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Abstract
In salivary acinar cells, cholinergic stimulation induces elevations of cytosolic [Ca2+]i to activate the apical exit of Cl− 
through TMEM16A Cl− channels, which acts as a driving force for fluid secretion. To sustain the Cl− secretion, [Cl−]i must 
be maintained to levels that are greater than the electrochemical equilibrium mainly by Na+-K+-2Cl− cotransporter-mediated 
Cl− entry in basolateral membrane. Glucose transporters carry glucose into the cytoplasm, enabling the cells to produce ATP 
to maintain Cl− and fluid secretion. Sodium–glucose cotransporter-1 is a glucose transporter highly expressed in acinar cells. 
The salivary flow is suppressed by the sodium–glucose cotransporter-1 inhibitor phlorizin. However, it remains elusive how 
sodium–glucose cotransporter-1 contributes to maintaining salivary fluid secretion. To examine if sodium–glucose cotrans-
porter-1 activity is required for sustaining Cl− secretion to drive fluid secretion, we analyzed the Cl− currents activated by 
the cholinergic agonist, carbachol, in submandibular acinar cells while comparing the effect of phlorizin on the currents 
between the whole-cell patch and the gramicidin-perforated patch configurations. Phlorizin suppressed carbachol-induced 
oscillatory Cl− currents by reducing the Cl− efflux dependent on the Na+-K+-2Cl− cotransporter-mediated Cl− entry in 
addition to affecting TMEM16A activity. Our results suggest that the sodium–glucose cotransporter-1 activity is necessary 
for maintaining the oscillatory Cl− secretion supported by the Na+-K+-2Cl− cotransporter activity in real time to drive fluid 
secretion. The concerted effort of sodium–glucose cotransporter-1, Na+-K+-2Cl− cotransporter, and apically located Cl− 
channels might underlie the efficient driving of Cl− secretion in different secretory epithelia from a variety of animal species.
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Introduction

In salivary acinar cells, elevations of [Ca2+]i evoked by 
cholinergic agonists stimulate fluid secretion by activating 
the Ca2+-dependent Cl− channel, TMEM16A, in the api-
cal membrane as well as Ca2+-dependent K+ channels in 

the basolateral membrane (Lee et al. 2012; Melvin et al. 
2005; Proctor 2016). The apical exit of Cl− through the 
Cl− channels drives fluid secretion (Catalán et al. 2015), 
while Cl− ions enter the cytoplasm against its electrochemi-
cal gradient mainly via a Na+-K+-2Cl− cotransporter in the 
basolateral membrane, dependent on the Na+ gradient main-
tained by the activity of Na+-K+ ATPase (Evans et al. 2000; 
Sugita et al. 2004). Secretion of negatively charged Cl− ions 
to the luminal side is followed by the flux of positively 
charged Na+ ions from the interstitium to the lumen via a 
paracellular pathway. Then water is transported from the 
interstitium to the lumen via transcellular and paracellular 
pathways, depending on the osmolarity changes induced by 
Cl− and Na+ secretion to the luminal side (Lee et al. 2012; 
Melvin et al. 2005; Proctor 2016). Thus, the Cl− secretion 
via TMEM16A acts as a driving force for fluid secretion. 
Glucose taken up into the cytoplasm by glucose transporters 
may be utilized to produce ATP available for maintaining 
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the activities of Na+-K+ ATPase and Ca2+ pumps, and thus 
for sustaining Cl− and fluid secretion (Zeuthen et al. 2001; 
Jurysta et al. 2013; Cetik et al. 2014a).

Xerostomia is often observed as the oral symptom of 
diabetes (Malicka et al. 2014; Lin et al. 2002; Moore et al. 
2001). However, the mechanism underlying how diabetes 
can induce xerostomia remains elusive at a molecular or cel-
lular level. Among glucose transporter genes, sodium–glu-
cose cotransporter-1 is reported to be highly expressed in 
salivary acinar cells (Jurysta et al. 2012; Cetik et al. 2014b) 
to transport glucose into the cytoplasm using the Na+ elec-
trochemical gradient across the membrane (Hirayama et al. 
2007; Díez-Sampedro 2009). It is likely that in the diabetic 
animal model, the sodium–glucose cotransporter-1 expres-
sion in the basolateral membrane of salivary acinar cells 
is decreased in association with the diminished activities 
of protein kinase A, and that this resulted from remarkable 
reduction in sympathetic activity to salivary glands (Sabino-
Silva et al. 2010). Nevertheless, it remained unclear whether 
reduction of the sodium–glucose cotransporter-1 expres-
sion and activity in acinar cells is involved in impaired fluid 
secretion.

