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2 (Slc12a5) modulates insulin
secretion
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Intracellular chloride concentration ([CI~];) in pancreatic 3-cells is kept above electrochemical
. equilibrium due to the predominant functional presence of Cl~ loaders such as the Na*K*2Cl~ co-
. transporter 1 (Slc12a2) over Cl-extruders of unidentified nature. Using molecular cloning, RT-PCR,
. Western blotting, immunolocalization and in vitro functional assays, we establish that the "neuron-
: specific” K*Cl~ co-transporter 2 (KCC2, Slc12a5) is expressed in several endocrine cells of the pancreatic
islet, including glucagon secreting a-cells, but particularly in insulin-secreting 3-cells, where we provide
. evidence for its role in the insulin secretory response. Three KCC2 splice variants were identified:
. the formerly described KCC2a and KCC2b along with a novel one lacking exon 25 (KCC2a-S25). This
. new variant is undetectable in brain or spinal cord, the only and most abundant known sources of
KCC2. Inhibition of KCC2 activity in clonal MING6 3-cells increases basal and glucose-stimulated insulin
secretion and Ca?* uptake in the presence of glibenclamide, an inhibitor of the ATP-dependent
potassium (Krp)-channels, thus suggesting a possible mechanism underlying KCC2-dependent insulin
release. We propose that the long-time considered "neuron-specific” KCC2 co-transporter is expressed in
pancreatic islet 3-cells where it modulates Ca?*-dependent insulin secretion.

. The pancreatic islet is remarkably sensitive to acute changes in plasma glucose levels. Glucose elevation of any
: magnitude triggers insulin secretion from 3-cells to maintain blood glucose homeostasis. The initial or first
. phase of insulin secretion depends on cationic and anionic mechanisms. The K,p-channel pathway underlies
most of the cationic mechanisms and is the most thoroughly characterized so far'. The anionic mechanisms,
independent of Krp-channels, are linked to a much less characterized glucose-induced electrogenic Cl~ efflux®.
Such efflux of Cl™ is possible because [Cl™]; in 3-cells is kept above that predicted by Nernstian equilibrium
i.e., ~35mM vs. ~10mM?>°. In immature neurons’, neurons of the dorsal root ganglion®® or adult chromaffin
cells', [CI7]; is also kept above thermodynamic equilibrium due to the predominant functional presence of the
. secondary active Cl~ loader Slc12a2 (NKCC1), a bumetanide- (BTD)-sensitive Na*K*2Cl~ co-transporter, over
. the K*Cl~ co-transporters (KCCs), including KCC2 (Slc12a5), a constitutively active C1~ extruder. In rat sensory
. neurons’ or bovine chromaffin cells!!, the expression of NKCCI is more abundant than that of KCC2. This is
consistent with the observation that these cells actively accumulate Cl~ and exhibit [Cl™]; above equilibrium
(~35-40 mM)'* 12, In mature hippocampal'® or neocortical neurons', for instance, the NKCC1/KCC2 mRNA
ratio is ~1:2 due to developmental up-regulation of KCC2 expression” . This is considered to be responsible
for the generation and maintenance of [Cl™]; below thermodynamic equilibrium (e.g., ~4 mM) in these mature
. neurons, thereby determining the well-defined inhibitory action of y-aminobutyric acid (GABA) receptor type
A (GABA,), a CI” channel gated by GABA, barbiturates or benzodiazepines” . Accordingly, GABA, activation
© in most mature neurons results in plasma membrane hyperpolarization due to Cl~ influx whereas in nociceptors
it results in the electrogenic efflux of Cl~ and plasma membrane depolarization® !*. This widely accepted model
. and established paradigm’* may be applied to any electrically excitable cell type expressing GABA , and exhib-
: iting [Cl~]; above Nernstian equilibrium. Remarkably similar, mammalian insulin-secreting 3-cells accumulate
Cl~ in a BTD-sensitive manner'® ', are depolarized by GABA® '8 and upon opening of various Cl~ channels'* 2.
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These include the cystic fibrosis transmembrane conductance regulator CFTR?"?? and Ca**-dependent* "% or
volume-regulated Cl~ channels? .

The predominant functional presence of NKCCI relative to other Cl~ loaders expressed in rodent (3-cells
such as Slc12a1'”-2%?7, some Slc4a/26a CI7/HCO;™ exchangers®® ? or any other potential C1~ extruder of the
Slc12a family™, partially explains the depolarizing driving force of Cl~ linked to insulin secretion® '*2%-332 Rat
pancreatic islets express several Cl~ extruders including Slc12a4 (KCC1), Slc12a6 (KCC3) and Slc12a7 (KCC4),
however, these transporters appear to be enriched in glucagon-secreting a-cells. Indeed, the role of KCCs in cell
volume regulation could not be demonstrated in dissociated rat 3-cells subjected to hypotonic shock®®, which is a
classic maneuver to demonstrate KCC activity in many cell types®®. The facts that KCC2 is a constitutively active
CI™ extruder refractory to hypotonic shock® %, and K*Cl~ co-transport activity is measurable in mouse pancre-
atic 3-cells under basal conditions®® *” raise the possibility that KCC2 is functionally present in 3-cells. Recent
data suggest that NKCC1 and KCC2 transcripts are co-expressed in human islets®, an observation strikingly
similar to that of immature or sensory neurons’ or chromaffin cells'!. In fact, human 3-cells®, immature neurons’,
nociceptors® and adrenal medullary cells'"* all depolarize in response to GABA , agonists, which matches with
the demonstrated [Cl~]; above thermodynamic equilibrium in these cells>” 1 2. Accordingly, acute inhibition of
NKCCI with the clinically relevant diuretics BTD or furosemide, inhibits GABA ,-mediated plasma membrane
depolarization of immature neurons*!, nociceptors®, chromaffin cells'' and insulin secretion® 1617273142 regpec-
tively. Notably, these diuretics impair glucose tolerance in mice®”>**-*> and provoke intermittent hyperglycemia in
patients treated with these compounds*.

The objective of the present work was to determine and characterize the expression patterns of Slc12a5 gene
products in the rodent/mammalian pancreatic islet and to determine if KCC2 plays a modulatory role in insulin
secretion. We demonstrate that 3-cells co-express three variants of KCC2 i.e., KCC2a, KCC2b and KCC2a-525
(a novel KCC2a variant lacking exon 25), and pharmacological inhibition or stimulation of KCC2 in (3-cells
reciprocally modulate insulin secretion in response to glucose. In addition, inhibition of KCC2 increases insulin
secretion by mechanisms involving a rise in cytosolic Ca?" in a K rp-channel independent-manner. Therefore,
our results provide the first indication that KCC2 is expressed in the pancreatic 3-cell and plays a role as a mod-
ulator of insulin secretion.

Results

Pancreatic 3-cells express KCC2. We used reverse transcription PCR (RT-PCR) to demonstrate KCC2
expression in MING6, INS-1E (3-cell lines and mouse and human islets. Figure 1A-D shows KCC2a and KCC2b
expression as bands of expected size and identity (Fig. 1E). Moreover, full-length KCC2a and KCC2b were ampli-
fied, quantified (Fig. IF-G), cloned and sequenced from MING6 (Supplementary Figure 1). Next, immunoblot-
ting with validated KCC2 antibodies*” was performed to demonstrate KCC2 protein expression (Fig. 1H) as
bands of molecular weights (MW) from ~124kDa to ~240kDa, which are expected for KCC2 core/high-mannose
(~124kDa), hybrid-type (130-135kDa), complex N-glycosylated (~150-160kDa) and dimers (~240kDa)*” 4,
Notably, mature KCC2 (~150kDa) was detected in crude plasma membrane extracts of MING6 cells but not in
those of COS7 cells, which lack endogenous KCC2 (Fig. 1i). Further, confocal images show that a small pro-
portion of immunoreactive KCC2 localizes near or at the plasma membrane in MING6 cells (Fig. 1J-K), partially
co-localizes with cadherin, a plasma membrane marker, in the mouse islet whilst sharing a similar location pat-
tern with NKCC1 and GLUT2 (Supplementary Figure 2). To define the relative contribution of KCC2 to the total
KCC pool in MIN6, we determined and quantified KCC1, KCC3 and KCC4 expression levels (Supplementary
Figure 3).

3-cells express a novel splice variant of KCC2a. Three KCC2 splice variants were cloned from MIN6
and their sequences were deposited in NCBI GenBank (KJ535320, KJ535321 and KJ535322, Supplementary
Figure 1C). KJ535322 matches mouse KCC2b (mKCC2b) and RefSeq NM_020333, whereas KJ535321 is sim-
ilar to rat KCC2a (EF641113). Alignment of KJ535320 against mKCC2a demonstrated novel splicing involving
nucleotides 3177-3191 and 3108-3122 in mKCC2a and mKCC2b, respectively, and corresponding to exon 25 of
the mouse Slc12a5 gene. This exon defines residues EWENL located in the predicted cytoplasmic C-terminus of
KCC2a and KCC2b (Supplementary Figure 1A and C). This variant contributes to ~55-60% of the total KCC2
mRNA pool expressed in MING6 (Fig. 2C and Supplementary Figure 1B). However, it was not detected in mouse
adult brain or spinal cord (Fig. 2C and F).

To validate KJ535320 expression in 3-cells, termed here as KCC2a-S25, the region encompassing exon 25 in
KCC2 transcripts was PCR-amplified from MIN6, mouse brain, spinal cord, exocrine pancreas and human islets,
and digested with MspI. Because an MspI site resides in the joint of exons 24-25 of Slc12a5 transcripts, fragments
of 362 bp and 262 bp demonstrate co-expression of KCC2-525 and KCC2a/KCC2b, respectively (Fig. 2A). In
human islets, MspI digestion of KCC2 amplicons produces bands of ~176bp (Fig. 2E) whereas all KCC2 tran-
scripts expressed in adrenal medullary cells lacked exon 25 (Supplementary Figure 4A-D). When taken together,
these results suggest that KCC2-S25 represents an extra-neuronal KCC2 variant.

