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Introduction
Hironobu Morita, MD & PhD

Gifu University, Graduate School of Medicine

Extracellular K™ concentration is tightly regulated in mammals, because this is critical for normal membrane
potentials and cell function. Extracellular K™ homeostasis depends on the total body K" content and distribution
of K' between intracellular and extracellular spaces. Total body K' content is maintained by a continuous
balance between dietary intake and excretion of K (J(K' intake — K excretion)). Orally intaken K™ (70-100
mmol/day) is absorbed at the intestine. The kidney is the main excretory pathway and responsible for ~90% of
K" excretion; the residual 10% is excreted to feces. The kidney has a remarkable capacity to regulate K
excretion to match K' intake; thus the kidney play a predominant role in the maintenance of K’ balance.
However, in some clinical cases, ex. renal failure, a relative importance of the intestine in K balance becomes
greater. In addition, extrarenal tissues provide K* buffering capacity by shifting K between intracellular and
extracellular spaces, which is critically important in the acute regulation of extracellular K. Furthermore, K"
channels play an important role in many physiological events, such as muscle contraction, release of
neurotransmitters and hormones, and cell proliferation. Thus, dysfunction of K" channels leads to serious
consequences. Accordingly, to understand K' regulation in the body, following six themes were adopted and the
3-year project started at 2008.
1. Regulatory Mechanisms of K™ Absorption/Secretion in the Gut
University of Shizuoka, Professor, Atsukazu Kuwahara

2. Mechanism for Functional Expression of the Distal Renal Tubular K™ Channels
Teikyo University School of Medicine, Associate Professor, Masayuki Tanemoto

3. K" Secretion through K" Channels along the Kidney Nephron
Kitasato University School of Medicine, Professor, Katsumasa Kawahara

4. The Mechanisms by which Excessive Potassium Intake Improves Insulin Resistance
Fukushima Medical University, Associate Professor, Hiroaki Satoh

5. Physiological Role of Kv Channels in the Insulin Secretion from Islet B-Cells
Jichi Medical University, Associate Professor, Katsuya Dezaki

6. Physiological and Pathophysiological Roles of Voltage-Gated and Ca*"-Activated K* Channels
Nagoya City University, Associate Professor, Susumu Ohya
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Figure 1. Concentration-dependency of mucosal SCFA-induced changes in /i, and G,. Acetate, propionate and butyrate were

cumulatively added to the mucosal bathing solution at 10*, 1073, 102, 2x107 and 5x10 M. A: Representative trace of

cululative addition of propionate. Graph B and C showed the concentration-dependent curves of the changes in /. and G,,

respectively. Values were expressed as means (n=3).
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Figure 3. Effects of luminal propionate on /. in the rat distal, middle and proximal colon, and cecum
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luminal propionate (5 mM) in the presence or absence of luminal TEA (10 mM). *P<0.01 vs control by unpaired #-test
(N=4-5).
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induced by luminal propionate (5 mM) were measured in

Negative phase Positive phase the presence or absence of luminal amiloride (100 puM).

*P<0.05 vs control by unpaired #-test (N=4-5).
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Figure 7. Immunoreactivities for BK and IK channels in mucosa of the human sigmoid colon. Arrowheads: BK- or IK
channel -IR on apical membrane of crypt cells. Negative control indicates only secondary antibody staining without using

primary antibodies. Bar 100 pm.



Figure 8. Immunoreactivities for BK and IK channels in bottom of crypt of the human sigmoid colon. Bar 10 pm.
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Figure 9. Segmental differences in the response to adrenalin and noradrenalin in rat large intestine
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Figure 10. Effects of TTX, TEA or bumetanide on isoproterenol-induced changes in /. in rat rectum. A: Representative
traces illustrated the effects of TTX, TEA or bumetanide on the responses to electrical field stimulation (EFS) and
isoproterenol. B: The peak values were expressed as mean = SEM. *P<(.05, **P<0.01, ***P<0.001 by Dunnett test vs. TTX
group. N=3—4.
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Figure 11. Effect of propionate on /. in rat colon and rectum. A: [ trace illustrated the biphasic responses to luminal

propionate in rat rectum. B: Segmental differences in the responses to luminal propionate. The values are expressed as mean

+ SEM, N=4.
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Figure 12. Effects of adrenoceptor agonists on propionate-evoked K secretion in rat rectum. The values were expressed as

mean + SEM. *P<0.05 by unpaired #-test (one-way) with Bonferroni correction. N=3—4.

