. 2B, open
symbols, arrow). The anion permeability sequence of SMG aci-
nar cells was the same as expressed Tmem16A and Best2 (Fig.
2C, I� 
 NO3

� 
 Br� 
 Cl� 

 glutamate), but SMG acinar
cells were more selective (i.e. the PX/PCl was significantly
greater for I�, NO3

�, and Br� in SMG cells). All three cell types
were sensitive to the anion channel blockers NFA, A9C, and

DIDS (Fig. 2D). However, the IC50
value for Tmem16A was signifi-
cantly greater in each case (note log
scale) compared with native CaCC.
The IC50 value for theCaCCcurrent
in HEK293-Tmem16A cells was
quite different from the sensitivity
to these blockers reported in an ear-
lier study for expressed Tmem16A
(6).
Characterization of Submandib-

ular Gland Function in Best2-defi-
cient Mice—Based on the general
similarities between the CaCC
currents in native salivary gland aci-
nar, HEK293-Best2, and HEK293-
Tmem16A cells, we predicted that
the Best2 and/or Tmem16A chan-
nel might be critical to the fluid
secretion process. We took advan-
tage of Best2 null mice (33) lacking
functional regions critical for Best
Ca2�-activated Cl� channel activity
(12, 48) and an ex vivo mouse sub-
mandibular protocol (38) to directly
test the role of the Best2 Cl� chan-
nel in salivary gland fluid secretion.
Best2�/� mice grew normally and
were fertile (33), and there was no

change in the adult weight of the submandibular gland
(Best2�/�, 58.3 � 7.9 mg; Best2�/�, 54.5 � 7.2 mg; n � 9 for
each group; p 
 0.7). PCR primers failed to amplify the 5�-de-
leted region in Best2�/� mice, confirming that intact Best2
transcript is not generated (33). Despite the loss of Best2 ex-
pression, submandibular glands from mice lacking Best2
secreted saliva with nearly identical kinetics (Fig. 3A, open sym-
bols) and with a comparable total amount of saliva as wild type
controls (Best2�/�, 121 � 8 �l/10 min; Best2�/�, 124 � 11
�l/10 min; n � 8 for each group; p 
 0.8). Therefore, Best2
appeared not to be involved in transepithelial salivary glandCl�
movement, the driving force for fluid secretion (47, 49). One
possible explanation for the apparent lack of effect of Best2
disruption on salivary gland secretion is that compensation
may have occurred, particularly enhanced expression of
Tmem16A. However, expression of Tmem16A protein was
comparable in the plasmamembrane ofBest2�/� andwild type
mice (Fig. 3B, left panel). Note that the apparent size of
Tmem16A expressed in HEK293 cells was similar to the native
protein and that no signal was observed in HEK293 cells trans-
fected with an empty vector (Fig. 3B, right panel), confirming
the specificity of the antibody and the lack of native Tmem16A
in HEK293 cells.
The results shown in Fig. 3 suggested that it is unlikely that

the Best2 Ca2�-activated Cl� channel contributes much to the
generation of a Cl� current in native salivary gland acinar cells.
To directly test this possibility, we examined the CaCC current
in submandibular acinar cells isolated from Best2�/� mice.
Such studies revealed that the fundamental characteristics