KCC2 localizes to insulin-containing 3-cells in mouse and human islets. Immunofluorescence
microscopy was employed to complement the results on KCC2 expression from (3-cell lines and show localisation
in the pancreatic islets. To identify them, pancreas sections were stained with synaptophysin (SYN, pan-endocrine
marker). Figures 3A-C show KCC2 staining specifically in endocrine cells of the pancreas. To define these endo-
crine cell types, KCC2 and insulin were co-immunolabeled. Figure 3D-F shows that KCC2 co-localizes with
insulin (INS), whereas a substantially lower level of KCC2 was found in insulin-negative cells (arrows, Fig. 3F).
These cells are identified in their majority as glucagon-positive a-cells of the mouse islet (Supplementary
Figure 5). Together, these results demonstrate that, within the islet, insulin-secreting 3-cells contain most of the
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Figure 1. KCC2 is expressed in rodent 3-cell lines and pancreatic islets. (A-D) Original ethidium bromide
stained gels (inverted) showing KCC2 mRNA expression in the mouse 3-cell line MIN6 (A), human (B) and
mouse islets (C) and the rat INS1-E 3-cell line (D). Shown are PCR products of expected sizes representing
KCC2a and KCC2b. As the positive control of RT-PCRs, transcripts of GAPDH were amplified (555 bp).

As the negative control, water was used instead of total cDNA. (E) Partial chromatograms obtained from
representative DNA sequencing reactions using purified KCC2a-671 and KCC2b-602 PCR products from
MING (black asterisks). The DNA sequences obtained are 100% identical to the spliced version of KCC2a and
KCC2b, respectively. (F) Representative original 1% agarose gel digital image cropped to include bands of
relevant sizes. RT coupled to long-range PCR using total RNA from MING6 and primer sets KCC2a-3591 or
KCC2b-4024 (Supplementary Table 1). The PCR products of 3591 bp (KCC2a) and 4024 bp (KCC2b) were
purified from this gel, directly cloned in pCR-Blunt II-TOPO vectors and fully sequenced in both directions.
(G) MING6 and mouse brain KCC2a and KCC2b mRNA quantification (n=>5). Results are expressed relative to
MIN6 KCC2a. (H) Cropped digitised immunoblots of the indicated protein extracts (ug) obtained from MING,
mouse (m) and human (h) islets and mouse brain. (I) Digitized immunoblot cropped to show KCC2 protein
expression in purified plasma membranes of COS7 cells and MING6 (3-cells. (J,K) Confocal images of MIN6
B3-cells immunolabeled using validated KCC2 antibodies. The square in (J) is shown at higher magnification

in K to indicate with white arrows immunoreactive KCC2 towards the edges of the cells. Nuclei have been
counterstained with DAPI. Scale bar represents 10 um.
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Figure 2. KCC2-S25 is expressed in MING6 (3-cells, human islets and mouse pancreas. (A) Representation

of KCC2a/b amplicons obtained by using the KCC2-565 primer set. Indicated are the MspI restriction sites
and the predicted length of the digestion products in bp. Exon 25 is highlighted in red. Its splicing eliminates
an MsplI site in the amplicon. (B) Ethidium bormide stained gel, inverted from its original gray-scale digital
picture, showing RT-PCR products of expected size (565bp) obtained by using the primer set KCC2-565 and
total RNA from mouse spinal cord, brain and MING6 (3-cells. As negative control, water was used instead of
total cDNA. (C) Representative ethidium bromide stained 2% agarose gel inverted from original where MspI-
digested PCR products were separated. Also shown, representative densitometry analysis of the MspI banding
pattern to estimate the relative contribution of KCC2-S25 (~54%) to the total KCC2 pool. (D) Representative
ethidium bromide stained gel inverted from original showing an RT-PCR experiment performed using mouse
islet RNA and the KCC2-565 primer set. Note the product of expected size and MspI digestion analysis of
restriction fragments. (E) Representative ethidium bormide stained gel inverted from original showing RT-
PCR experiment using total RNA from human islets and the KCC2-657 primer to obtain amplicons of expected
size (657 bp) and a posteriori MspI digestion analysis. (F) Expression levels of total KCC2 in adult mouse brain
using qQPCR primers that do not distinguish among known KCC2 variants (total KCC2) or specific to exon

25 (KCC2a/b). (G) Representation of human KCC2a/b amplicons obtained using KCC2-657 primer set and
predicted MsplI restriction fragments for KCC2a/b-S25 (176 bp) and KCC2a/b (102 bp + 89bp).

immunoreactive KCC2. Because NKCC1 is expressed in isolated 3-cells of the rat islet* and rodent 3-cell lines or
islets?» % we verified that KCC2 and NKCCI also co-localize in the mouse islet. To this end we used NKCC1 anti-
bodies validated against NKCC1¥© tissues™. As shown in Fig. 3G-I, KCC2 and NKCCl co-localise in the mouse
islet 3-cells and both co-transporters co-localise with cadherin (Supplementary Figure 3). To further validate
these results, KCC2 was simultaneously labeled in 5 um thick tissues sections of mouse brain, spinal cord, kidney,
salivary gland and pancreas positioned within the same chamber (Supplementary Figure 6A-F). Moreover, two
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Figure 3. KCC2 locates to the endocrine islets of the mammalian pancreas. (A-H) Representative
immunofluorescence microscopy images of mouse pancreas immunolabeled against endogenous KCC2 (A,D
and G), synaptophysin (SYN, B), insulin (INS, E) or NKCC1 (H), using Cy3-, AF488- or DyLight405-labeled
secondary antibodies [red (KCC2), green (SYN and NKCC1) and white (INS), respectively]. Also shown are
superimposed pictures of KCC2- and SYN-, INS- and NKCCl-labeled images to visualize co-localisation

[red + green =yellow (C and I) and red + white = pink (F)]. Arrowheads in F indicate KCC2-positive/INS-
negative islet cells. (J-O) Shown are confocal immunofluorescence microscopy images of human (J-L) and rat
(M-0) pancreas tissues immunolabeled using KCC2 (red) and INS (white) antibodies. Scale bars represent

50 pm.
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Figure 4. Insulin secretion in MING6 and islets is modulated by KCC2. (A) Insulin secretion in MING6 (3-cells
under basal (5.5mM glucose) or stimulated conditions (7.5-20 mM glucose), either in the presence of ML077
(25uM) or CLP257 (100 uM). Results are expressed as percentage of total insulin content and normalized to
Control 5.5mM £ SEM (n =3, *p < 0.05). (B) Dose-response curve of the basal secretory response (5.5 mM
glucose) of MING6 (3-cells as a function of increasing concentrations of ML077 (1-100 uM). Shown are the results
of 2 different experiments performed in triplicate. (C) Insulin secretion of mouse islets and MIN6 incubated in
low or high glucose (3.3-16.6 mM for islets or 5.5-15 mM for MING®, respectively). Results of insulin secretion
are expressed relative to total insulin content (n=3, *p < 0.05 vs. glucose alone).

KCC2 monoclonal antibodies were used to label the co-transporter in mouse pancreas and in COS7 and MIN6
cells (Supplementary Figure 6G-0). We extended these results to human and rat pancreas sections (Fig. 3]-O).

KCC2 modulates insulin secretion in response to glucose. NKCC-dependent decrease in 3-cell total
CI™ content correlates with impaired insulin secretion'”. Since KCC2 is a constitutively active Cl~ extruder, its
pharmacologic modulation is therefore expected to alter [Cl]; and the secretory response. As shown in Fig. 4A,
treating MING cells with the KCC2 inhibitor ML077°"** at maximally effective concentrations (25 uM, Fig. 4B)
significantly increases insulin secretion in response to 5.5 mM glucose, which is a physiologically normal and a
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non-insulinotropic concentration. The same effect is observed at higher concentrations of the sugar. Notably, the
insulinotropic effect of MLO077 in basal glucose was also observed with VU0240551, a less selective KCC2 inhib-
itor® (Supplementary Figure 7A). However, CLP257 moderately inhibited insulin secretion only at high glucose
concentrations (>15mM). Remarkably, neither ML077 nor CLP257 significantly changed the calculated ECs,
i.e., the concentration of glucose giving half-maximal responses (~10 mM). Yet, ML077 and CLP257 significantly
increased and decreased, respectively, the maximum insulin response to glucose. Therefore, ML077 and CLP257
increase and decrease, respectively, the efficacy of glucose to elicit insulin secretion. To further extend and con-
firm these results, we next tested the effect of ML077 on basal and glucose stimulated insulin secretion (GSIS)
using mouse islets. As shown in Fig. 4C, mouse islets responded similarly to low (3.3 mM) and high (16.6 mM)
glucose.