Using an ex vivo submandibular gland perfusion tech-
nique, we previously characterized fluid secretion induced 
by the cholinergic agonist carbachol, which depended on 
extracellular glucose concentration (Terachi et al. 2018). 
Lowering the extracellular glucose concentration to less 
than 2.5 mM decreased the carbachol-induced fluid secre-
tion (Terachi et al. 2018). The carbachol-induced salivary 
flow was suppressed by the sodium–glucose cotransporter-1 
inhibitor phlorizin, suggesting that sodium–glucose cotrans-
porter-1 activity or sodium–glucose cotransporter-1-medi-
ated glucose uptake in acinar cells is required to maintain the 
fluid secretion driven by Cl− secretion in real time (Terachi 
et al. 2018). However, it remains elusive how sodium–glu-
cose cotransporter-1 contributes to sustaining salivary fluid 
secretion.

To determine if sodium–glucose cotransporter-1 activ-
ity plays a key role in maintaining Cl− secretion to drive 
fluid secretion, and to clarify how sodium–glucose cotrans-
porter-1 regulates Cl− secretion, we analyzed Cl− currents 
activated by carbachol in submandibular acinar cells using 
the gramicidin-perforated patch recording configuration in 
comparison with those under the conventional whole-cell 
patch configuration. In the conventional whole-cell patch 
configuration, the whole-cell Cl− current increased by ago-
nists of interest simply reflects opening of Cl− channels 
activated by them because Cl− concentration inside the 
recorded cell is clamped at the same concentration as the 
patch pipette solution with high Cl− applied for measuring 
Cl− current. In sharp contrast, the Cl− current recorded in the 
gramicidin-perforated patch configuration is dependent on 
Cl− entry through the cohort of Cl− transporters expressed 

in the recorded cell since gramicidin added to the pipette 
solution can be incorporated into the patched cell membrane 
to create monovalent cation-selective pores that are com-
pletely impermeable to Cl− (Sugita et al. 2004). Thus, the 
use of gramicidin in the perforated patch technique enables 
us to perform whole-cell electrophysiological analyses with 
normal cellular composition of intracellular Cl− maintained 
by functionally intact Cl− transporters.

Bumetanide, a loop diuretic, inhibits the ion transport 
activity of Na+-K+-2Cl− cotransporter by binding to the 
amino acid residues of transmembrane helices that make up 
the faces of a translocation pathway opening to the extra-
cellular surface (Haas and Forbush 2000; Russell 2000; 
Somasekharan et al. 2012). In our previous study, applica-
tion of bumetanide remarkably decreased carbachol-acti-
vated Cl− currents in rat submandibular acinar cells under 
the gramicidin-perforated patch configuration (Sugita et al. 
2004), suggesting that Na+-K+-2Cl− cotransporter is the 
primary Cl− uptake pathway to support Cl− secretion in this 
cell type. Here we studied the effect of bumetanide on car-
bachol-activated Cl− currents recorded from mouse subman-
dibular acinar cells under the same configuration to evalu-
ate whether carbachol induces Cl− secretion, substantially 
dependent upon Cl− entry through Na+-K+-2Cl− cotrans-
porter in mice. Then we compared the effect of phlorizin on 
the Cl− currents in the gramicidin-perforated patch recording 
with that in the whole-cell patch recording to gain insight 
into how the sodium–glucose cotransporter-1 activity is 
involved in maintaining Cl− secretion. Furthermore, we dis-
cuss how our findings on cooperation of sodium–glucose 
cotransporter-1 with Na+-K+-2Cl− cotransporter and api-
cally located Cl− channels in mouse submandibular acinar 
cells may relate to other cell types and animals.

Materials and methods

Materials

Carbachol and collagenase type IV were obtained from 
Nacalai Tesque and Worthington, respectively. Bovine 
serum albumin (fraction V), bumetanide, poly-L-lysine, and 
phlorizin dehydrate were purchased from Sigma-Aldrich.

Animal experiments’ design

Animal experiments were carried out in accordance with the 
guidelines laid down by the National Institute of Health in 
the USA regarding the care and use of animals for experi-
mental procedures. This study was reviewed and approved 
by the Committee of Research Facilities for Laboratory 
Animal Science, Hiroshima University, from social and 
scientific perspectives under “Fundamental Guidelines for 
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Proper Conduct of Animal Experiment and Related Activi-
ties in Academic Research Institutions (Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan)”. The 
animals were treated in accordance with “Regulations for 
Animal Experiments and Related Activities at Hiroshima 
University”.