Table 1. K" 47 7 » MR IS 2 BB AAVRRE

Regions Basal I, [uA/cmz] G, [mS/cm’| EFS-evoked Al [uA/cmZ]
Proximal colon 4737 18.9* 81.3

Middle colon 36.17 15.4° 81.7

Distal colon 136.6" 12.1 56.6°

Rectum 162.8 14.97 63.1%

*P<0.05, P<0.01, TP<0.001 comparing with control group. N=12.
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Figure 13. Effect of K-loading on the response to TEA. The values were expressed as mean = SEM. *P<0.05 by unpaired
t-test. N=3.
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Figure 14. Effect of K-loading on the response to noradrenalin and isoproterenol in rat rectum and distal colon. The values

were expressed as mean £ SEM. N=3.
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Figure 15. A representative trace illustrated the /. responses to TEA and isoproterenol, and further application of amiloride

in K-loading rat rectum
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Figure 16. Effects of TEA and ouabain on the isoproterenol-evoked /. changes in K-loading rat rectum and distal colon. The

values were expressed as mean £ SEM. N=3.
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Regulatory Mechanisms of K Absorption/Secretion in the Gut
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Summary

Short-chain fatty acids (SCFAs), including acetate, propionate and butyrate, are fermented product from
dietary fibers in the large intestine. They are not only known to be absorbed as nutrients, but also known as
chemical stimuli inducing physiological gastrointestinal functions: peristaltic and secretory reflexes. In previous
studies, it have been reported that SCFA-induced chloride (CI) secretion in the rat distal colon. Although the
data in the previous reports showed that potassium (K ") secretion might also be evoked by propionate in addition
to the CI secretion, the authors seemed to neglect the responses. Thus in the present study, the SCFA-induced
potassium (K") secretion on colonic epithelium was investigated by short-circuit current technique using human
and rat colon. Segments of human sigmoid colon were obtained from patients undergoing colectomy for
carcinoma, and the mucosa-submucosa preparations were mounted between halves of Ussing flux chambers. In
human sigmoid colon, acetate, propionate, and butyrate induced a negative change in sort-circuit current (/) and
an increase in tissue conductance at >10° M in a concentration-dependent manner. Application of 5 mM
propionate to the cecum and middle and distal colon induced a transient positive changes in Isc identified as
electrogenic CI secretion, but not proximal colon. However, luminal propionate only in the distal colon induced
a negative change in Isc before appearing the CI secretion. The propionate (5-50 mM)-induced /. responseswere
reduced by pretreatment of barium chloride (30 mM) or tetracthylammonium (30 mM) both in human and rat
colon. Therefore, it was suggested that the propionate-induced response is due to the K™ secretion. In
immunohistochemistry, calcium (Ca’")-activated big conductance Kc,1.1 (BK) channel- and Ca*
-activatedintermediate-conductance K¢,3.1 (IK) channel-immunoreactivities were detected on apical, but not
basolateral, membrane in the crypt epithelial cells both in human and rat colon. These results suggest that SCFAs
stimulate mucosa and induce K" secretion through both apical BK and IK channels in crypt of the human and the
rat distal colon.

We further investigated the basal and stimulated K'secretion in K-loading rats. Two weeks feeding of high
K'-diet increased blood K'and plasma aldosterone concentrations. Both the basal and luminal propionate (5
mM)-evoked K 'secretion were enhanced in the rectum and distal colon, but not in other colonic regions. These
results suggest that segmental difference appeared in the contribution of K" transport, and that the mucosal
treatment of short-chain fatty acids might be effective in active K excretion from the large intestine even in the

hyperkalemia.
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MAGI-1 (ZEDF v R D JGTEIRAEA TR ET 22 LI RV s ALl IR A A gk |2 HEL Th D eHEES D,
EASTEMERED—FRIZBUV TS MAGI-1 241 L7 JRAE IR N CTOF v /L RTEDO FIlE 23 RBIC B 5L g
LEZ DI K TV OBRERI R B A BLUE + 28I, AR5 K s fil B o CREZR &I 2405
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K' NI E L IRIRIEE A HERFL QDB b
Do A RN DO FIEZFL T EAVHIBIL TS AR
AE DOHTH | BRI OB AR ERBE TR HHE X &
Na'-{& K" BHOSEM: T Tk, s i RS T3 4E
(RN COEMEE FPERERHCBIL CRERHI A&
T AN CHDHZ EDPITED AR FEIC LSS
g 9