KCC2-dependent insulin secretion does not require K,rp-channels: the role of Ca?*. 'The inac-
tivation of Kpp-channels and the resulting plasma membrane depolarization to a threshold that activates Ca®*
entry through voltage-dependent Ca>" channels play a key role in the first phase of insulin secretion®®. Therefore,
we tested the effect of ML077 on the basal secretory response of MING6 (3-cells in the presence of glibenclamide
(GBC, 10 uM), a K, rp-channel inhibitor. As shown in Fig. 5A and Supplementary Figure 7B, GBC increased insu-
lin secretion in response to 5.5mM and 12.5 mM glucose, whereas nifedipine (10 uM), an inhibitor of L-type Ca®*
channels prevented those effects, as expected. However, ML077 alone or in combination with GBC significantly
increased basal and GSIS (Fig. 5A). These data suggest that the positive effect of ML077 on insulin secretion
observed under basal or stimulated conditions may not require activated K,rp-channels. To further examine
KCC2-modulated basal insulin secretion, we measured changes in cytosolic Ca*" in response to GBC (10 uM)
and ML077 (25puM) in MING cells loaded with Fura-2. Application of GBC resulted in a significant elevation in
cytosolic Ca?" in the majority of cells, as expected (Fig. 5B). Further, addition of ML077 in the presence of GBC
significantly increased intracellular Ca?" levels, which lasted for several minutes. Because a small proportion of
MING cells do not respond to GBC™, we examined the effect of ML077 in cells where GBC alone did not evoke a
Ca?* increase. As shown in Fig. 5C, ML077 robustly increased Ca*" uptake in GBC-insensitive MING cells uncov-
ering a KCC2-sensitive Ca** influx pathway in these cells.

Discussion

KCC2a, KCC2b and a novel KCC2a-$25 variant were cloned from pancreatic 3-cells (Fig. 1 and Supplementary
Figure 1). KCC2a and KCC2b differ at the N-terminus, but their basal transport activities are equivalent® and
both contribute to normal Cl~ homeostasis in neurons'*. The presence of unique N-terminal phosphorylation
sites in KCC2a, which are absent in KCC2b, raises the possibility of differential regulatory mechanisms*®. This
concept may have functional significance in (3-cells, particularly when considering that KCC2a and KCC2a-S25
make up ~90-95% of the total KCC2 pool in (3-cells (Fig. 1G and Supplementary Figure 1B), whereas KCC2b
accounts for ~90-95% of the total KCC2 pool in the adult mouse brain®. Clearly, KCC2a-S25 cloned from (3-cells
direct the translation of KCC2 proteins when transfected into cell lines (Supplementary Figures 4FE,G) suggesting
that KCC2a-525 mRNAs are translationally active. Further, it is unlikely that KCC2a-S25 is the result of cloning
artifacts. Indeed, by taking advantage of a unique MspI site in the junction of exons 24-25, we demonstrated that
KCC2 transcripts lacking exon 25 are endogenously expressed in 3-cells (Fig. 2A and F) and in adrenal medullary
cells (Fig. 2B-E and Supplementary Figures 4A-D). Further, no evidence of KCC2-S25 mRNA expression in the
adult brain or spinal cord could be found (Fig. 2C and F).

KCC2 expression was also demonstrated in mouse islets, MIN6 and aTC6 cell lines’ immunoblots using
validated antibodies (Fig. 1H, Supplementary Figures 5K and 6G-I). Irrespective of the KCC2 antibody used,
the co-transporter was identified in SYN-labeled endocrine cells in the islet, but not in the exocrine portion of
the mouse, rat or human pancreas (Fig. 3 and Supplementary Figures 6E,F and 6M-0), and in the medulla of
the rat adrenal gland (Supplementary Figure 4A,B). Therefore, the low likelihood that a diverse panel of antibod-
ies could detect a similar non-specific expression pattern and label anatomically defined tissue regions suggests
specificity for the KCC2 protein. In fact, the KCC2 antibody used in our experiments i.e., 07-432 have been
recently validated using knockout tissues™. Unlike mature neurons, which express abundant, but not exclusively
plasma membrane localised KCC2% %, a substantial proportion of 3-cell KCC2 was found in intracellular com-
partments, like NKCC1% %, NKCC2'72¢ 27, KCC3% and KCC4%' in other cell types. This is not surprising; ~90-
95% of the total NKCC immunoreactivity localise in intracellular compartments, when using cell lines®* and a
minute amount could be demonstrated in the plasma membrane when using mouse islets cells (Supplementary
Figures 2A,D and G). Indeed, a small fraction of total immunoreactive KCC2 localises towards the MING6 cells
edge (Fig. 1]J-K), the plasma membrane of endocrine/islet mouse cells (Supplementary Figures 2B,E and H) and
aTC6 cells (Supplementary Figure 5]). Further favoring the proposal that complex N-glycosylated KCC2 is the
one enriched at the plasma membrane*®, KCC2 was detected as a single band of ~150kDa in purified plasma
membrane fractions of MING6 (3-cells, but not in those of COS7 cells (Fig. 11).

Although the functional properties of KCC2a-S25 remain to be determined, the fact that mKCC4 cloned
from several sources (GenBank accessions: AK166215, AK149750, BC059242, AK143535, AK131129, BC141107,
AF087436) lacks exon 27 (homologous to exon 25 in Slc12a5), adds an extra layer of complexity to our current
understanding of the molecular physiology of KCC2, particularly when considering that KCC2a-S25 accounts
for ~55-60% of total KCC2 transcripts in 3-cells (Supplementary Figure 1B). KCC2a-S25 lacks five C-terminal
residues located immediately after the so-called “ISO-domain’, which is responsible for the high basal activity of
the transporter® whereas KCC4, which lack ISO domains, is an inactive cotransporter under normal isotonic
conditions® ¢* %4, However, unlike KCC2, KCC4 is robustly activated by hypotonicity®*. Hence, it is tempting to
speculate that KCC2a-S25 and KCC4 may share functional properties. Interestingly, the total KCC2 transcript
level in MING6 (3-cells is ~10-15 times more abundant than that of KCC4 (Supplementary Figure 3B). Thus, when
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Figure 5. MLO077 increases insulin secretion and glibenclamide-induced Ca?" elevation in MING6 (3-cells. (A)
Insulin secretion in MING6 (3-cells under low and high glucose conditions either in the presence of ML077
(25uM, dark gray bars), glibenclamide (GBC 10 uM, light gray bars) or both (empty bars). Results are expressed
as percentage of total insulin content (n =3, *p < 0.05). (B) Single-cell Ca?" imaging in Fura2-loaded MIN6
B-cells (n=13) under basal secretory conditions (5.5 mM glucose). Addition of 10 uM GBC evoked a rapid
cytosolic Ca** elevation, which was increased by 25 uM ML077. (C) Experiment identical to A in a group of
cells that did not exhibit Ca>* elevation in response to 10 uM GBC. Addition of 25uM MLO077 in the presence of
10 uM GBC evoked Ca?* increases. In B and C, ionomycin (10 uM) was applied at the end of the experiment to
estimate maximum Ca?* responses. Each symbol represents a mean 340 nm/380 nm fluorescence ratio from 13
and 17 cells (B and C) = SEM.

taking into consideration that total KCC activity in 3-cells is measurable®® but not involved in regulatory volume
decrease in response to hypotonic challenge®, these data suggest that KCC2a and/or KCC2a-S$25 may take part
in a portion of net Cl™ transport in 3-cells.

At the functional level, inhibition of NKCC (a Cl~ loader) with BTD impairs insulin secretion at all concen-
trations of glucose tested> %3142, However, stimulation of KCC2 (a Cl~ extruder) with CLP257 decreased insulin
secretion only in response to high glucose (Fig. 4A), whereas inhibition of KCC2 with ML077 increased basal
and stimulated insulin secretion in MING cells and mouse islets (Fig. 4C). Although small decreases in [Cl]; are
known to alter the oscillatory Ca®* signaling in murine 3-cells>*, our experiments cannot exclude the possibility
that changes in [Cl™]; may also affect insulin secretion by slightly changing the intragranular pH® or granule
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exocytosis, as previously suggested®’. When coupled to active V-type H™-ATPase-dependent H' uptake, vesic-
ular CI7/H" transporters are expected to electrically neutralize and acidify the organelle’s lumen®. Interestingly,
only high glucose (15 mM) caused an acute and sustained Ca®*-independent drop in vesicular pH*” and CLP257
decreases insulin secretion in response to >15mM glucose (Fig. 4A). It is worth noting that 3-cell KCC2 par-
tially co-localized with SYN (Fig. 3A-C), a marker of endosomes synaptic-like macrovesicles (SLMVs) where the
2Cl~/H* exchanger Clc-3 was found®. However, while SLMVs do not store insulin, they appear to concentrate at
least GABA and glycine® raising the possibility that KCC2 may modulate secretion indirectly by participating in
SLMV maturation/release of these Cl~ channel activators. Clearly, further experiments are needed to determine
the potential impact of KCC2 in 3-cell granule biology as well as in the physiology and interplay of endocrine cells
of the islet were KCC2 is also expressed (see Supplementary Figure 5).

Notably, ML077-induced insulin secretion in response to 5.5mM and 12.5 mM glucose also occurred
in the presence of GBC, but was inhibited by nifedipine (Fig. 5A and Supplementary Figure 7B) as expected,
suggesting that KCC2 modulates the secretory response independently of K,rp-channels. Together, these data
support the recent findings demonstrating that the electrogenic exit of Cl~ from (3-cells is required to broaden
Ca?*-dependent membrane potential oscillations and to increase the density of action potentials needed to sus-
tain insulin secretion in response to glucose™?*, phenomena that occur when K rp-channels are fully closed®.
Indeed, according to the current paradigms and the laws of thermodynamics, the electrogenic driving force of
Cl~ is expected to increase when [Cl~]; increases in 3-cells in response to KCC2 inhibition. In fact, such Cl~
channel-mediated depolarizing exit of Cl~ has been recorded, even in the absence of functional Kp-channels”.
Further, the Cl~ driving force and the electrogenic Cl~ conductance positively correlate with the magnitude of
Ca?* entry in neurons’'.