Adult male C57BL/6 mice were housed on a 12 h light/
dark cycle. Mice had access to water and food ad libitum 
before the experiments. All mice (2–4 months old) were 
included and used to isolate submandibular acinar cells 
for either gramicidin-perforated patch or whole-cell patch 
recording. In both the gramicidin-perforated patch and 
whole-cell patch configurations, the data were obtained as 
current traces recorded from isolated acinar cells. Each cur-
rent trace was sequentially determined first in the absence of 
carbachol as control, second in the presence of carbachol to 
measure the carbachol-induced currents in comparison with 
control, and third by adding the sodium–glucose cotrans-
porter-1 inhibitor phlorizin or the Na+-K+-2Cl− cotrans-
porter inhibitor bumetanide with carbachol to examine its 
effect on the carbachol-induced currents. Then the ampli-
tudes of, and the phlorizin’s effect on carbachol-induced 
currents were compared between the gramicidin-perforated 
patch and whole-cell patch configurations. In these patch-
clamp analyses, we can start recording the current trace only 
after obtaining a gigaseal and establishing the gramicidin-
perforated or whole-cell recording mode for the recorded 
cell. Therefore, the analyses obligate us to exclude the data 
from acinar cells that were not successful in establishing 
the recording modes. In addition, we needed to exclude the 
data from acinar cells with the gigaseal when the seal was 
broken during the application of carbachol and phlorizin 
or bumetanide due to inability of comparison among their 
experimental conditions.

Gramicidin‑perforated patch recording 
from isolated acinar cells

Gramicidin-perforated patch recording was performed as 
described previously (Sugita et al. 2000, 2004). Submandib-
ular glands were removed from male C57BL/6 mice eutha-
nized with intraperitoneal injection of sodium pentobarbital. 
The minced glands were digested for 12 min at 37 °C with 
collagenase type IV (2 mg/ml) dissolved in modified Hanks’ 
balanced salt solution (HBSS) (137 mM NaCl, 5.4 mM KCl, 
2 mM CaCl2, 0.49 mM MgCl2, 0.41 mM MgSO4, 0.34 mM 
Na2HPO4, 0.44 mM KH2PO4, 10 mM glucose, and 0.1% 
bovine serum albumin (pH 7.4)). The digestives were dis-
persed by pipetting, and then filtered through a 150 μm nylon 
mesh to remove tissue clumps. The cells were then filtered 
with a 20 μm nylon mesh. The 20–150 μm fraction was cen-
trifuged, and the pellet resuspended in modified HBSS was 
used as an isolated acinar cell fraction. The isolated acinar 

cells were allowed to stick onto coverslips coated with poly-
L-lysine. The acinar cells on the cover glass were placed in 
the chamber, which was constantly perfused with the modi-
fied HBSS without 0.1% bovine serum albumin.

Gramicidin-perforated patch recording was performed 
at room temperature (25 °C). Patch-clamp electrodes were 
pulled from borosilicate glass capillaries. The gramicidin-
perforated patch pipette solution contained 150 mM KCl and 
10 mM HEPES (adjusted to pH 7.4 with KOH). Gramicidin 
was first dissolved in methanol to a concentration of 10 mg/
ml, and then diluted in the pipette solution to a final concen-
tration of 200 μg/ml immediately before use. Before backfill-
ing the pipette with the gramicidin-containing solution, the 
pipette tip was filled with gramicidin-free pipette solution 
by a brief immersion. After obtaining a gigaseal, the com-
mand potential was set at − 40 mV, so that after perforation, 
the cell was roughly at resting potential. Gramicidin-perfo-
rated patch recording was started after the stabilization of 
the capacitive currents. Ionic currents were measured under 
voltage clamping at the holding potential of − 80 mV, a 
value close to the potassium equilibrium potential. The ionic 
currents were measured with an Axopatch 200B amplifier 
(Axon instruments), low-pass filtered at 5 kHz, sampled at 
10 kHz, digitized with a Digidata 1200B interface (Axon 
instruments), and recorded directly onto a hard disk using 
pClamp 9 software (Axon instruments).

The average values of the current amplitude were 
determined using LabChart 7 (AD Instruments). Oscil-
latory events of Cl− currents were detected and analyzed 
using LabChart 7. We measured the base lines of current 
traces, and the integral and the peak amplitudes of oscilla-
tory Cl− currents which were calculated from the baseline 
currents using computer-assisted manual detection on the 
LabChart 7 software. The peak amplitude was calculated 
from the maximum of every inward current spike which was 
measured during the indicated period (30 s) and averaged.

Results are presented as means with SD of n observa-
tions. Paired or unpaired Student’s t test was used for pair-
wise sample comparison to determine statistical signifi-
cance. Statistical analyses for comparison of data among 
three conditions in a sequence of applications of carbachol 
and phlorizin (or bumetanide) were performed by one-way 
ANOVA, followed by post hoc Ryan’s method that was car-
ried out for comparisons between all pairs. P values < 0.05 
were considered statistically significant.