AL R ME TIR . EIEEANICE B L TWD
Na'/K'-ATPase %Eliéhjjkbf:%ﬁ/ﬁ%éuﬂ%ﬁoﬂ %)
23, Na" BRI BE L CRIFENIZIEA T 5 KT IZx LT
(D) B K F v A2 LIz R P ~Od, $7- :t(z)
SR K" T 3L LI R~ D FIRIN &4
Na" SN7IZKT %Jtrlﬁ-ﬁ%ém@/v/x%%mﬂbﬂ bk
Bzon5 (Fig. 1 280", AL, mr i jRE c2
nH K" F L OBSRERI R BLA-HIAE 9532 X0 | Ml
IR EEBETHEEZ LTS Na' iAo § ik 5
A RETHEEZON TS K a8 i EBME T

Apical Basolateral

Fig. 1. “K'-recycling” for renal distal tubular Na

-reabsorption. In renal distal tubules, Na'/K'-ATPase
conducts active transport on basolateral side, and Na'
-transporters conduct passive transport on apical side (upper
schematic cell). Because Na'/K'-ATPase induces K -entry
into the cell, the pathway for K -excretion, “K"-recycling”,
is indispensable for continuous Na'-reabsorption. The
tubules have two (apical and basolateral) pathways for
“K'-recycling”, and by coordinating these pathways
regulate the net K'-secretion/absorption without affecting

the net Na'-reabsorption (lower schematic cell).
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Fig. 2. (a) Disruption of MAGI-1a/Kir4.1 interaction by
activation of PKA. Panel shows the representative results of
immunoprecipitation. The conditions of incubation are
indicated above the panel. The disruption was impeded by
H89, a PKA-specific inhibitor. PKA, incubation with
cAMP cocktail; H89, inhibition by H89. Bar graph shows
the relative intensity of the coprecipitated Kird.1 with PKA
stimulation as compared with coinhibition by H89 (n=3;
*P<0.01).

(b) Phosphorylation of serine residue in PDZ-binding motif
of Kird.1. Ni-NTA Agarose-precipitated poly-histidine
tagged CT81 segment of Kir4.1 expressed in HEK293T
cells was detected by antibodies indicated below the panel.
His, anti-polyHistidine  antibody;  P-Serine, anti
-phosphoserine antibody. Sequence of segments and
condition of treatments are indicated above the panels. WT,
wild-type; S377A, mutant with serine377 to alanine; PKA,
stimulation with cAMP cocktail; H89, inhibition by H89.
Representative immunoblots are shown in upper panels and

relative intensity is summarized in bar graph (mean + SD,

n=4, *P<0.01 compared with WT/PKA+/H89-).
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Fig. 3. Increased intrarenal MAGI-1/Kir4.1 interaction by NaCl-load. Left and middle panels show representative results of
immunoblotting. More Kird.1 was coprecipitated with MAGI-1 in the kidney of the NaCl-loaded group than the control
group, although nearly same amount of Kir4.1 is expressed in both (left panels). The antibody used for coprecipitation
precipitated a same amount of MAGI-I in the control and salt-loaded groups (middle panel). Bar graph shows the relative
intensity of the coprecipitated Kir4.1 in the salt-loaded group to that in the control group (n=4; *P<0.01). Cont, control
group; Salt, salt-loaded group.

Table 1. Kinases that showed more than 2 times increase by aldosterone-stimulation

Logl10 ratio P
Endothelial-specific receptor tyrosine kinase (Tek) 0.40 0.001
Maternal embryonic leucine zipper kinase (Melk) 0.39 0.000
Kinase-like domain containing soluble guanylyl cyclase (ksGC) 0.38 0.000
Death-associated kinase 2 (Dapk?2) 0.36 0.000
Mitogen activated protein kinase kinase kinase 11 0.35 0.017
Polo-like kinase isoform 0.33 0.000
Serine/threonine-protein kinase WNK4 0.33 0.056
Membrane associated tyrosine/threonine 1 (Pkmytl) 0.31 0.000
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Fig. 4. (a) Co-expression of MAGI-1/Kirl.l1 in DCT.
Coimmunostaining of rat kidney with anti-Kirl.1 antibody
(green) and anti-MAGI-1 antibody (red). Kirl.l was
colocalized with MAGI-1 on the apical side of DCT.
Scale bar: 50 um.
(b) Intrarenal interaction of Kirl.l with MAGI-1.
Immunoprecipitation of Kirl.1 by with MAGI-1 short.
Immunoprecipitants of by the anti-MAGIww antibody,
which recognizes both MAGI-1 short and MAGI-1 long,
contained Kirl.l. However, those by the anti-MAGInt,
which recognizes only MAGI-1 long, did not contain
Kirl.1. Cont: pre-immune rabbit IgG.