Consistent with these data, single-cell Ca?>* measurement experiments exhibited that ML077 increases
GBC-induced Ca*" elevations in MING6 (3-cells (Fig. 5B,C). Ca*" elevations observed in response to GBC are
believed to represent an amplified opening of voltage-dependent L-type Ca®* channels in response to plasma
membrane depolarisation! brought about by K,rp-channel inhibition, and in effect mimic the situation during
glucose-induced K,p-channel closure. Although the detailed mechanisms underlying the stimulation of Ca?*
uptake (and insulin secretion) either directly or indirectly through potential changes in [Cl~]; remain to be dis-
sected, our results thus far are compatible with several non-exclusive interpretations: i) increased recruitment of
active Ca*" channels in response to ML077 (Fig. 5B), ii) shifting of the plateau membrane potential to more depo-
larized levels (expected if [Cl~]; increases in response to KCC2 inhibition, as demonstrated in other cells®?) and
the consequent opening of additional Ca®* channels further increasing Ca>" influx?, iii) increasing Cl~-channel
mediated efflux and action potential rate/density, as recently demonstrated® and/or iv) Cl~, independently of its
conductance, directly shifting the gating of L-type Ca** currents to the left, as demonstrated for other anions”.
Notably, in 3-cells that did not initially respond to GBC with a rise in cytosolic Ca>* ML077 evoked a significant
Ca?" increase (Fig. 5C) indicating that MLO77 per se is able to promote Ca*" entry and suggesting that in low/
basal glucose conditions (e.g., 5.5 mM glucose) K,rp-channels counteract most of the depolarizing Cl~ conduct-
ance in 3-cells.

Whilst treatment of MING cells with ML077, considered a highly selective and specific inhibitor of KCC2%,
correlated with increased basal insulin secretion (Fig. 4), drug-mediated inhibition/stimulation of unknown tar-
gets does remain possible. Nevertheless, it is also plausible that the modulation of insulin secretion by ML077
reflects KCC2-dependent changes in [Cl™];. For instance, in immature neurons with measured [Cl™]; of ~35mM”*
and equilibrium potential for C1~ (E)) of ~—37mV, a 5mM decrease in [Cl~]; profoundly impacted the ability
of GABA to promote Ca?" fluxes in these cells’>~””. Similarly, [Cl~]; in mouse 3-cells is ~34 mM?® and have a pre-
dicted E; of ~—37mV (if cultured with external [Cl ], of 142.6 mM, as given by the KRBH buffer in our exper-
iments). Therefore, taking into consideration the electrophysiological similitudes between immature neurons
and (3-cells in terms of [Cl]; and E; it is reasonable to expect that small changes in [Cl~]; in 3-cells will produce
similar electrophysiological results as those described in immature neurons.

When taken together, these findings are consistent with a small albeit significantly stimulated insulin secre-
tion in response to non-insulinotropic glucose in the presence of ML077 (and other KCC2 inhibitors, see
Supplementary Figure 7A) and with the fact that inhibition of KCC2 increases the maximal insulin response
to glucose (Fig. 4A). Therefore, the observed increase in insulin secretion in response to ML077 is supported
by increased Ca?" influx under conditions where [Cl7]; is increased, as expected when the constitutively active
KCC2 is inhibited. In addition, ML077 neither increased cytosolic Ca’* nor insulin secretion in the presence of
nifedipine, a dihydropyridine blocker of L-type Ca** channels (Supplementary Figures 7B,C). These results are
indeed expected when considering the proposal that Ca?*-independent pathways contribute minimally to GSIS”.
However, they also suggest that the modulatory effect that KCC2 inhibition has on insulin secretion does not
involve potential secretory mechanisms, which are not dependent on Ca?* entry such as hypotonicity-induced cell
swelling” or increased cAMP®. Although it has been reported that 3-cell membrane potential does not change in
response to 1.1 mM, 3.3mM or 5.5mM glucose®’, a detailed analysis as that performed recently? will be needed
to elucidate the mechanisms whereby KCC2 inhibition promotes Ca®* entry. Taken together, these data provide
evidence supporting the conclusion that the constitutively active Cl~ extruder KCC2 is expressed in 3-cells and
participates in the modulation of the secretory response.

Methods

Materials and immunochemicals.  Platinum Pfx thermostable DNA polymerase, RNaseOUT, SuperScript-
III reverse transcriptase, random hexamers, Lipofectamine2000 and tissue culture media were from Invitrogen
(Carlsbad, CA); dNTPs and molecular biology grade chemicals were from Affimetrix (Cleveland, OH); custom
PCR/mutagenesis primers were from Integrated DNA Technologies (IDT, Coralville, IA). Restriction/cloning
enzymes were from New England Biolabs (Ipswich, MA). High-fidelity Pfu Ultra II Fusion HS DNA polymerase
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and the QuickChange-II XL site-directed mutagenesis kit were from Agilent (Santa Clara, CA). Tissue culture
supplements and general chemicals were from Sigma-Aldrich Co. (St. Louis, MO). Culture media low in glu-
cose (5.5mM) was from Hyclone-GE (Logan, UT). Microscopy materials were from EMS (Hatfield, PA) and
Thermo Fisher Sci. (Waltham, MA). Collagenase type IV from Clostridium histolyticum (>160 U/mg) was
from Worthington (Lakewood, NJ). To assess KCC2 function, we used KCC2 inhibitors VU0240551 (Tocris,
Minneapolis, MN) and VU0255011/MLO077 (Aobious Inc., Gloucester, MA)*"->? and the agonist CLP257%2, orig-
inally a kind gift of Dr. Yves De Koninck (Université Laval, Québec) and later on commercially procured from
Tocris (Minneapolis, MN). Glibenclamide and nifedipine were from R&D (Minneapolis, MN). 3-actin (JLA20),
KCC2 (07-432) and insulin (274A-15) antibodies were from DSHB (University of Iowa), EMD Millipore
(Billerica, MA) and Cell Marque Corp. (Rocklin, CA), respectively. Antibody against glucagon (K79bB10) and
synaptophysin (ab130436) were from Abcam (Cambridge, MA). Monoclonal KCC2 antibodies (clones N1/12
and N1/66) were from Neuromab (UC Davis, CA). Monoclonal antibodies against pan-Cadherin (clone CH-19,
MA1079) were from BosterBio (Pleasanton, CA). Rabbit antibodies against rat glucose transporter-2 (GLUT2,
GT21-A) or GAPDH (G9545) were from Alpha Diagnostic (San Antonio, TX) and Sigma (Saint Louis, MO),
respectively. Secondary Cy3-, AlexaFluor (AF488)- and DyLight405-conjugated antibodies were from Jackson
(West Grove, PA).

B-Cell culture and insulin secretion. Mouse MING6 and rat INS-1E (3-cells were kind gifts of Jun-Ichi
Miyazaki (Medical School, Osaka University, Japan)®® and Pierre Maechler (University Medical Centre, Geneva,
Switzerland)?, respectively. The mouse glucagon-secreting a-cell line «TC6 (aTC1 clone 6) and COS7 cells
were from ATCC (Manassas, VA). Cells were cultured and grown in regular DMEM supplemented with 50 uM
B-mercaptoethanol, 15% heat-inactivated fetal bovine serum (FBS), 1001U/ml penicillin and 100 ug/ml of strep-
tomycin. Cells were maintained inside an incubator at 37°C in a humidified environment having 5% CO, until
~80-90% confluence was attained. Media were changed every 2-3 days. 3-cells were cultured in low glucose
(5.5mM) media 24 h before experiments. COS7 cells were cultured as indicated. Basal or glucose-stimulated
insulin secretion (GSIS) was determined in MING6 (3-cells two hours after incubation in the presence of low
(5.5mM) or high glucose concentrations (7.5-20 mM) by ELISA (EZRMI-13K, EMD Millipore, Billerica, MA)
in accordance with the manufacturer’s directions. The following procedure was followed: MING6 (3-cells were cul-
tured in 12-well plates in low-glucose DMEM overnight. Then, cells were washed twice with sterile glucose-free
Krebs-Ringer HEPES buffer (KRBH: in mM, 135 NaCl, 3.6 KCI, 5 NaHCOs, 0.5 Na,HPO,, 0.5 MgCl,, 1.5 CaCl,,
10 HEPES pH 7.4 and 0.1% BSA, 290-300 mOsm/Kg H,0) and incubated in KRBH + 5.5 mM glucose for 30 min
at 37°C. After a final wash in this medium, cells were incubated 2h in KBRH supplemented with 5.5-20 mM
glucose alone or in combination with drugs. Released insulin was determined in cleared supernatants after an
overnight incubation at —20°C. Total insulin content of attached cells was determined in acidified ethanol (75%
ethanol/1.5% HCI) extracts. Insulin secretion was expressed as the ratio of secreted insulin into the media to the
sum of secreted and intracellular content.

Islet isolation for gene expression and secretory response. Experimental protocols involving puri-
fication of mouse islets were performed at the University of Washington (Seattle, WA), the approving institution,
Cell Function Analysis Core of the Diabetes Research Center (DRC). All methods were carried out in accord-
ance with relevant guidelines and regulations. C57BL/6 ] male and female wild-type (WT) mice (6-10 week old)
were sacrificed and pancreatic islets isolated for gene expression analysis essentially as described!”. Purified islets
were immediately used for protein/RNA extraction. Islets for secretory studies were isolated from 8-10 week
old C57BL/6] mice by the DRC Cell Function Analysis Core as described®. Islets were cultured overnight in
RPMI1640 and hand picked into individual wells of 12-well plates (with mesh inserts) containing KRBH (in
mM: 118.5 NaCl, 2.5 CaCl,, 1.2 KH,PO,, 4.7 KC, 25 NaHCO,, 1.2 MgSO,, 10 HEPES and 0.1% BSA pH 7.4,
290-300 mOsm/Kg H,0) plus 3.3 mM glucose. The mesh inserts containing islets were transferred to new wells
containing KRBH + 3.3 mM glucose and incubated at 37 °C (5% CO,) for 30 minutes. This wash step was repeated
once more. The islets were then transferred into their respective experimental wells containing KRBH + 3.3 mM
glucose plus vehicle (DMSO) or the indicated concentrations of KCC2 inhibitors for 2h at 37°C (5% CO,). Islets
were transferred into new wells containing KRBH + 16.7 mM glucose plus vehicle or KCC2 inhibitors, incubated
2hat 37°C (5% CO,) and transferred to new wells containing acidified ethanol. The KRBH from experimental
wells was frozen at —20 °C until analysis. Insulin secreted into the media or contained in cells was estimated by
using ELISA.