Whole‑cell patch recording from isolated acinar cells

Conventional whole-cell patch recording was carried out 
as described previously (Hirono et al. 1998; Sugita et al. 
2004). The pipette solution contained 140 mM KCl, 1 mM 
MgCl2, 10 mM HEPES, 0.5 mM ethylene glycol-bis(ß-ami-
noethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 10 mM 
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glucose, and 1 mM ATP (adjusted to pH 7.4 with KOH). The 
isolated acinar cells on the cover glass were placed in the 
chamber, which was constantly perfused with the modified 
HBSS without 0.1% bovine serum albumin. To establish 
whole-cell recording, additional suction was performed to 
rupture the patch membrane after the gigaseal formation. 
Ionic currents were measured under voltage clamping at the 
holding potential of − 80 mV, a value close to the potassium 
equilibrium potential. The ionic currents were measured 
with an Axopatch 200B amplifier (Axon instruments), low-
pass filtered at 5 kHz, sampled at 10 kHz, digitized with a 
Digidata 1200B interface (Axon instruments), and recorded 
directly onto a hard disk using pClamp 9 software (Axon 
instruments). Then we determined the average values of 
the current amplitude, the base lines of current traces (non-
oscillatory inward currents), and the integral, and the peak 
amplitudes of oscillatory Cl− currents as described above in 
the section of gramicidin-perforated patch recording.

Results

Comparison of carbachol‑induced Cl− 
currents between the whole‑cell patch 
and the gramicidin‑perforated patch configurations

First, submandibular acinar cells were voltage clamped at 
− 80 mV, a value close to the K+ equilibrium potential, in 
the conventional whole-cell patch configuration. Carba-
chol induced repetitive spikes of inward current expected 
to be Ca2+-activated Cl− current via TMEM16A (Fig. 1a). 
In the gramicidin-perforated patch configuration, the ionic 
currents were also measured at the holding potential of 
−80 mV. Figure 1b shows a representative trace of the ionic 

Fig. 1   Carbachol-induced Cl− currents recorded in whole-cell and 
gramicidin-perforated patch configurations. a Carbachol-induced 
Cl− currents in the conventional whole-cell patch configuration were 
measured in submandibular acinar cells that were voltage clamped 
at − 80 mV. Carbachol (300 nM) was added to the perfusate during 
the period indicated by the horizontal bar. The time-resolved trace of 
carbachol-induced repetitive spikes of inward current is also shown. b 
Carbachol(300 nM)-induced Cl− currents were recorded in the grami-
cidin-perforated patch configuration in acinar cells voltage clamped at 
− 80 mV. c Comparison of carbachol-induced Cl− currents between 
the whole-cell patch (whole cell) and gramicidin-perforated patch 
(gramicidin) configurations. The average currents were determined 
in the 30 s showing steady baseline currents within 3.5—5 min after 
adding carbachol since oscillatory Cl− currents induced by carba-
chol gradually increased during the initial 3  min after the addition 
of carbachol, and became constant thereafter. Although the carba-
chol-induced Cl− current represents a negative value because of that 
measured as inward current, we converted the negative value to the 
positive one to have their comparison simpler and more convenient. 
Results are presented as means with error bars representing SD (n = 5 
for Whole-cell, and 9 for Gramicidin). *P < 0.05 in the unpaired Stu-
dent’s t test

▸
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current during carbachol application that similarly elicited 
the oscillatory inward current expected to be Ca2+-activated 
Cl− current. Of note, the average value of carbachol-induced 
Cl− currents recorded in the gramicidin-perforated patch 
configuration was much lower than that observed in the 
whole-cell patch configuration (Fig. 1c).

The carbachol-induced Cl− current recorded in the whole-
cell patch configuration represents the Cl− exit via opened 
Cl− channels under the constant cytosolic concentration 
of Cl− supplied from the patch-clamp pipette, and simply 
reflects the changes in activity of TMEM16A responding 
to the application of carbachol. However, since gramicidin 
creates monovalent cation-selective pores, the carbachol-
induced current in the gramicidin-perforated patch record-
ing represents the Cl− exit via Cl− channels dependent on 
Cl− entry through Cl− transporters expressed in the cells. 
Therefore, to sustain the Cl− current in the gramicidin-per-
forated patch configuration, [Cl−]i must be maintained in 
the cytoplasm above its electrochemical equilibrium value 
by Cl− transporters. Addition of bumetanide, an inhibitor 
of Na+-K+-2Cl− cotransporter, markedly reduced the car-
bachol-induced Cl− current when analyzing the integral and 
peak amplitude of oscillatory Cl− currents induced by carba-
chol (Fig. 2). Thus, these data suggested that the carbachol-
induced Cl− current from mouse submandibular acinar cells 
under the gramicidin-perforated patch configuration repre-
sented the Cl− efflux via TMEM16A dependent on Cl− entry 
mainly through Na+-K+-2Cl− cotransporter.