(c) Interaction of Kirl.1 with the apical-type-isoform of
MAGI-1. GST pull-down of GFP-Kirl.1 by GST-fusion
(MAGI-1 short: the

apical-type-isoform of MAGI-1) domains. All GST-fusion

constructs of several MAGI-1

constructs of MAGI-1 domains that contains either
full-length (Full), amino-terminal two WW domains (NT),
first three PDZ domains (PDZ123), or carboxyl-terminal
portion that contains PDZ 4 and 5 (CT), did not interact
with Kirl.1.
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Fig. 5. Intracellular localization of the Kir4.1 mutants that cause the EAST syndrome. Localization of Kir4.1 mutants

(indicated at the top of panels) in MDCK cells. Each mutant was GFP tagged on its amino-terminus and observed by

confocal microscope. In MDCK cells, R65P, T1641, and R297C mutants as well as wild-type Kir4.1 (Wt) mostly distributed
on lateral surface of cells, but G77R, C140R, A167V, and R199X mutant showed diffuse cytoplasmic distribution.
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Fig. 6. Cell surface expression of A167V Kir4.l mutant.
Kir4.1 Channels (indicated at the top of panels) were
surface-biotinylated for 20 min at 4°C. Nearly same amount
of each mutant was expressed in HEK293T cells (upper

panel) and cell-surface biotinylated (lower panel).

Table 2. The AV/IVC of A/C
Case Basal Low-dose  Standard-dose
1 R/AL  1.83/0.93 6.28/2.81 4.84/2.54
2 R/  18.5/0.69 7.08/1.06 8.79/1.06
3 RIL 526247 0.85/2.10 0.85/5.63
4 R/L 1.52/2.87 1.42/3.37 2.44/5.70
5 R/L 27.0/4.07 6.54/2.66 3.39/5.42
6 R/L 256/0.68 22.7/0.55 9.29/0.77
7 R/ 11.5/0.30 15.2/0.06 3.60/0.13
8 R/ 24.1/0.79 2.75/0.44 19.2/0.43
9 R/ 587/0.23 1.60/0.14 2.79/0.19
10 R/L 0.11/10.8 0.07/1.63 0.11/2.53

AV, adrenal vein; IVC, inferior vena cava; A/C plasma

aldosterone  concentration  (ng/dL)/plasma  cortisol
concentration (mg/dL); R, right adrenal vein; L, left adrenal

vein.
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Fig. 7. ROC for the angioplastic outcome. Variables in the systolic (left panel) and mean phases (right panel) are analyzed by

ROC curve for the systemic BP reduction after angioplasty. Black and gray lines show analysis of PG and PG/preBP,

respectively. PG, trans-stenotic pressure gradient; preBP, pre-stenotic arterial blood pressure.
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Summary

[Back ground and objectives] Recent genetic analysis has revealed that the Na' reabsorption in the distal
convoluted tubules (DCT) participates in the systemic ion homeostasis. Composing the K" recycling pathway for
Na" reabsorption in DCT, distal tubular K™ channels are principal components for the ion homeostasis.
Hypertension, which reflects a state of Na" overload, is one of the conditions caused by derangement in the ion
homeostasis. Because hypertension is one of the chief burdens of the healthcare system, clarification of the
regulatory mechanism for the distal tubular K* channels is expected to contribute to the healthcare system.

In the previous studies, we identified the components of the distal tubular K channels; members of the
Membrane Associated Guanylate Kinase (MAGUK) family, Membrane Associate Guanylate kinase with Inverted
domain structure 1 (MAGI-1), function as scaffolding proteins for the K* channels. In this study, we aimed to
identify the regulatory mechanism for MAGI-1 to scaffold the K" channels, because the scaffolding is considered
to be indispensable for the functional expression of the K recycling pathway in DCT.