RT-PCR, long-range PCR and cloning. Total RNA for RT-PCR was obtained from freshly isolated mouse
islets, a- or 3-cell lines using the RNeasy mini kit (Qiagen, Valencia, CA) and quantified by using NanoDrop
ND-1000 Spectrophotometer (Thermo Sci/NanoDrop Wilmington, DE). Total RNA extracted from normal
human islets was kindly provided by Dr. Patrick MacDonald (University of Alberta, Edmonton, Canada). Mouse
tissues RNA for control experiments were from Zyagen (San Diego, CA). RT-PCR was performed as described?.
The sets of primers used to amplify KCC2 and control transcripts are indicated in Supplementary Table 1.
RT-PCR amplicons were sequenced (Beckman Genomics, Beverly, MA) and aligned/assembled in silico against
rat/mouse/human sequences of reference (RefSeq) using Geneious Suite R7-9 (Biomatters Ltd., New Zealand).
The open-reading frames (ORFs) plus un-translated regions (UTRs) of KCC2 transcripts were obtained by
using long-range PCR as follows: 2 ug of total RNA were reverse transcribed as indicated above and amplified by
PCR using 0.2 U of Pfu, 400 uM dNTPs, 1 mM MgCl, and 1 uM each transcript-specific primer (Supplementary
Table 1). The thermal conditions for PCR were: 1 min denaturation at 95°C, 40 cycles (0.3 min at 95°C, 2min
at 59°C, 2min at 72°C) and a final extension at 72 °C (10 min). The long-range PCR products were purified,
directly cloned (pCRII-Blunt-TOPO system) and sequenced. RT-PCR products or their digestion products were
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resolved on 1-2% agarose gels stained with ethidium bromide. Gels were visualized in a UV transiluminator
and directly photographed by using the ChemiDoc™ MP Imaging System with Image Lab™ Software (Bio-Rad,
Berkeley, CA). The gray-scale digital images obtained were inverted for clarity and cropped to exclude gel edges
or non-relevant lanes.

Real-time quantitative RT-PCR. cDNA was synthesized from 1pg total RNA using QuantiTect Reverse
Transcription Kit (Qiagen, Valencia, CA). Reverse transcribed KCC1, KCC2, KCC3, KCC4 and L32 (housekeep-
ing gene) mRNAs were quantified by PCR using the StepOnePlus™ Real-Time PCR System, the ABI Fast SYBR
Green Master Mix (Applied Biosystems, Foster City, CA) and specific primers (Supplementary Table 2). PCR
reactions were performed in triplicate and the data analyzed with the AAC, method as described®. After nor-
malization to internal control L32, the results were expressed as fold change relative to KCC2a or total KCC2.

Mutagenesis, tagging and expression. KCC2 cDNAs inserted in pCR-Blunt II-TOPO were mutagen-
ized to introduce a unique Sfil site at position -5 (relative to start codon A'TG) necessary for further sub-cloning/
tagging. Mutagenesis was performed using the following sense/antisense primers: 5-GTG CGA TCC CGC GGC
CCC GGA GGC CAT GAG CCG C-3’ and 5'-GCG GCT CAT GGC CTC CGG GGC CGC GGG ATC GCA
C-3' (the Sfil site is underlined, first codon in bold). Mutagenized inserts were cloned into Sfil/Xhol sites of
the pCMV-myc mammalian expression vector (Clontech, Mountain View, CA). After sequencing confirmation,
PCMV-myc plasmids were transfected into COS7 or MING6 (3-cells to verify expression.

Western blotting. Proteins from isolated islets and cell lines were obtained as described™. Protein extracts
from human islets were kindly provided by Dr. Patrick MacDonald. Briefly, up to 100 ug of total or mem-
brane proteins purified by using the Subcellular Protein Fractionation kit for cultured cells were loaded onto
pre-casted 4-20% Tris-HEPES protein gels (Thermo Scientific-Pierce), run under denaturing conditions and
electro-transferred onto PDVF membranes at 4 °C. Transferred membranes were cut into two pieces using the
70kDa protein marker as a reference to allow independent but simultaneous immunolabeling of sample proteins
in the top and bottom portions of the membrane. After blocking, the PVDF membranes were incubated with
KCC2 and (3-actin antibodies, respectively, and subsequently with proper secondary HRP-antibodies. We used
ChemiDoc™ MP Imaging System with Image Lab™ Software (Bio-Rad, Berkeley, CA) to detect antigen-antibody
reactions directly on PVDF membranes. High-resolution digital images were taken and lanes of interest cropped
to exclude irrelevant lanes. PVDF membranes involving subcellular fractions (membranes and cytoplasmic
extracts) were simultaneously labeled against KCC2 and GAPDH as a control and developed using a rabbit
HRP-conjugated secondary antibody.

Immunofluorescence microscopy. MING 3-cells or «TC6 a-cells cultured on glass coverslips or tis-
sue sections from mouse, human pancreas (Cell Marque Corp) and pancreas sections from streptozoto-
cin (STZ)-induced diabetic mice [a kind gift of Dr. Khalid Elased (WSU)] were immunolabeled as described'”*.
Labeled slides were immediately viewed using an Olympus Epi Fluorescence Spot microscope equipped with RT
color camera. Digital images were obtained using a Diagnostics Instrument Spot 6 digital camera (Spot Imaging
Solutions, Sterling Heights, MI). High-resolution confocal images were taken by using the FV1000 Confocal
Microscope (Olympus, PA, USA). Co-localisation Finder and RGB Profiler tools in Image] (NIH)*” were used to
estimate co-localisation of NKCC1, KCC2, GLUT2/insulin with cadherin, a plasma membrane marker. When
DyLight405-conjugated antibodies were used to visualize insulin-positive 3-cells, images were taken in gray-scale
instead of blue color to increase contrast against red- and green-stained antigens.

Fluorescence Ca?* imaging. MING cells were plated on acid washed glass coverslips and cultured in
regular media for 2-3 days. One day before the experiment, the media was replaced to low glucose DMEM
(5.5mM glucose). On the day of the experiments, glass coverslips with attached cells were moved to the 35mm
glass-bottom imaging chamber with solution volume of ~1 ml. The cells were loaded with Fura-2AM ratiomet-
ric calcium indicator dye (Thermo Fisher Scientific, Waltham, MA) for ~90 min at 37 °C in the recording solu-
tion. For complete Fura-2AM de-esterification, the dye-containing solution was replaced with fresh recording
solution and cells were incubated for an additional 30 min at 37 °C. The recording solutions were composed
of Krebs-Ringer HEPES buffer of identical composition to that used for basal secretion experiments in MIN6
and supplemented with 5.5 mM glucose. The hypoglycemic agent, glibenclamide (GBC, 10 uM) was used to
inhibit K, rp-channels and increase intracellular Ca®* levels necessary for insulin secretion. At the end of each
experiment ionomycin (10 uM, EMD Millipore, Billerica, MA) was used to estimate maximum Ca?" responses.
Solutions in the imaging chamber were exchanged with a syringe-driven perfusion system. Lambda 10B shutter
and filter wheel (Sutter Instrument Company, Novato, CA) were used to illuminate individual cells in the imaging
field at 340 nm and 380 nm wavelengths every 5 seconds. The light source was a 175 W Xe lamp (QED Medical,
Lexington, KY). Pixelfly CCD camera (PCO Imaging, Kelheim, Germany) and InCyt Im2 software (Intracellular
Imaging, Cincinnati, OH) was used to capture and analyze images. Light intensities emitted from individual
cells were measured at 535 nm and the ratios plotted as a function of time using Origin software v8.6 and 2016
(OriginLab, Northampton, MA).

Statistical analysis. Analysis of multiple group differences was performed using two-way analysis of var-
iance (ANOVA) followed by Student-Newman-Keuls’ test. A p value less than 0.05 was used as the criteria for
statistical significance.

SCIENTIFICREPORTS|7: 1732 | DOI:10.1038/541598-017-01814-0 11


http://2

www.nature.com/scientificreports/

References

1.

w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Henquin, J. C., Nenquin, M., Ravier, M. A. & Szollosi, A. Shortcomings of current models of glucose-induced insulin secretion.
Diabetes Obes Metab 11(Suppl 4), 168-179, doi:10.1111/j.1463-1326.2009.01109.x (2009).

. Di Fulvio, M., Brown, P. D. & Aguilar-Bryan, L. In The islets of Langerhans Vol. 1 (ed Md. Shahidul Islam) Ch. 14, 401-451 (Springer-

Verlag, 2014).

. Sehlin, J. Interrelationship between chloride fluxes in pancreatic islets and insulin release. Am. J. Physiol. 235, E501-508 (1978).
. Kozak, J. A. & Logothetis, D. E. A calcium-dependent chloride current in insulin-secreting beta TC-3 cells. Pflugers Arch. 433,

679-690, d0i:10.1007/s004240050332 (1997).