The effect of sodium–glucose cotransporter 
inhibition on carbachol‑induced Cl− currents

Our previous data indicated that the sodium–glucose 
cotransporter-1 inhibitor phlorizin partially inhibited the 
carbachol-induced fluid secretion without reducing the car-
bachol-induced increase in [Ca2+]i (Terachi et al. 2018). It 
suggests that phlorizin may inhibit the carbachol-induced 
fluid secretion by altering the activities of ion channels and 
transporters downstream of [Ca2+]i signals. To determine if 
sodium–glucose cotransporter-1 activity or sodium–glucose 
cotransporter-1-mediated glucose entry is required for main-
taining Cl− secretion to drive fluid secretion, we analyzed 
the effect of phlorizin on carbachol-activated Cl− currents 
in submandibular acinar cells using the whole-cell patch and 
the gramicidin-perforated patch configurations.

First, we evaluated the effect of phlorizin on carbachol-
activated Cl− currents in the conventional whole-cell patch 
configuration, where changes in whole-cell Cl− current simply 
reflect alteration of the Cl− channel activities (Fig. 3). Addition 
of phlorizin following carbachol application had little effect on 
non-oscillatory inward currents shown as changes in baseline 
currents, representing no statistical difference between car-
bachol and carbachol + phlorizin (Fig. 3b). When deducing 

and comparing the integral of oscillatory Cl− current (inward 
current) calculated from the baseline current, the addition 
of phlorizin following carbachol did not lead to a significant 
change in the integral of oscillatory Cl− currents induced by 
carbachol, showing no statistical difference between carba-
chol and carbachol + phlorizin (Fig. 3c). However, we found 
that the peak amplitudes of oscillatory Cl− currents calculated 
from the baseline currents were significantly different between 
carbachol and carbachol + phlorizin (Fig. 3d). Addition of 
phlorizin reduced the peak amplitude of oscillatory Cl− cur-
rents induced by carbachol. Therefore, these results suggest 
that the sodium–glucose cotransporter-1 inhibition may par-
tially suppress the channel activity of TMEM16A, which is 
primarily regulated by elevation of [Ca2+]i, without reducing 
the carbachol-induced increase in [Ca2+]i (Terachi et al. 2018).

Second, we examined the effect of phlorizin on carba-
chol-activated Cl− currents in the gramicidin-perforated 
patch configuration, where the Cl− current is carried depend-
ent on Cl− entry through membrane transporters (Fig. 4). 
Addition of phlorizin following carbachol increased non-
oscillatory inward current shown as changes in baseline 
currents (Fig. 4b). Importantly, the phlorizin addition sig-
nificantly reduced both the integral and peak amplitude of 
oscillatory Cl− currents induced by carbachol (Fig. 4c, d), 
suggesting that the sodium–glucose cotransporter-1 inhibi-
tion may reduce the Cl− efflux via TMEM16A dependent on 
Cl− entry through the Na+-K+-2Cl− cotransporter.

When the relative integral was calculated as a ratio of 
the integral of oscillatory Cl− currents in the presence of 
phlorizin (carbachol + phlorizin) compared with that in the 
absence of phlorizin (carbachol) as 1 for each experiment, 
the averages of the relative integral values for the whole-cell 
patch and the gramicidin-perforated patch configurations 
were 0.48 ± 0.37 (n = 5) and 0.23 ± 0.13 (n = 9), respectively. 
There was no statistical difference in the relative integral 
values of carbachol + phlorizin between the two configura-
tions. When the relative peak amplitude was calculated as 
a ratio of the peak amplitude of oscillatory Cl− currents in 
the presence of phlorizin (carbachol + phlorizin) compared 
with that in the absence of phlorizin (carbachol) as 1 for 
each experiment, the averages of the relative peak ampli-
tudes for the whole-cell patch and the gramicidin-perforated 
patch configurations were 0.43 ± 0.23 (n = 5) and 0.26 ± 0.12 
(n = 9), respectively. No statistical difference in the relative 
peak amplitude values of carbachol + phlorizin was observed 
between the two configurations.