FIGURE 1. Comparison of native SMG acinar, Tmem16A, and Best2 CaCC currents. CaCC currents were
activated with an internal Ca2� concentration of 250 nM and recordings made of currents 1–5 min after achiev-
ing the whole-cell configuration in adult mouse submandibular acinar cells (SMG acinar, A) and in HEK293 cells
expressing either Tmem16A (Tmem16A, B) or Best2 (Best2, C). Current was recorded during 2-s voltage steps (20
mV) from �80 to �120 (from a holding potential of �50 mV) followed by a 0.5-s step to �80 mV. Represen-
tative time courses of the currents are shown in the upper panels. The current-voltage relations determined at
the end of each test pulse are shown in the lower panels (n � 4 – 6 cells for each condition). The middle and lower
panels also show that the CaCC currents in SMG acinar, HEK293-Tmem16A, and HEK293-Best2 cells were
strongly inhibited by superfusion of the Ca2�-activated Cl� channel blocker NFA (100 �M).
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(e.g. outward rectification and time dependence) and the ampli-
tude of the Ca2�-dependent Cl� current in Best2�/� mice
(open symbols) were generally similar to the Ca2�-dependent
Cl� current in wild type cells (filled symbols, Fig. 4A). Further-
more, no significant changes were detected in the Ca2� sensi-
tivity of the CaCC current (Fig. 4B), the anion permeability
sequence (Fig. 4C), or the sensitivity to the anion channel block-
ers NFA, A9C, and DIDS (Fig. 4D).
Best2 Expression in the Duct Cells of Mouse Submandibular

Salivary Glands—The results shown in Figs. 3 and 4 demon-
strated that the Best2 Ca2�-activated Cl� channel is not a
major contributor to the formation of the endogenous Ca2�-
activated Cl� channel in acinar cells and thus does not play a
critical role in regulating salivary gland fluid secretion. How-
ever, Best2may be expressed in submandibular gland duct cells
where it could be important for NaCl absorption. Best2�/�

mice were generated by substitution of lacZ for exons 1, 2, and
part of exon 3 in the Best2 gene (33), while leaving the Best2
promoter intact. Accordingly, X-gal staining can be used to
characterize the endogenous expression pattern of the Best2
gene in the exocrine salivary gland. X-gal staining (blue)
revealed that Best2 was expressed in the duct cells of mouse

submandibular glands, including
granular, striated, and excretory
duct cells (Fig. 5A, left panel).
Note that X-gal staining rarely
overlapped with immunoreactiv-
ity for Aqp5 (brown staining), a
water channel whose expression is
primarily restricted to the apical
membrane of salivary gland acinar
cells (6). No X-gal staining was
detected in the submandibular
glands of wild type mice (Fig. 5A,
right panel).
Even though Best2 transcripts

are present in salivary gland acinar
cells (9), Best2 promoter activity
appeared to be considerably greater
in submandibular gland duct cells
(Fig. 5A). This raised the possibility
that Best2 might be involved in reg-
ulating duct cell rather than acinar
cell function in salivary glands. Aci-
nar cells are well known to secrete a
NaCl-rich saliva that is modified by
passage through the ducts, i.e. duct
cells reabsorb much of the NaCl
secreted by the acini while secreting
K� and HCO3

� (for reviews, see
Refs. 47, 49). Thus, we tested
whether NaCl reabsorption was
impaired in Best2�/� mice. How-
ever, there was no significant
change in the Na�, K�, or Cl� com-
position of the saliva generated by
the submandibular gland in Best2
null mice (Fig. 5B). The Best2 chan-

nel is also highly permeable to HCO3
� (50). Because the HCO3

�

concentration for the most part determines the saliva pH, we
measured pH as an index of HCO3

� secretion. No significant
difference was noted in saliva pH, suggesting that Best2 does
not play a major role in HCO3

� secretion in the mouse SMG
(Best2�/�, pH � 8.1 � 0.1; Best2�/�, pH � 8.3 � 0.1, n � 6 in
each group, p 
 0.1).

Voltage clamp experiments were next performed using the
standard whole-cell patch clamp technique to test for CaCC-
like current in single submandibular granular duct cells, which
are easily distinguishable from acinar cells by means of their
distinctive morphology (37). Identical experimental conditions
as in Fig. 1 were used to activate the CaCC current in duct cells.
Despite the robust promoter activity of the Best2 gene in sub-
mandibular duct cells (Fig. 5A), the characteristic Cl� current
generated by Ca2�-activated Cl� channels was not detected in
granular duct cells (Fig. 5C, inset). In contrast to the strong
outward rectification of the CaCC current typically observed at
250 nM internal free Ca2� in acinar cells (see Fig. 1A), the Cl�
current in duct cells displayed inward rectification that was
relatively insensitive to the CaCC blocker NFA (Fig. 5C, main
panel).