[ Methods and Results] In vitro analysis using HEK293T cells indicated that the basolateral K"
channels/MAGI-1 interaction was disturbed by phosphorylation of the serine residue of the PDZ-binding motif of
Kird.1, a subunit of the basolateral K channels. In vivo analysis using the anti-MAGI-1 specific antibody
revealed the intra-renal basolateral K* channelsyMAGI-1 interaction was increased under a sodium-loading
condition, which is expected to reduce plasma mineralocorticoid concentration. Microarray analysis between the
rats with and without continuous injection of mineralocorticoid revealed that mineralocorticoid did not change the
amount of the expression in the kinases usually expressed in the kidney. [In vitro analysis expressing Kir4.1
mutants in MDCK cells, a cell-line derived from renal distal tubules, revealed disease-causing mechanisms for the
EAST syndrome. R65P, A1641 and R297C, the mutants reported to be inactive at physiological pH, could be
expressed on the basolateral side, whereas G77R, CI140R, A167V and R199X showed diffuse intracellular
distribution. In A167V, disturbed transport of Kir4.1 to MAGI-1 caused diffuse intracellular distribution.
Immunohistochemical analysis using antibodies that specifically recognize isoforms of MAGI-1 revealed that a
variant of MAGI-1 (MAGI-1a-short) would scaffold the apical K channels in DCT.

[ Conclusions] MAGI-1 isoforms participated in the functional expression of the K™ channels in DCT: the
amino-terminal longer one for the basolateral K channels and the amino-terminal shorter one for the apical K
channels. Disruption in the process of the K’ channels/MAGI-1 interaction, which was regulated by the
phosphorylation of the interacting domains of the K channels, caused tubulopathy in one lineage of the EAST
syndrome. Mineralocorticoid possibly regulates the interaction by regulating the activity of the kinases expressed

in DCT, such as SGK1 and WNK4. Regulation of these kinases could be a new target for hypertension treatment.
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BhRk& 5 08C3-10C3

BIRAIE D KT 3Whe K F L

TR S [ B G (S R ()53 B O i P NN

Ul B I, 2L B B R

B B OEBIIRPICEE . Na' K KEPEH L, Ml RO & - AR % - R N T AEARFFL T D, IT7
PRAIE E PERR I TARAERY K Wb (B IvE W(ﬁ(&@ﬁwmﬁ)k%bmf net O K" 73 WAE72\) | AIJEEIZIE Na', K©
ATPase LB THERET D ATP IK(EME K™ F ¥ RV DIFENRFIHILTODA, 3 FL UL TRESI TR, — 75,
pH B -2 LK T b ELTHIBIVTOD TASK2 1, IR IZ A BLL . HCOs BRSO i A A i i | 2 7
HLTWAHEEZBILTWD,

[F7ER ] EBR1. TASK2 KO =7 ADERL 7 mha—/ L L8608 (2009-11 4E) , oAbl German Gene Trap
Consortium (GGTC) (K1) 725 TASK2 KO ¥ A ES #lifld4- i AL (2009.1.20 ATF) . TASK2 KO vV A (E) AR

L7=, TASK2 KO AT ) DEZAE LT D% 5]
Lﬁkﬁbf:o

FER2. TASK2 mRNA DO xR7 o WNIFFEDRENT, TASK2 mRNA O3B

mTAL, CCD (FZE#E) 12
7272 R BFHEE 727 57~ (mTAL, CCD) .

W BER LT BLERBHAGIFEEI /NS BB I, [RICED

. PCT, PST (B e/ ) 12 < FHLL .

IEFBL QDo T, 708, BRAMTSEMICB O THO Ry o B INE 53 (PCT, PST) . #i

2Bk 3. TASK2 KO =7 AD MR - JRFAEHT, TASK2 KO~ A%, FEVESIH T CpH, HCOy 23 ElTARS, T K
— 3 A%R LTz, LU, SR pH OEIE WT EZE1T720 -7, BABRAMICEDT VR — A75E % . TASK2 KO <7 A,