Discussion

Carbachol induces oscillatory Cl− currents for Cl− secre-
tion to drive fluid secretion in rat submandibular acinar cells 
(Sugita et al. 2004). In the present study, the oscillatory 



26	 Journal of Comparative Physiology B (2024) 194:21–32

Fig. 2   The effect of bumetanide 
on carbachol-induced Cl− 
currents in the gramicidin-
perforated patch configuration. 
a A representative trace of 
the Cl− current from isolated 
acinar cells in the gramicidin-
perforated patch configura-
tion during the application 
of carbachol (300 nM) and 
bumetanide (500 μM) as 
indicated by the horizontal bars. 
b The effect of bumetanide on 
non-oscillatory inward currents 
(baseline current). c The effect 
of bumetanide on the integral 
of oscillatory Cl− currents. d 
The effect of bumetanide on the 
peak amplitude of oscillatory 
Cl− currents. The averages of 
non-oscillatory inward currents 
b, the integral c, and the peak 
amplitude d were determined in 
the 30 s showing steady base-
line currents within 0–3 min 
before switching the perfusate. 
Although the non-oscillatory 
inward current, the integral and 
the peak amplitude of oscil-
latory Cl− current represent 
negative values because of those 
measured as inward current, 
we converted the negative 
values to the positive values to 
have their comparison simpler. 
The values obtained in the 
presence of carbachol (car-
bachol), and in the sequen-
tial addition of bumetanide 
(carbachol + bumetanide) were 
compared. Results are presented 
as means with error bars rep-
resenting SD (n = 5). *P < 0.05 
in the paired Student’s t test for 
c and d 
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Fig. 3   The effect of phlorizin 
on carbachol-induced Cl− cur-
rents in the whole-cell patch 
configuration. a A representa-
tive trace of the Cl− current 
from isolated acinar cells in 
the whole-cell patch configu-
ration during the application 
of carbachol (300 nM) and 
phlorizin (100 μM) as indicated 
by the horizontal bars. b The 
effect of phlorizin on non-
oscillatory inward currents 
(baseline current). c The effect 
of phlorizin on the integral 
of oscillatory Cl− currents. d 
The effect of phlorizin on the 
peak amplitude of oscillatory 
Cl− currents. The averages of 
non-oscillatory inward currents 
b, the integral c, and the peak 
amplitude d were determined as 
described earlier in Fig. 2. The 
values obtained in the presence 
of carbachol (carbachol), and 
in the sequential addition of 
phlorizin (carbachol + phlorizin) 
were compared. Results are 
presented as means with error 
bars representing SD (n = 5). 
*P < 0.05 in the paired Student’s 
t test for d 
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Fig. 4   The effect of phlorizin on 
carbachol-induced Cl− currents 
in the gramicidin-perforated 
patch configuration. a A repre-
sentative trace of the Cl− cur-
rent from isolated acinar cells in 
the gramicidin-perforated patch 
configuration during the appli-
cation of carbachol (300 nM) 
and phlorizin (100 μM). b The 
effect of phlorizin on non-oscil-
latory inward currents (baseline 
current). c The effect of phlori-
zin on the integral of oscillatory 
Cl− currents. d The effect of 
phlorizin on the peak amplitude 
of oscillatory Cl− currents. The 
averages of non-oscillatory 
inward currents b, the integral 
c, and the peak amplitude d 
were determined and compared 
as described earlier in Fig. 3. 
Results are presented as means 
with error bars representing SD 
(n = 9). *P < 0.05 in one-way 
ANOVA followed by post hoc 
Ryan’s method for b, and in 
the paired Student’s t test for c 
and d 
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Cl− currents were recorded from mouse submandibular 
acinar cells in both the whole-cell patch and gramicidin-
perforated patch configurations. Of note, the carbachol-
induced Cl− current in the whole-cell patch configuration 
was much greater than that in the gramicidin-perforated 
patch configuration. This is because the Cl− current recorded 
in the gramicidin-perforated patch configuration is carried 
by Cl− efflux via Cl− channels, dependent upon Cl− entry 
through Cl− transporters expressed in the examined cell, 
whereas the Cl− current in the whole-cell patch configura-
tion solely reflects the Cl− channel activity. More precisely, 
in contrast with that oscillatory Cl− currents observed in the 
whole-cell patch configuration enable us to simply character-
ize the cellular events of opening and closing of TMEM16A, 
a Ca2+-activated Cl− channel, those recorded in the gramici-
din-perforated patch configuration reflects the TMEM16A-
mediated efflux of intracellular Cl− which is raised above the 
electrochemical equilibrium level by membrane transport-
ers. By exhibiting the oscillatory Cl− current sensitive to 
bumetanide, a Na+-K+-2Cl− cotransporter inhibitor, in the 
gramicidin-perforated patch recording, our results suggested 
that the basolaterally located Na+-K+-2Cl− cotransporter is 
the dominant Cl− influx pathway for supporting oscillatory 

Cl− efflux through the apical Ca2+-activated Cl− channel 
TMEM16A in this configuration (Fig. 5), and also in intact 
acinar cells as previously observed in rat submandibular aci-
nar cells (Sugita et al. 2004).