. Eberhardson, M., Patterson, S. & Grapengiesser, E. Microfluorometric analysis of Cl~ permeability and its relation to oscillatory

Ca?" signaling in glucose-stimulated pancreatic 3-cells. Cell. Signal. 12, 781-786, doi:10.1016/S0898-6568(00)00122-4 (2000).

. Braun, M. et al. Gamma-aminobutyric acid (GABA) is an autocrine excitatory transmitter in human pancreatic beta-cells. Diabetes

59, 1694-1701, doi:10.2337/db09-0797 (2010).

. Rivera, C. et al. The K¥/CI~ co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation. Nature 397, 251-255,

doi:10.1038/16697 (1999).

. Alvarez-Leefmans, E. J., Gamino, S. M., Giraldez, F. & Nogueron, I. Intracellular chloride regulation in amphibian dorsal root

ganglion neurones studied with ion-selective microelectrodes. J. Physiol. 406, 225-246, doi:10.1113/jphysiol.1988.sp017378 (1988).

. Mao, S. et al. Molecular and functional expression of cation-chloride cotransporters in dorsal root ganglion neurons during

postnatal maturation. J. Neurophysiol. 108, 834-852, doi:10.1152/jn.00970.2011 (2012).

Matsuoka, H. et al. Molecular mechanisms supporting a paracrine role of GABA in rat adrenal medullary cells. J. Physiol. 586,
4825-4842, doi:10.1113/jphysiol.2008.158709 (2008).

Xie, Z., Currie, K. P, Cahill, A. L. & Fox, A. P. Role of Cl~ co-transporters in the excitation produced by GABAA receptors in juvenile
bovine adrenal chromaffin cells. J. Neurophysiol. 90, 3828-3837, d0i:10.1152/jn.00617.2003 (2003).

Rocha-Gonzalez, H. 1., Mao, S. & Alvarez-Leefmans, F. J. Na*,K*,2Cl~ cotransport and intracellular chloride regulation in rat
primary sensory neurons: thermodynamic and kinetic aspects. J. Neurophysiol. 100, 169-184, doi:10.1152/jn.01007.2007 (2008).
Hyde, T. M. et al. Expression of GABA signaling molecules KCC2, NKCC1, and GADLI in cortical development and schizophrenia.
J. Neurosci. 31, 11088-11095, doi:10.1523/]NEUROSCI.1234-11.2011 (2011).

Kaila, K., Price, T. ]., Payne, J. A., Puskarjov, M. & Voipio, J. Cation-chloride cotransporters in neuronal development, plasticity and
disease. Nat. Rev. Neurosci. 15, 637-654, doi:10.1038/nrn3819 (2014).

Desarmenien, M., Santangelo, E, Loeffler, J. P. & Feltz, P. Comparative study of GABA-mediated depolarizations of lumbar A delta
and C primary afferent neurones of the rat. Exp. Brain Res. 54, 521-528, doi:10.1007/BF00235477 (1984).

Sandstrom, P. E. Bumetanide reduces insulin release by a direct effect on the pancreatic beta-cells. Eur. J. Pharmacol. 187, 377-383,
doi:10.1016/0014-2999(90)90365-D (1990).

Alshahrani, S. et al. Increased Slc12al expression in 3-cells and improved glucose disposal in Slc12a2 heterozygous mice. J.
Endocrinol. 227, 153-165, doi:10.1530/JOE-15-0327 (2015).

Bansal, P. et al. GABA coordinates with insulin in regulating secretory function in pancreatic INS-1 beta-cells. PLoS One 6, 26225,
doi:10.1371/journal.pone.0026225 (2011).

Kinard, T. A. & Satin, L. S. An ATP-sensitive CI~ channel current that is activated by cell swelling, cAMP, and glyburide in insulin-
secreting cells. Diabetes 44, 1461-1466, doi:10.2337/diab.44.12.1461 (1995).

Kinard, T. A. et al. Chloride channels regulate HIT cell volume but cannot fully account for swelling-induced insulin secretion.
Diabetes 50, 992-1003, doi:10.2337/diabetes.50.5.992 (2001).

Edlund, A., Esguerra, J. L., Wendt, A., Flodstrom-Tullberg, M. & Eliasson, L. CFTR and Anoctamin 1 (ANOL1) contribute to cAMP
amplified exocytosis and insulin secretion in human and murine pancreatic beta-cells. BMC Med. 12, 87, doi:10.1186/1741-7015-
12-87 (2014).

Guo, J. H. et al. Glucose-induced electrical activities and insulin secretion in pancreatic islet beta-cells are modulated by CFTR.
Nature communications 5, 4420, doi:10.1038/ncomms5420 (2014).

Crutzen, R. et al. Anoctamin 1 (Anol) is required for glucose-induced membrane potential oscillations and insulin secretion by
murine beta-cells. Pflugers Arch. 468, 573-591, doi:10.1007/s00424-015-1758-5 (2016).

Best, L., Miley, H. E. & Yates, A. P. Activation of an anion conductance and beta-cell depolarization during hypotonically induced
insulin release. Exp. Physiol. 81, 927-933, doi:10.1113/expphysiol.1996.sp003993 (1996).

Best, L., Sheader, E. A. & Brown, P. D. A volume-activated anion conductance in insulin-secreting cells. Pflugers Arch. 431, 363-370,
doi:10.1007/BF02207273 (1996).

Alshahrani, S., Alvarez-Leefmans, F. & Di Fulvio, M. Expression of the Slc12al Gene in Pancreatic 3-cells: Molecular
Characterization and in silico Analysis. Cell. Physiol. Biochem. 30, 95-112, d0i:10.1159/000339050 (2012).

Alshahrani, S. & Di Fulvio, M. Enhanced insulin secretion and improved glucose tolerance in mice with homozygous inactivation
of the Na*K*2Cl~ co-transporter 1. J. Endocrinol. 215, 59-70, doi:10.1530/JOE-12-0244 (2012).

Shepherd, R. M. & Henquin, J. C. The role of metabolism, cytoplasmic Ca**, and pH-regulating exchangers in glucose-induced rise
of cytoplasmic pH in normal mouse pancreatic islets. J. Biol. Chem. 270, 7915-7921, doi:10.1074/jbc.270.14.7915 (1995).

Miley, H. E., Holden, D., Grint, R., Best, L. & Brown, P. D. Regulatory volume increase in rat pancreatic beta-cells. Pflugers Arch. 435,
227-230, doi:10.1007/s004240050505 (1998).

Davies, S. L. et al. Expression of K*-Cl~ cotransporters in the alpha-cells of rat endocrine pancreas. Biochim. Biophys. Acta 1667,
7-14, d0i:10.1016/j.bbamem.2004.08.005 (2004).

Best, L. Glucose-induced electrical activity in rat pancreatic 3-cells: dependence on intracellular chloride concentration. J. Physiol.
568, 137-144, doi:10.1113/jphysiol.2005.093740 (2005).

Best, L., Brown, P. D. & Tomlinson, S. Anion fluxes, volume regulation and electrical activity in the mammalian pancreatic 3-cell.
Exp. Physiol. 82, 957-966, doi:10.1113/expphysiol.1997.sp004081 (1997).

Hoffmann, E. K., Lambert, I. H. & Pedersen, S. F. Physiology of cell volume regulation in vertebrates. Physiol. Rev. 89, 193-277,
doi:10.1152/physrev.00037.2007 (2009).

Payne, J. A. Functional characterization of the neuronal-specific K-Cl cotransporter: implications for [K*], regulation. Am. J.
Physiol. 273, C1516-1525 (1997).

Mercado, A., Broumand, V., Zandi-Nejad, K., Enck, A. H. & Mount, D. B. A C-terminal domain in KCC2 confers constitutive K*-
Cl™ cotransport. J. Biol. Chem. 281, 1016-1026, doi:10.1074/jbc.M509972200 (2006).

Sandstrom, P. E. & Sehlin, J. Na* participates in loop diuretic-sensitive Cl(-)-cation co-transport in the pancreatic beta-cells.
Biochim. Biophys. Acta 1023, 191-196, doi:10.1016/0005-2736(90)90413-I (1990).

Sandstrom, P. E. & Sehlin, J. Evidence for separate Na*, K*, CI~ and K, Cl~ co-transport systems in mouse pancreatic beta-cells.
Eur. J. Pharmacol. 238, 403-405, doi:10.1016/0014-2999(93)90875-1 (1993).

Taneera, J. et al. gamma-Aminobutyric acid (GABA) signalling in human pancreatic islets is altered in type 2 diabetes. Diabetologia
55, 1985-1994, d0i:10.1007/s00125-012-2548-7 (2012).

Sung, K. W,, Kirby, M., McDonald, M. P, Lovinger, D. M. & Delpire, E. Abnormal GABA , receptor-mediated currents in dorsal root
ganglion neurons isolated from Na-K-2Cl cotransporter null mice. J. Neurosci. 20, 7531-7538 (2000).

Peters, J. A., Lambert, J. J. & Cottrell, G. A. An electrophysiological investigation of the characteristics and function of GABA,
receptors on bovine adrenomedullary chromaffin cells. Pflugers Arch. 415, 95-103, doi:10.1007/BF00373146 (1989).