FIGURE 2. Biophysical properties of the CaCC currents in SMG acinar, Tmem16A-expressing, and
Best2-expressing HEK293 cells. CaCC currents were recorded from adult mouse submandibular acinar
cells (SMG acinar) and HEK293 cells expressing either Tmem16A (Tmem16A) or Best2 (Best2) cells using the
same voltage protocol as in Fig. 1. A, comparison of the current-voltage relations were made on CaCC
currents activated by 250 nM internal [Ca2�]. The currents determined at the end of the pulses were
normalized by the current elicited at �120 mV. Data were obtained from n � 8 –9 cells. Inset, normalized
CaCC current activated by 1000 nM internal [Ca2�] (note that the current-voltage relations become nearly
linear in all three cell types). B, dependence of the CaCC current on internal [Ca2�] was evaluated using
concentrations ranging from near 0 to 2500 nM (filled symbols). The absence of CaCC current (arrow) is
demonstrated in green fluorescent protein-transfected HEK293 cells (open triangle) and HEK293-Best2
cells unexposed to tetracycline (open circle) patched with 1000 nM [Ca2�] in the pipette solution (n � 3–34
cells). Lines were fit to the Hill equation to determine the EC50: SMG EC50 � 126 nM (logEC50 � 2.10 � 0.08);
Tmem16A EC50 � 196 nM (logEC50 � 2.29 � 0.10); Best2 EC50 � 266 nM (logEC50 � 2.42 � 0.08). C, relative
anion permeability to I�, NO3

�, Br�, and Glu� compared with Cl� (n � 4 – 6 cells for each condition). D, IC50
of CaCC in the three cell types for the anion channel blockers NFA, A9C, and DIDS (n � 4 –5 for each
condition; note log scale). *, p 	 0.05.
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Apical Expression of the Tmem16A Channel in Submandib-
ular Acinar Cells—The above results demonstrated that Best2
is not involved in fluid secretion orNaCl reabsorption, suggest-
ing instead that Tmem16A may be critical in one or both of
these processes. The Tmem16A Cl� channel was recently
shown to be targeted to the apical pole ofmouse submandibular
gland acinar cells (6). However, another study found that
Tmem16A is primarily expressed in the cytosol of mouse sub-
mandibular gland duct cells with no apparent apical staining of
acinar cells (51). To address this apparent contradiction, we
next performed immunolocalization studies to verify the local-
ization of Tmem16A channels in the mouse submandibular
gland. Tmem16A-dependent immunostaining was associated
with proacinar and acinar cells in the glands of young and adult
wild type mice (Fig. 6, A, left panel, and B, respectively). Note
also that a prominent luminal staining was detected in interca-
lated ducts of the adult gland (Fig. 6A, arrows). At the subcellu-

lar level,most of the immunostainingwas confined to the apical
pole of acinar cells, consistent with the fluid secretion model
(47). No specific staining was found in submandibular gland
tissue fromTmem16A�/�mice (Fig. 6A, right panel). Thus, our
results are consistent with an apical distribution of Tmem16A
in the mouse submandibular gland as described previously (6).
Tmem16A-deficient Mice Lack Ca2�-activated Cl� Current

and Stimulated Cl� Efflux in Submandibular Acinar Cells—
The apical targeting of Tmem16A suggested that this channel
may generate the CaCC current critical for fluid secretion in
submandibular gland acinar cells. To test this hypothesis, we
next used mice lacking Tmem16A to determine whether this
channel is critical for generating the CaCC current in subman-
dibular gland acinar cells. PCR primers failed to amplify the
5�-deleted region of Tmem16A in Tmem16A�/� mice, con-
firming that intact Tmem16A transcript is not generated (34).
Tmem16A�/�mice die shortly after birth, generally in less than
4 days (34). Thus, we isolated submandibular gland acinar cells
from 2- to 3-day-old mice for patch clamp experiments.
The whole-cell CaCC current activated by 250 nM internal