Then we examined if sodium–glucose cotransporter-1 
activity is required for maintaining oscillatory Cl− currents, 
and how it is involved in regulation of the Cl− secretion by 
analyzing the effect of the sodium–glucose cotransporter-1 
inhibitor, phlorizin, on carbachol-induced Cl− currents in 
the whole-cell patch and gramicidin-perforated patch con-
figurations. Phlorizin partially inhibits carbachol-induced 
fluid secretion without reducing the elevation of [Ca2+]i 
by carbachol, suggesting that it may alter the activities of 
ion channels and transporters downstream of [Ca2+]i sig-
nals (Terachi et al. 2018). When comparing the effect of 
phlorizin on carbachol-induced Cl− currents between the 
whole-cell patch and gramicidin-perforated patch con-
figurations, first, we could expect the Cl− currents in the 
gramicidin-perforated patch, but not in the whole-cell patch 
configuration, to be suppressed by phlorizin if the applica-
tion of phlorizin inhibits the Na+-K+-2Cl− cotransporter-
mediated Cl− entry without affecting the TMEM16A chan-
nel activity. Second, we could expect the Cl− currents in 

Fig. 5   Schematic diagrams of the proposed ionic pathways leading 
to carbachol-induced Cl− currents in submandibular acinar cells in 
the presence and the absence of phlorizin. Carbachol-induced Cl− 
currents in the gramicidin-perforated patch recording are carried by 
Cl− efflux via the Ca2+-activated Cl− channel TMEM16A, depend-

ent upon Cl− entry mainly through Na+-K+-2Cl− cotransporter. The 
oscillatory Cl− currents are maintained by the activity of sodium–glu-
cose cotransporter-1 (SGLT1) as the currents are decreased by phlo-
rizin application
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the whole-cell patch, but not in the gramicidin-perforated 
patch configuration, to be partly suppressed by phlorizin 
if it can partially inhibit the TMEM16A channel activity 
without affecting the Na+-K+-2Cl− cotransporter-mediated 
Cl− entry because of Na+-K+-2Cl− cotransporter acting as 
the rate-limiting step for the Cl− currents. This pattern of 
results was exemplified by our previous study that showed 
partial block of the Cl− channel activity had little effect on 
the carbachol-induced Cl− current recorded under the gram-
icidin-perforated patch configuration (Sugita et al. 2004). 
Third, we expect the Cl− currents in both the whole-cell 
patch and gramicidin-perforated patch configurations to be 
suppressed by phlorizin if it potently inhibits the TMEM16A 
channel activity.

Figures  3cd and 4cd show that the oscillatory 
Cl− currents in the gramicidin-perforated patch con-
figuration (Fig.  4cd) were slightly more sensitive to 
phlorizin application than those in the whole-cell patch 
configuration (Fig. 3cd). Therefore, it is likely that the 
sodium–glucose cotransporter-1 inhibition may suppress 
the oscillatory dynamics of carbachol-induced Cl− secre-
tion by reducing the Na+-K+-2Cl− cotransporter-mediated 
Cl− entry or the Cl− efflux dependent on Cl− entry through 
Na+-K+-2Cl− cotransporter, and in addition, by affecting 
the TMEM16A activity. Thus, our data suggest that the 
sodium–glucose cotransporter-1 activity or the sodium–glu-
cose cotransporter-1-mediated glucose uptake may be nec-
essary for maintaining the Cl− secretion supported by the 
Na+-K+-2Cl− cotransporter activity in real time to drive fluid 
secretion (Fig. 5).

Our previous data indicated that elimination of extra-
cellular glucose partly decreases the carbachol-induced 
Cl− currents via Ca2+-activated Cl− channels, dependent 
upon Cl− entry through the Na+-K+-2Cl− cotransporter, to 
reduce the carbachol-induced fluid secretion (Terachi et al. 
2018). Hence, the glucose uptake mediated by sodium–glu-
cose cotransporter-1 is in part responsible for maintain-
ing the Cl− and fluid secretion. However, it is likely that 
phlorizin had much more suppressive effect on the carba-
chol-induced Cl− currents than glucose elimination did. 
Sodium–glucose cotransporter-1 is reported to carry water 
and glucose molecules using the energy in the Na+ gradient 
across the membrane with a stoichiometry of two Na+, one 
glucose, and 200–250 water molecules per transport cycle 
(Loo et al. 1996; Duquette et al. 2001). Therefore, the water 
transport mediated by sodium–glucose cotransporter-1 may 
have a modulatory effect on maintaining the carbachol-
induced Cl− secretion in association with the glucose trans-
port that can also regulate the secretion in a different man-
ner. With regard to a pathological condition, reduction of 
sodium–glucose cotransporter-1 expression at the protein 
level was observed in salivary acinar cells in diabetic animal 
models (Sabino-Silva et al. 2010). Alterations in expression 