SCIENTIFICREPORTS|7: 1732 | DOI:10.1038/541598-017-01814-0 12


http://dx.doi.org/10.1111/j.1463-1326.2009.01109.x
http://dx.doi.org/10.1007/s004240050332
http://dx.doi.org/10.1016/S0898-6568(00)00122-4
http://dx.doi.org/10.2337/db09-0797
http://dx.doi.org/10.1038/16697
http://dx.doi.org/10.1113/jphysiol.1988.sp017378
http://dx.doi.org/10.1152/jn.00970.2011
http://dx.doi.org/10.1113/jphysiol.2008.158709
http://dx.doi.org/10.1152/jn.00617.2003
http://dx.doi.org/10.1152/jn.01007.2007
http://dx.doi.org/10.1523/JNEUROSCI.1234-11.2011
http://dx.doi.org/10.1038/nrn3819
http://dx.doi.org/10.1007/BF00235477
http://dx.doi.org/10.1016/0014-2999(90)90365-D
http://dx.doi.org/10.1530/JOE-15-0327
http://dx.doi.org/10.1371/journal.pone.0026225
http://dx.doi.org/10.2337/diab.44.12.1461
http://dx.doi.org/10.2337/diabetes.50.5.992
http://dx.doi.org/10.1186/1741-7015-12-87
http://dx.doi.org/10.1186/1741-7015-12-87
http://dx.doi.org/10.1038/ncomms5420
http://dx.doi.org/10.1007/s00424-015-1758-5
http://dx.doi.org/10.1113/expphysiol.1996.sp003993
http://dx.doi.org/10.1007/BF02207273
http://dx.doi.org/10.1159/000339050
http://dx.doi.org/10.1530/JOE-12-0244
http://dx.doi.org/10.1074/jbc.270.14.7915
http://dx.doi.org/10.1007/s004240050505
http://dx.doi.org/10.1016/j.bbamem.2004.08.005
http://dx.doi.org/10.1113/jphysiol.2005.093740
http://dx.doi.org/10.1113/expphysiol.1997.sp004081
http://dx.doi.org/10.1152/physrev.00037.2007
http://dx.doi.org/10.1074/jbc.M509972200
http://dx.doi.org/10.1016/0005-2736(90)90413-I
http://dx.doi.org/10.1016/0014-2999(93)90875-I
http://dx.doi.org/10.1007/s00125-012-2548-7
http://dx.doi.org/10.1007/BF00373146

www.nature.com/scientificreports/

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
. Stauber, T. & Jentsch, T. J. Chloride in vesicular trafficking and function. Annu. Rev. Physiol. 75, 453-477, doi:10.1146/annurev-

67.
68.
69.
70.
71.
72.

73.

74.
75.
76.
77.
78.
79.

80.

Nakanishi, K., Yamada, J., Takayama, C., Oohira, A. & Fukuda, A. NKCC1 activity modulates formation of functional inhibitory
synapses in cultured neocortical neurons. Synapse 61, 138-149, doi:10.1002/syn.20352 (2007).

Sandstrom, P. E. & Sehlin, J. Furosemide reduces insulin release by inhibition of Cl~ and Ca** fluxes in beta-cells. Am. J. Physiol. 255,
E591-596 (1988).

Sandstrom, P. E. Evidence for diabetogenic action of bumetanide in mice. Eur. J. Pharmacol. 150, 35-41, d0i:10.1016/0014-
2999(88)90747-9 (1988).

Sandstrom, P. E. & Sehlin, J. Furosemide-induced glucose intolerance in mice is associated with reduced insulin secretion. Eur. J.
Pharmacol. 147, 403-409, d0i:10.1016/0014-2999(88)90175-6 (1988).

Sandstrom, P. E. & Sehlin, J. Furosemide causes acute and long-term hyperglycaemia and reduces glucose tolerance in mice. Acta
Physiol. Scand 132, 75-81, doi:10.1111/j.1748-1716.1988.tb08300.x (1988).

Jackson, E. K. In Goodman & Gilman’s The Pharmacological Basis of Therapeutics (eds Louis Sanford Goodman et al.) Ch. 28,
737-769 (McGraw-Hill, 2006).

Williams, J. R., Sharp, J. W,, Kumari, V. G., Wilson, M. & Payne, J. A. The neuron-specific K-Cl cotransporter, KCC2. Antibody
development and initial characterization of the protein. J. Biol. Chem. 274, 12656-12664, doi:10.1074/jbc.274.18.12656 (1999).
Blaesse, P. et al. Oligomerization of KCC2 correlates with development of inhibitory neurotransmission. J. Neurosci. 26,
10407-10419, doi:10.1523/JNEUROSCI.3257-06.2006 (2006).

Majid, A., Speake, T., Best, L. & Brown, P. D. Expression of the Na*K*-2CI~ cotransporter in o and (3 cells isolated from the rat
pancreas. Pflugers Arch. 442, 570-576, doi:10.1007/s004240100566 (2001).

Singh, R, Almutairi, M. M., Pacheco-Andrade, R., Almiahuob, M. Y. & Di Fulvio, M. Impact of Hybrid and Complex N-Glycans on
Cell Surface Targeting of the Endogenous Chloride Cotransporter Slc12a2. Int. J. Cell Biol. 2015, 505294-20,
doi:10.1155/2015/505294 (2015).

Delpire, E. et al. Further optimization of the K-Cl cotransporter KCC2 antagonist ML077: development of a highly selective and
more potent in vitro probe. Bioorg. Med. Chem. Lett. 22, 45324535, d0i:10.1016/j.bmcl.2012.05.126 (2012).

. Lindsley, C., Lewis, M., Weaver, D. & Delpire, E. In Probe Reports from the NIH Molecular Libraries Program (2010).
. Delpire, E. et al. Small-molecule screen identifies inhibitors of the neuronal K-Cl cotransporter KCC2. Proc. Natl. Acad. Sci. USA

106, 5383-5388, doi:10.1073/pnas.0812756106 (2009).

Henquin, J. C. Triggering and amplifying pathways of regulation of insulin secretion by glucose. Diabetes 49, 1751-1760,
doi:10.2337/diabetes.49.11.1751 (2000).

Lilla, V. et al. Differential gene expression in well-regulated and dysregulated pancreatic beta-cell (MING6) sublines. Endocrinology
144, 1368-1379, doi:10.1210/en.2002-220916 (2003).

Uvarov, P. et al. A novel N-terminal isoform of the neuron-specific K-Cl cotransporter KCC2. J. Biol. Chem. 282, 30570-30576,
doi:10.1074/jbc.M705095200 (2007).

Deidda, G. et al. Reversing excitatory GABAAR signaling restores synaptic plasticity and memory in a mouse model of Down
syndrome. Nat. Med 21, 318-326, doi:10.1038/nm.3827 (2015).

Zhu, L., Lovinger, D. & Delpire, E. Cortical neurons lacking KCC2 expression show impaired regulation of intracellular chloride. J.
Neurophysiol. 93, 1557-1568, doi:10.1152/jn.00616.2004 (2005).

Boulenguez, P. et al. Down-regulation of the potassium-chloride cotransporter KCC2 contributes to spasticity after spinal cord
injury. Nat. Med 16, 302-307, doi:10.1038/nm.2107 (2010).

Shekarabi, M. et al. Cellular expression of the K*-Cl~ cotransporter KCC3 in the central nervous system of mouse. Brain Res. 1374,
15-26, d0i:10.1016/j.brainres.2010.12.010 (2011).

Velazquez, H. & Silva, T. Cloning and localization of KCC4 in rabbit kidney: expression in distal convoluted tubule. Am. J. Physiol.
Renal Physiol 285, F49-58, doi:10.1152/ajprenal.00389.2002 (2003).

Singh, R. et al. Plasma Membrane Targeting of Endogenous NKCC2 in COS7 Cells Bypasses Functional Golgi Cisternae and
Complex N-Glycosylation. Front Cell Dev Biol 4, 150, doi:10.3389/fcell.2016.00150 (2016).

Mercado, A. et al. Functional and molecular characterization of the K-Cl cotransporter of Xenopus laevis oocytes. Am. J. Physiol.
Cell Physiol. 281, C670-680 (2001).

Mercado, A., Song, L., Vazquez, N., Mount, D. B. & Gamba, G. Functional comparison of the K+ -Cl- cotransporters KCC1 and
KCCA4. J. Biol. Chem. 275, 30326-30334, doi:10.1074/jbc.M003112200 (2000).

Barg, S. et al. Priming of insulin granules for exocytosis by granular CI(-) uptake and acidification. J. Cell Sci. 114, 2145-2154 (2001).

physiol-030212-183702 (2013).

Stiernet, P., Guiot, Y., Gilon, P. & Henquin, J. C. Glucose acutely decreases pH of secretory granules in mouse pancreatic islets.
Mechanisms and influence on insulin secretion. J. Biol. Chem. 281, 22142-22151, doi:10.1074/jbc.M513224200 (2006).

Maritzen, T., Keating, D. J., Neagoe, 1., Zdebik, A. A. & Jentsch, T. J. Role of the vesicular chloride transporter CIC-3 in
neuroendocrine tissue. J. Neurosci. 28, 10587-10598, doi:10.1523/JNEUROSCI.3750-08.2008 (2008).

Gammelsaeter, R. et al. Glycine, GABA and their transporters in pancreatic islets of Langerhans: evidence for a paracrine transmitter
interplay. J. Cell Sci. 117, 3749-3758, d0i:10.1242/jcs.01209 (2004).

Best, L. Evidence that glucose-induced electrical activity in rat pancreatic 3-cells does not require K,rp channel inhibition. J. Membr.
Biol. 185, 193-200, d0i:10.1007/500232-001-0114-1 (2002).

Balena, T., Acton, B. A. & Woodin, M. A. GABAergic synaptic transmission regulates calcium influx during spike-timing dependent
plasticity. Front. Synaptic Neurosci. 2, 16, doi:10.3389/fnsyn.2010.00016 (2010).