Ca2� was recorded during voltage clamp steps from �80 to
�120 in 20-mV steps from a holding potential of �50 mV in
submandibular gland acinar cells from 2- to 3-day-old control
mice. The time dependence for the activation of the currents
(upper panel, Fig. 7A) and the current-voltage relation (lower
panel, filled symbols, Fig. 7A) were virtually identical to those
detected under identical conditions in adult submandibular
gland acinar cells (compare with Fig. 1A). The CaCC current in
young SMG acinar cells was inhibited 
90% by the Ca2�-acti-
vated Cl� channel blocker NFA (100 �M, middle and lower

FIGURE 3. Ex vivo fluid secretion and Tmem16A protein expression in the
submandibular gland of Best2�/� mice. A, fluid secretion rate was deter-
mined in the ex vivo, perfused submandibular glands from adult wild type
(Best2�/�) and Best2 knock-out (Best2�/�) mice. Secretion was stimulated by
vascular perfusion with carbachol (0.3 �M CCh) � isoproterenol (5 �M IPR)
applied for 10 min as indicated by the bar (Best2�/� n � 9 and Best2�/� n � 9
glands; no significant difference). B, Western blot analysis using an anti-
Tmem16A antibody was performed as described under “Experimental Proce-
dures” on plasma membrane protein isolated from wild type (Best2�/�), Best2
knock-out (Best2�/�) mice, and HEK293 cells transiently transfected with
either Tmem16A or empty vector. Estimated size of Tmem16A from its amino
acid sequence � 110.9 kDa.

FIGURE 4. CaCC current in submandibular acinar cells was unchanged in
Best2�/� mice. Submandibular gland acinar cells were isolated from adult
Best2�/� and Best2�/� mice and the CaCC recorded as described in Fig. 1.
A, representative raw current traces recorded with pipette solution buffered
to 250 nM free [Ca2�]. The time course of the currents is shown in the upper
panels, and the current-voltage relations are shown in the lower panel.
B, dependence of the CaCC current on internal [Ca2�] was evaluated using
concentrations ranging from near 0 to 2500 nM (n � 4 –15 for each condition).
Best2�/� EC50 � 134 nM (logEC50 � 2.13 � 0.21); Best2�/� EC50 � 116 nM

(logEC50 � 2.07 � 0.30). C, anion permeability to I�, NO3
�, Br�, and glutamate

relative to Cl� (n � 4 – 6 for each condition). D, IC50 of native CaCC for the
anion channel blockers NFA, A9C, and DIDS (n � 4 –5 for each condition).
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panels, open symbols, Fig. 7A), as noted in adult submandibular
acinar cells (see Fig. 1A). In contrast, acinar cells from
Tmem16A�/� mice failed to express CaCC current, even when
internal Ca2� was raised well beyond 250 nM by addition of the
Ca2�-permeable ionophore ionomycin (Fig. 7B). In fact, the
observed current density in acinar cells from Tmem16A�/�

mice was equivalent to the expected background current.
Together, these results suggested that the same CaCC is likely
responsible for generating the Ca2�-activated Cl� current in
the acinar cells of both young and adultmice. Composite results
are summarized in Fig. 7C for experiments like those shown for
individual cells in Fig. 7, A and B.
Our results demonstrate that Tmem16A encodes a critical

component of the CaCC in salivary acinar cells, and accord-
ingly, it likely plays a major role in the fluid secretion process.
However, becauseTmem16A�/�mice generally die in less than
4 days, we were unable to directly test this hypothesis in knock-
out mice. Instead, we monitored in submandibular acinar cells
from 2- to 3-day-old mice the carbachol-stimulated efflux of
Cl�, an index of Cl�-driven fluid secretion (45, 47, 49). Fig. 8A
shows that stimulation with this Ca2�-mobilizing agonist
caused a loss of intracellular Cl� content in submandibular aci-
nar cells isolated from Tmem16A�/� and Tmem16A�/� mice