and function of sodium–glucose cotransporter-1 may partly 
underlie how diabetic patients suffer from xerostomia as 
observed in the perfused submandibular glands where fluid 
secretion was suppressed by phlorizin.

Importantly, since sodium–glucose cotransporter-1, 
Na+-K+-2Cl− cotransporter, and apically located Cl− chan-
nels are commonly expressed in diverse secretory epi-
thelia from a variety of animal species, several differ-
ent secretory epithelia may share the similar regulatory 
role of sodium–glucose cotransporter-1 in Cl− secretion. 
Among the three major salivary glands in mice, the pro-
tein expression levels of the Ca2+-activated Cl− channel 
TMEM16A were reported to be significantly greater in 
parotid glands, compared with submandibular and sublin-
gual glands (Kondo et al. 2015). It was also reported that 
the Na+-K+-2Cl− cotransporter activity in submandibular 
glands was about twice that of parotid glands and more 
than 12-fold greater than that of sublingual glands (Kondo 
et al. 2015). The relative contribution of TMEM16A and 
Na+-K+-2Cl− cotransporter to determining the rate of 
Cl− secretion might be varied among the three major sali-
vary glands. However, since sodium–glucose cotransporter-1 
is commonly expressed in the salivary glands (Madunić et al. 
2017), the sodium–glucose cotransporter-1 activity or the 
sodium–glucose cotransporter-1-mediated glucose uptake 
may also regulate the rate of Cl− efflux via TMEM16A 
dependent upon Cl− entry through Na+-K+-2Cl− cotrans-
porter in mouse parotid and sublingual glands. Furthermore, 
it is likely that the ion transport mechanisms in rat, rabbit, 
sheep, and human salivary glands are equivalent to those in 
the mouse (Lee et al. 2005; Lytle et al. 1995; Tarpey et al. 
1995; Nakamoto et al. 2007). Therefore, the concerted effort 
of sodium–glucose cotransporter-1, Na+-K+-2Cl− cotrans-
porter and TMEM16A to drive Cl− secretion may be 
observed in salivary glands of those animal species.

Because a similar coordinated transport process occurs in 
a variety of secretory epithelia including those of murine and 
human intestines (Gawenis et al. 2004; Reynolds et al. 2007), 
and of murine, porcine, and human airways (Gillie et al. 
2001; Flores-Delgado et al. 2016; Baines et al. 2023), those 
secretory epithelia might share the common sodium–glu-
cose cotransporter-1-mediated regulation of Cl− secretion 
via apically located Cl− channels, dependent on Cl− entry 
through Na+-K+-2Cl− cotransporter. Importantly, shark rec-
tal glands as well as snake salt glands possess similar sys-
tems for Cl− secretion, in which basolateral Na+-K+ ATPase 
creates a sodium gradient that allows Cl− to enter the gland 
epithelial cells via basolateral Na+-K+-2Cl− cotransporter, 
and then to be secreted via apically located Cl− channels 
such as a cystic fibrosis transmembrane conductance regula-
tor (CFTR) (Silva et al. 1977; Hannafin et al. 1983; Babonis 
and Evans 2011). Of note, Cl− secretion by shark rectal 
glands is reported to be partly dependent on glucose that 
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is transported into the cells via sodium–glucose cotrans-
porter-1 (Deck et al. 2017; Kinne et al. 2020). Accordingly, 
the sodium–glucose cotransporter-1-mediated glucose 
uptake might also help determine the rate of Cl− secretion 
in shark rectal glands by controlling the Cl− efflux dependent 
on Cl− entry through Na+-K+-2Cl− cotransporter.

Collectively, it is now of critical relevance to further 
clarify how sodium–glucose cotransporter-1 regulates the 
Cl− secretion to understand a key mechanism underlying 
generation of the Cl− driving force for fluid secretion in a 
wide variety of secretory epithelia, and to develop thera-
peutic means by manipulating the sodium–glucose cotrans-
porter-1 activity for patients suffering from xerostomia and 
other diseases related to dysfunction in secretory epithelia.
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