Kozak, J. A. Studies of calcium-dependent ionic currents and their muscarinic regulation in pancreatic insulin-secreting cells Ph.D.
Thesis. Biomedical Sciences Ph.D. Program. Mount Sinai School of Medicine of CUNY, New York, New York. 169 pages (1998).
Larsson-Nyren, G., Sehlin, J., Rorsman, P. & Renstrom, E. Perchlorate stimulates insulin secretion by shifting the gating of L-type
Ca*' currents in mouse pancreatic B-cells towards negative potentials. Pflugers Arch. 441, 587-595, doi:10.1007/5004240000426
(2001).

Hara, M. et al. Uneven distribution of intracellular Cl~ in rat hippocampal neurons. Neurosci. Lett. 143, 135-138, doi:10.1016/0304-
3940(92)90250-B (1992).

Owens, D. E, Boyce, L. H., Davis, M. B. & Kriegstein, A. R. Excitatory GABA responses in embryonic and neonatal cortical slices
demonstrated by gramicidin perforated-patch recordings and calcium imaging. J. Neurosci. 16, 6414-6423 (1996).

Houston, C. M., Bright, D. P, Sivilotti, L. G., Beato, M. & Smart, T. G. Intracellular chloride ions regulate the time course of GABA-
mediated inhibitory synaptic transmission. J. Neurosci. 29, 10416-10423, doi:10.1523/JNEUROSCI.1670-09.2009 (2009).

Doengi, M. et al. GABA uptake-dependent Ca(2+) signaling in developing olfactory bulb astrocytes. Proc. Natl. Acad. Sci. USA 106,
17570-17575, doi:10.1073/pnas.0809513106 (2009).

Sato, Y., Nenquin, M. & Henquin, J. C. Relative contribution of Ca’*-dependent and Ca?*-independent mechanisms to the
regulation of insulin secretion by glucose. FEBS Lett 421, 115-119, doi:10.1016/S0014-5793(97)01547-0 (1998).

Orecna, M., Hafko, R., Toporcerova, V., Strbak, V. & Bacova, Z. Cell swelling-induced insulin secretion from INS-1E cells is inhibited
by extracellular Ca?* and is tetanus toxin resistant. Cell. Physiol. Biochem. 26, 197-208, d0i:10.1159/000320543 (2010).

Ammala, C., Ashcroft, F. M. & Rorsman, P. Calcium-independent potentiation of insulin release by cyclic AMP in single beta-cells.
Nature 363, 356-358, doi:10.1038/363356a0 (1993).

SCIENTIFICREPORTS|7: 1732 | DOI:10.1038/541598-017-01814-0 13


http://dx.doi.org/10.1002/syn.20352
http://dx.doi.org/10.1016/0014-2999(88)90747-9
http://dx.doi.org/10.1016/0014-2999(88)90747-9
http://dx.doi.org/10.1016/0014-2999(88)90175-6
http://dx.doi.org/10.1111/j.1748-1716.1988.tb08300.x
http://dx.doi.org/10.1074/jbc.274.18.12656
http://dx.doi.org/10.1523/JNEUROSCI.3257-06.2006
http://dx.doi.org/10.1007/s004240100566
http://dx.doi.org/10.1155/2015/505294
http://dx.doi.org/10.1016/j.bmcl.2012.05.126
http://dx.doi.org/10.1073/pnas.0812756106
http://dx.doi.org/10.2337/diabetes.49.11.1751
http://dx.doi.org/10.1210/en.2002-220916
http://dx.doi.org/10.1074/jbc.M705095200
http://dx.doi.org/10.1038/nm.3827
http://dx.doi.org/10.1152/jn.00616.2004
http://dx.doi.org/10.1038/nm.2107
http://dx.doi.org/10.1016/j.brainres.2010.12.010
http://dx.doi.org/10.1152/ajprenal.00389.2002
http://dx.doi.org/10.3389/fcell.2016.00150
http://dx.doi.org/10.1074/jbc.M003112200
http://dx.doi.org/10.1146/annurev-physiol-030212-183702
http://dx.doi.org/10.1146/annurev-physiol-030212-183702
http://dx.doi.org/10.1074/jbc.M513224200
http://dx.doi.org/10.1523/JNEUROSCI.3750-08.2008
http://dx.doi.org/10.1242/jcs.01209
http://dx.doi.org/10.1007/s00232-001-0114-1
http://dx.doi.org/10.3389/fnsyn.2010.00016
http://dx.doi.org/10.1007/s004240000426
http://dx.doi.org/10.1016/0304-3940(92)90250-B
http://dx.doi.org/10.1016/0304-3940(92)90250-B
http://dx.doi.org/10.1523/JNEUROSCI.1670-09.2009
http://dx.doi.org/10.1073/pnas.0809513106
http://dx.doi.org/10.1016/S0014-5793(97)01547-0
http://dx.doi.org/10.1159/000320543
http://dx.doi.org/10.1038/363356a0

www.nature.com/scientificreports/

81. Rorsman, P, Eliasson, L., Kanno, T., Zhang, Q. & Gopel, S. Electrophysiology of pancreatic beta-cells in intact mouse islets of
Langerhans. Prog. Biophys. Mol. Biol. 107, 224-235, doi:10.1016/j.pbiomolbio.2011.06.009 (2011).

82. Gagnon, M. et al. Chloride extrusion enhancers as novel therapeutics for neurological diseases. Nat. Med 19, 15241528,
doi:10.1038/nm.3356 (2013).

83. Miyazaki, . et al. Establishment of a pancreatic beta cell line that retains glucose-inducible insulin secretion: special reference to
expression of glucose transporter isoforms. Endocrinology 127, 126-132, doi:10.1210/endo-127-1-126 (1990).

84. Merglen, A. et al. Glucose sensitivity and metabolism-secretion coupling studied during two-year continuous culture in INS-1E
insulinoma cells. Endocrinology 145, 667-678, doi:10.1210/en.2003-1099 (2004).

85. Rountree, A. M. et al. Control of insulin secretion by cytochrome C and calcium signaling in islets with impaired metabolism. J. Biol.
Chem. 289, 19110-19119, doi:10.1074/jbc.M114.556050 (2014).

86. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 25, 402-408, doi:10.1006/meth.2001.1262 (2001).

87. Abramoff, M. D. Image processing using Image]. Biophotonics Int 11, 36-42 (2004).

Acknowledgements

Scholarships from King Saud University (Saudi Arabia) and the US-Brazil Higher Education Consortia Program
FIPSE/CAPES Exchange supported MMA and ED-], respectively. Part of the results presented here constitutes
SK Master of Science Thesis [2014, MS, Wright State University, Pharmacology and Toxicology]. We are grateful
to Maggie Fuqua for assistance in Western blotting experiments using N1/12 antibodies, Lisa Kelly for assistance
in experiments involving plasma membrane immunolabeling, the University of Washington DRC, Cell Function
Analysis Core (supported by P30DK017047) and the Proteome Analysis Laboratory (PAL, Department of
Pharmacology & Toxicology, WSU). This research was supported in part by WSU Research Incentive Fund
226132, the American Diabetes Association, Grant #1-17-1BS-258 (to MDiF), NIH R01DK097829 (to LA-B) and
NIH R01AI114804 (to JAK).

Author Contributions

All authors participated in the experimental design, data analysis and interpretation and revised the manuscript
for intellectual content. S.K. carried out molecular and functional studies, gene expression characterization,
cloning, confocal immunofluorescence microscopy of MIN6 and o'TC6 cells and initial secretory experiments in
MING6. T.S.M. and L.A.-B. did RT-qPCR and MING6 cells and mouse islet secretion experiments. E.D.-]. performed
antibody characterization and immunofluorescence/confocal microscopy experiments in tissues. M.M.A.
performed initial insulin-secretion experiments in MIN6. A.A.S. did expression studies in purified plasma
membranes and did in silico analysis of plasma membrane localization. P.B. and J.A.K. designed, performed,
analyzed and interpreted single-cell Ca?* measurements. M.DiF. conceived and directed the studies and wrote
the manuscript. All authors approved the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01814-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 1732 | DOI:10.1038/541598-017-01814-0 14


http://dx.doi.org/10.1016/j.pbiomolbio.2011.06.009
http://dx.doi.org/10.1038/nm.3356
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1210/en.2003-1099
http://dx.doi.org/10.1074/jbc.M114.556050
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1038/s41598-017-01814-0
http://creativecommons.org/licenses/by/4.0/

	The neuronal K+Cl− co-transporter 2 (Slc12a5) modulates insulin secretion

	Results

	Pancreatic β-cells express KCC2. 
	β-cells express a novel splice variant of KCC2a. 
	KCC2 localizes to insulin-containing β-cells in mouse and human islets. 
	KCC2 modulates insulin secretion in response to glucose. 
	KCC2-dependent insulin secretion does not require KATP-channels: the role of Ca2+. 

	Discussion

	Methods

	Materials and immunochemicals. 
	β-Cell culture and insulin secretion. 
	Islet isolation for gene expression and secretory response. 
	RT-PCR, long-range PCR and cloning. 
	Real-time quantitative RT-PCR. 
	Mutagenesis, tagging and expression. 
	Western blotting. 
	Immunofluorescence microscopy. 
	Fluorescence Ca2+ imaging. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 KCC2 is expressed in rodent β-cell lines and pancreatic islets.
	Figure 2 KCC2-S25 is expressed in MIN6 β-cells, human islets and mouse pancreas.
	Figure 3 KCC2 locates to the endocrine islets of the mammalian pancreas.
	Figure 4 Insulin secretion in MIN6 and islets is modulated by KCC2.
	Figure 5 ML077 increases insulin secretion and glibenclamide-induced Ca2+ elevation in MIN6 β-cells.