(filled symbols). In contrast, carbachol failed to elicit Cl� efflux
in submandibular acinar cells isolated fromTmem16A�/�mice
(Fig. 8A, open symbols). Fig. 8B shows a summary of the data in
Fig. 8A (Tmem16A�/� and Tmem16A�/�; 0.10 � 0.02 �F0/F,
N� 6 animals, n� 8 experiments versus Tmem16A�/�; 0.01�
0.01 �F0/F, N � 4 animals, n � 8 experiments, p 	 0.01). One
possiblemechanism for the absence of Cl� efflux in response to
stimulation in Tmem16A�/� mice is that calciummobilization
might be impaired. However, carbachol induced a comparable
increase in the intracellular [Ca2�] in submandibular acinar
cells isolated from Tmem16A�/� and Tmem16A�/� mice (Fig.
8C, filled symbols) and Tmem16A�/� mice (Fig. 8C, open sym-
bols). Thus, the Ca2� signaling machinery was intact in
Tmem16A�/� mice, but no Cl� efflux occurred, consistent
with the Tmem16A channel being critical for fluid secretion in
the mouse submandibular gland. Fig. 8D summarizes the
results from Fig. 8C (Tmem16A�/� and Tmem16A�/�; 0.16 �
0.03 � ratio units, N � 10 animals, n � 10 experiments versus
Tmem16A�/�; 0.14 � 0.03 � ratio units, N � 4 animals, n � 4
experiments, p 
 0.7).
The Ca2�-activated Cl� channel blocker NFA (100 �M)

inhibited the Tmem16A CaCC current expressed in HEK293
cells (Fig. 1B) as well as the CaCC currents in acinar cells iso-
lated from both adult and youngmice (Figs. 1A and 7A, respec-
tively). To further test the prediction that Tmem16A activity is
essential for fluid secretion in adult glands, we evaluated
whetherNFAwould inhibit salivation in the ex vivomouse sub-

FIGURE 5. Characterization of Best2 in submandibular gland duct cells.
Best2 promoter activity, saliva ion composition, and the Cl� current in gran-
ular duct cells from Best2�/� mice were examined. A, X-gal staining (blue) of
Best2 promoter-driven expression of LacZ and acinar Aqp5 immunolabeling
(brown) in mouse submandibular glands from Best2 null (Best2�/�) and wild
type (Best2�/�) mice. Bars, 50 �m. AC, acinar cells; GD, granular duct cells.
B, Na�, K�, and Cl� composition of saliva collected from ex vivo, perfused
submandibular glands was determined for wild type (Best2�/�) and Best2
knock-out (Best2�/�) mice (see Fig. 3A; Best2�/� n � 9 and Best2�/� n � 9
glands; no significant differences). C, inset, internal Ca2� concentration of 250
nM was used to activate CaCC current in mouse submandibular granular duct
cells (as used for SMG acinar cells). Currents were recorded during 2-s voltage
steps from �80 to �100 in 20-mV steps (from a holding potential of �50 mV)
followed by 0.5-s step to �80 mV. C, Cl� current plotted is from the end of the
pulse versus voltage. Note that the Cl� currents in submandibular granular
duct cells were relatively insensitive to the Ca2�-activated Cl� channel
blocker NFA (100 �M) and lacked the characteristic time and outward rectify-
ing voltage dependence typical for CaCC (n � 6).

FIGURE 6. Immunohistochemical localization of Tmem16A channel pro-
tein in young and adult mouse submandibular glands. Immunoperoxi-
dase labeling for Tmem16A in submandibular glands from young 2-day-old
(A, left panel) and adult (B) Tmem16A�/� mice. Sections show staining of aci-
nar cells with no apparent immunolabeling in duct cells, with the exception of
strong staining of the intercalated cells in the adult gland (arrows). A, right
panel, immunostaining is not present in submandibular glands from young
2-day-old Tmem16A�/� mice. Asterisks show luminal spaces. Bars, 50 �m.
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mandibular gland. Stimulated fluid secretion was inhibited by
NFAby about 90% inwild type andBest2�/�mice (Fig. 9,A and
B, respectively) after 7 min of exposure. The saliva flow rate
after 10 min of stimulation was reduced from 8.3 � 1.4 �l/min
(control, no NFA added, n � 8) to 0.6 � 0.2 �l/min (NFA-
treated, n � 6) in Best2�/� mice and from 9.4 � 0.9 �l/min
(control, n � 8) to 1.0 � 0.4 �l/min (NFA, n � 6) in Best2�/�

mice. As noted above (Fig. 3B), the expression of Tmem16Adid
not increase to compensate for loss of Best2. Notably, NFA did
not inhibit the carbachol-induced increase in the intracellular
[Ca2�] (Fig. 9C), consistent with NFA acting on the Tmem16A
Ca2�-activated Cl� channel to inhibit fluid secretion. To-
gether, these results are consistent with Tmem16A, and not
Best2, being an essential component of the Ca2�-activated Cl�
channel complex required for salivary fluid secretion.

DISCUSSION

Ca2�-dependent Cl� channels are fundamental to the func-
tion of numerous organ systems such as membrane potential

regulation in excitable cells (52, 53) and fluid secretion by exo-
crine gland acinar cells (15–18). Nevertheless, unequivocal
molecular identification of the CaCC in these various cell types
is generally lacking. Two candidateCaCCs expressed in salivary
glands are Best2 (9, 46) and Tmem16A (5, 6, 32), members of
the bestrophin (also known as Best or Vmd2) and Tmem16
(also known as Ano) families of Ca2�-activated Cl� channels,
respectively. Using identical experimental conditions, we
found that heterologous expression of either mouse Best2 or
Tmem16A in HEK293 cells produced Ca2�-activated Cl� cur-
rent with properties very similar to the Ca2�-activatedCl� cur-
rent found in native salivary acinar cells. Although these results
demonstrated that heterologous expression of Best2 and
Tmem16A produces Ca2�-dependent Cl� currents, a direct
link between this activity and the CaCC currents in native cells
had not been unequivocally established. Therefore, Best2�/�

and Tmem16A�/� mice were used to test the possibility that

FIGURE 7. Lack of CaCC current in submandibular acinar cells from
Tmem16A�/� mice. Submandibular gland acinar cells were isolated from 2-
to 3-day-old Tmem16A�/� and Tmem16A�/� littermate mice, and the CaCC
was recorded as described for Fig. 1 with pipette solution buffered to 250 nM

free [Ca2�]. A, representative raw current traces recorded from Tmem16A�/�

mice. The time course of the currents and their sensitivity to 100 �M NFA are
shown in the upper panel and the current-voltage relations are shown in the
lower panel. B, representative raw current traces recorded from Tmem16A�/�

mice. No current was observed in cells from knock-out animals even after
superfusion with a Ca2� ionophore (1 �M ionomycin, extracellular [Ca2�] was
2 mM). C, summary of results showing the average amplitude of the CaCC
currents recorded in acinar cells from Tmem16A�/� and Tmem16A�/� mice
and their sensitivity to NFA or ionomycin (records were obtained from n � 10
and 27 cells obtained from N � 3 and 6 wild type and knock-out animals,
respectively; from which 5 and 15 cells were tested with NFA or ionomycin,
respectively). *, p 	 0.05. Ionomycin-treated Tmem16A�/� cells were not sig-
nificantly different from Tmem16A�/� cells.