WT <~ 2
VA

B Mgl X JT<EP \—L%’ 72 Na', K'\ ARZHEHL ., MfasMiR
D& MBI  FBIRE AT AR LT 5T
PEIRABE & B2l iﬁtéél’a K" 53U CE RN IR O
wﬂﬁi‘k%u\@ﬁ net @ K" 4343720 )4 RIS
¥ Na', K" ATPase &#ENL CTHERE T2 ATP K7 K T
X RNV DIFERNLINTNDEH 2O 3T LU TRIES
T, —J5, pH IS ME2 FLKT Fr b ELTHID
UTW% TASK2 1, TN pRABE IZ @ BIL, HCO;y
WU MY oA AR 2 ICF B L 0B EBEZLNT
WD,

Db iid, German Gene Trap Consortium (GGTC)
(RA>) 7% TASK2 KO ¥ % ES iz AL

\ZIRD pH I ZK F L7z, Na, K, Cl, Ca, 7> E=7 OJRHFHEIHZBIL T, KO & WT =T AITH E/2E

(2009.1.20 AF) . TASK2 KO ~ 7 A (RE) Z{/ERL ., 4
RNIZ 1T B EFRIERE (TASK2 R IKHERE) 3 ~H2 &
iz,

2. BiRETE- Ak
EER1. TASK2 /997~ (KO) IO ADIER
GGTC LY TASK2 genetrap ES fifluzlE AL, ~7 A8
MERIZIE AN, TASK2 KO ~7AZ/ERILT-, BIfE, L8
R LT R Re b o 2 — TR . BIEE1T-
TW5,
EE&2. TASK2 mRNA OB 702 KB D FEHT
B> TASK2 mRNA O JR1EZ% ., M K& E in situ
hybridization I (ZLOMEHTLT=,
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~ AL C57BL/6) DEEHESRE | acidosis 75 (2%
sucrose VAR (+0.28 M NH,CL) ) 2 A 7=,

FER3. TASK2 KO YO RIN& - FROBEH IZEFAEFT
LU acidosis FEH%)

a) TASK2 KO =7 ABLUFEIED WT ~ 7 ADEEHESR
B NZBT DR MRS DI 24T T2, JRIT, w7 A
R — I AN, 24 BRI R BRI L 72, IR I3A 7
SV R T CEHENIREVER L 72,

b) TASK2 KO <~ AIZ 2% sucrose IR (+0.28 M
NH,C1) % 6 HFIfRKSH acidosis 75 L7T2, RiT. <V
2z — VAL, 1,3, 6 B B D 24 IR R ZH L
77 MiRIZ 6 A BIZEIM U7z, JR- I#&IT pH, ERE. 7
LT F = TIVRAT U S h i~

3.% B
FER1. TASK2 KO YO RADERTOra—LERBE
(2009, 2010 %)

TASK2 KO ~7AT ES Hifann~r A~OIERLIZ %
FLFAT T A%152(2009 4F), 2010 4ERTH:, ~T 1
KO v ADFEAEIZLII LTz, ~T 1 KO ~TA[ELDAZ
Bz dn, 2010 4E44 AT KO ~ T ARFEAEL (K1)

EsigrEE |

KO~ AD A P REZ AT 2k D 101278 o7z, LanLEBL
2BV TRE KO <~V AR O AR Tl 55
LTV,

ES #faiE 129sv & C57BL/6 AR TH-o7=7-.
C57BL/6J EARBLL N7 7 A %4T0 N F5 HRETHEA T
W5,

TASK2 KO ~TRAILT ) DAAE T D%, 5 WlaHn
BTN, BIEBGAFEI S NS (R E L 15% 80 | 8l
ZLHIR (511 @il) 12, RICIDITRkR L2 (K 2),

35 ¢

?| /‘/-—/

25 )

en

20
——WT (n=4)

;5 | AT (n=9)
——KO (n=4)

10

5 6 7 8 9 10 11
weeks

X 2. KEOEAL

—
BeaBIcE A ez |
TEHIIBETS mmeosng
FASTIAEE

AT, o
K oA X (i
illigh !