FIGURE 8. Loss of carbachol-induced Cl� efflux in submandibular acinar
cells from Tmem16A�/� mice. Intracellular [Cl�] and [Ca2�] were monitored
as described under “Experimental Procedures.” Data were collected at 1-s
intervals but averaged over 5 s for clarity and presented as the mean � S.E.
A, submandibular acinar cells were isolated from Tmem16A�/�, �/� or
Tmem16A�/� mice (2–3 days old), loaded with the chloride-sensitive dye SPQ,
and stimulated with the calcium-mobilizing agonist carbachol (0.3 �M CCh)
for 1 min where indicated by the bar. Data from Tmem16A�/� and
Tmem16A�/� mice were combined for analysis because no differences in the
responses to CCh were noted. Traces shown are the average of all experi-
ments. B, summary of the results shown in A demonstrating the average
change in F0/F during stimulation. F0/F values were generated by subtracting
the average F0/F value of the prestimulation period (between 0.5 and 1.0 min)
from the average F0/F value after achieving maximal Cl� loss during the stim-
ulation period (between 1.5 and 2.0 min). The average �F0/F for Tmem16A�/�

and Tmem16A�/� was significantly larger than the �F0/F for Tmem16A�/�

mice (N � 6 animals (1 Tmem16A�/� and 5 Tmem16A�/�), n � 8 experiments
versus N � 4 Tmem16A �/� animals, n � 8 experiments, p 	 0.01). C, subman-
dibular acinar cells were isolated from Tmem16A�/�, Tmem16A�/�, or
Tmem16A �/� mice (2–3 days old) and loaded with the calcium-sensitive dye
Fura-2 and stimulated with 0.3 �M CCh for 1 min where indicated by the bar.
Traces shown are the average of all experiments performed. D, summary of
the results shown in C demonstrating the average change in ratio units over
base line (average value between the stimulation period of 1–2 min minus the
average value of the prestimulation period between 0 and 1 min). The aver-
age change for Tmem16A�/� and Tmem16A�/� mice was not significantly
different from the values obtained from Tmem16A�/� mice (N � 10 animals (4
Tmem16A�/� and 6 Tmem16A�/�), n � 10 experiments, 76 cells versus N � 4
Tmem16A�/� animals, n � 4 experiments, 38 cells, p 
 0.7).
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Best2 and/or Tmem16A generate the CaCC current in salivary
gland acinar cells.
Although heterologous expression of Best2 produced a

Ca2�-activated Cl� current with similar properties to those
expressed in native salivary acinar cells, Best2 does not appear
to be a critical molecular component of the Ca2�-activated Cl�
channel complex in salivary gland acinar cells. Best2 disruption
did not alter the amplitude or properties of the Ca2�-activated
Cl� current in native salivary gland acinar cells. Moreover,
enhanced Tmem16A protein expression was not observed in
Best2 null mice, suggesting that Tmem16A did not compensate
for loss of Best2 expression. Consistentwith these observations,
stimulated fluid secretion was normal in the Best2�/� subman-
dibular gland, clearly demonstrating that Best2 does not play an
important role in fluid secretion. Taken together, these results
suggest that Best2 is a Ca2�-dependent Cl� channel, but it does
not appear to represent the classical CaCC expressed in the
exocrine salivary gland.
So what is the function of Best2 in salivary glands? X-gal

staining revealed that the Best2 promoter is highly active in the
various types of duct cells of the mouse submandibular gland,
implying that Best2 expression may be important for NaCl
reabsorption in this organ. The cAMP-activated Cl� channel
cystic fibrosis transmembrane conductance regulator is likely
the major apical Cl� pathway in this process (54–56), but the
molecular identity of the basolateral Cl� pathway has not been
determined. We therefore tested the possibility that Best2 is
vital for NaCl reabsorption inBest2 null mice. However, the ion
composition of the saliva was not altered in mice lacking Best2.
Indeed, patch clamp recordings failed to detect CaCC-like cur-
rent in submandibular granular duct cells. Instead, the Cl� cur-
rent in these cells displayed two components. The first was a
current with biophysical and pharmacological properties like
VRAC, a cell volume-activated anion current (40, 41) that is
very different from the outward rectifying, slowly developing
CaCC current found in salivary gland acinar cells (15, 18). The
second Cl� current was activated at negative potentials in a
time-dependent and NFA-insensitive manner, reminiscent of
the inward rectifying Cl� current in mouse submandibular
duct cells that is inhibited by cadmium and is absent in ClC-2
null mice (37). It is unclear why CaCC currents were not
detected in duct cells because X-gal staining indicated that
these cells express Best2. Considering that the sensitivity of the
patch clamp technique is considerably more sensitive than
X-gal staining, one possibility is that Best2 does not target to the
plasma membrane of submandibular gland duct cells. Alterna-
tively, Best2 promoter activity might not correlate with protein
expression, consistent with the lack of positive Best2 immuno-
reactivity in this tissue (data not shown).
Tmem16A was recently identified (4–6) as a new candidate

for the Ca2�-activated Cl� channel in numerous tissues,
including human (32) and mouse (5, 6, 23, 51) salivary glands.
We found that functional expression of the Tmem16A variant
cloned from the mouse submandibular gland produced CaCC
currents in HEK293 cells with properties much like those in
native mouse salivary acinar cells. This raised the possibility
that Tmem16A is a functional Cl� channel in salivary gland
acinar cells and is necessary for saliva secretion. Indeed, Ous-

FIGURE 9. NFA inhibited fluid secretion in the ex vivo submandibular
gland of Best2�/� mice. The fluid secretion rate was determined in the ex
vivo, perfused submandibular glands from adult wild type (A, Best2�/�, filled
symbols) and Best2 knock-out (B, Best2�/�, open symbols) mice. Secretion was
stimulated by vascular perfusion with carbachol (0.3 �M CCh) � isoproterenol
(5 �M IPR) for 10 min where indicated by the bar. After 3 min of stimulation,
fluid secretion was inhibited by addition of the Ca2�-activated Cl� channel
blocker NFA (100 �M; Best2�/� n � 9 and Best2�/� n � 9 glands; no significant
difference). Data in the absence of NFA (dotted lines) are the same as those in
Fig. 3A. C, Fura-2 loaded SMG acinar cells were stimulated with 0.3 �M CCh �
5 �M isoproterenol for 3 min in the presence (filled symbols) or absence (dotted
line) of NFA (100 �M) added 1.5 min after stimulation was initiated. Data were
acquired every 1 s; however, for clarity the data are presented every 5 s � S.E.
with the exception of when the agonists were initially applied and just after
removal. NFA did not significantly affect intracellular [Ca2�] mobilization as
there was no difference after 3 min of stimulation between control and NFA
experiments (control � 0.16 � 0.01 ratio units, versus NFA � 0.13 � 0.01 ratio
units, n � 6 and n � 9, respectively, p 
 0.6). Data are presented as the
average of 6 or more experiments per condition from N � 3 Best2�/� animals
(control, n � 6 experiments, 16 cells; NFA, n � 9 experiments, 33 cells).
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ingsawat et al. (51) showed that stimulation of submandibular
acinar cells isolated fromwild type and from Tmem16A knock-
out mice results in a shift of the reversal potential of the ionic
current in opposite directions. One interpretation of these
results is that Tmem16A ablation diminished the contribution
of Cl� current to the total cell conductance. Also in subman-
dibular acinar cells, knock-out ofTmem16A results in a smaller
swelling-activated conductance, presumably through a Ca2�-
dependent process (23). However, in vivo disruption of
Tmem16A expression resulted in a surprisingly small �25%
decrease in salivary gland secretion (6). This rather modest
effect on salivary gland functionwas likely due to the remaining
expression of Tmem16A after in vivo small interfering RNA
knockdown. Alternatively, it is possible that the native Ca2�-
activated Cl� channel complex includes additional, as yet uni-
dentified, protein components, possibly other members of the
Tmem16 gene family. Significantly, we demonstrate that the
native Ca2�-activated Cl� current and Ca2�-activated Cl�
efflux were absent in salivary acinar cells isolated from
Tmem16A null mice. In agreement with these observations, the
Tmem16A channel inhibitor NFA nearly abolished saliva
secretion in mouse submandibular glands. Collectively, our
findings demonstrate in salivary gland acinar cells that
Tmem16A is a major component of the Ca2�-activated Cl�
channel complex required for stimulated Cl� efflux and fluid
secretion.
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