TEaEE

N =

AU DTFIRTDR
(MEESE)

1. TASK2 KO = AD{ERL 7 mha— L &858 (2009, 2010 4E)
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EE&2. TASK2 mRNA O /BEDETDFER

R A

X 3. v~ A(WT) IZ$1F 25 TASK2 mRNA @ JFJ7E (in situ hybridization) , a. FZE7E. b. FEGE, TASK2 mRNA O
BT, ISR N (FHD) TREAUTND, PCT, PST 2% <HEEBLL, mTAL, CCD |[ZIFFBIL T2\, PCT: JTizih

SRANE . PST: /7B JRAME . mTAL: BEE KW F1THH, CCD: REHEAE, 2B BRARSIECB WO THR Y ho BN
1T RO T (PCT, PST) | Hi7-/2 % Bl55E G707 72 (mTAL, CCD) (Data not shown) ,

# 1. TASK2 WT/KO [fikT —4# 1

WT/KO Water 2 % sucrose ;& i&+0.28 M NH,CI

BMermBEH(E) 0 6
115 WT 5 3

KO 6 3
pH WT 7.38+0.01 7.35+0.01 ns.

KO 7.23+0.01 7.20 £0.01 ns.
pCO, (mMmHg) WT 325+1.1 29.1+0.9

KO 38.1+2.7 37.9+4.2
HCO5 (mM) WT 18.8+0.9 15.6+0.6

KO 154 +1.0 14.3+1.8

% p<0.05, 3% p<0.005

FEER3. TASK2 KO Y9 X DT RO pHITAL FL7=, JRNa, K, Cl, Ca, 7> E=7HE
EEUERRE N TASK2 KO ~7 A%, M#E pH, HCO;”  &EIZEIL Tid, KO & WT v~V AIZH B/ 21720
WA EIZIEL, acidosis IRAEZ 7 RL T2 (#£1,2,3), Loy 72(F4),
L. JR pH DI WT &A B2 2T o7 (F 4),
R34 acidosis 5% . TASK2 KO ¥ 7 A, WT <7 A
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# 2. TASK2 WT/KO ik 7 —#4 2 (S EME)

WT/KO Water 2 % sucrose j&i&+0.28 M NH,Cl
Beare%(e) 0 6
¢ WT 5 3
KO 6 3
Nat (mMm) WT 144.4+0.8 146.3+0.3
KO 144.7 +0.6 147.0+1.2
KT (mM) WT 42+0.3 3.5+0.1
KO 43+0.1 3.8+0.1 #
cl (mMm) WT 120.8+0.8 125.3+0.3 #
KO 125.2+1.2 129.3+2.3
Pi (mg/dl) WT 57+0.1 6.1+0.5
KO 7.2+0.2 7.7+06
ca®* (mg/dl) WT 7.8+0.2 7.7+0.2
KO 7.7+03 7.7+03
m¥F2EE WT 323.6+1.2 323.340.7
KO 3245+1.7 331.3+1.3 #

WTvs. KO 3% p<0.05, %% p<0.005, 0 day vs. 6 days # p<0.05

% 3. TASK2 KO Mg —%# 3

WT/KO Water 2 % sucrose j&i&+0.28 M NH,Cl

[y =tod =k (=] 0 6
P WT 6 4

KO 5 4
Aldosterone (pg/ml) WT 324+44 435+61

KO 331+78 688 + 106 #
creatinine (mg/dl) WT 0.12+0.01 0.09+0.01 #

KO 0.12+0.01 0.11+0.01

0 day vs. 6 days # p<0.05
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# 4. TASK2 WT/KO JRT—%

WT/KO 2 % sucrose j&i&+0.28 M NH,Cl
[iza=bol =k dq=)) 0 1 3 6
1A% WT 5 4 4 4
KO 6 4 4 4
pH WT 6.55 +0.08 6.22 +0.06 5.84 +0.06 5.82+0.0.5
KO 6.59 +0.11 6.08 +£0.01 5.80 + 0.04 5.78 +0.03
ns. ns. ns. ns.
BKE (ml) WT 5.1+0.5 3.3+0.3 45403 5.2+0.3
KO 40+0.3 41%05 40+0.1 49+0.4
ns. ns. ns. ns.
R=Z (ml) WT 1.1+0.1 1.2+0.3 1.1+0.4 1.3+0.2
KO 0.8+0.1 1.0+0.1 0.9+0.2 1.0+0.1
P ns. ns. ns.
FRiZ2BEE (mOsm/kgH,0) WT 3100+ 126 3623 + 444 4175 + 346 3932+ 183
KO 3243 303 3530+ 320 4252 +320 4127 + 109
ns. ns. ns. ns.
Na*HEitt 2 (umol/day) WT 189.3 +15.0 282.2+37.7 254.1+67.9 316.1+41.9
KO 152.9+17.2 252.8+34.4 219.7 +48.3 238.9+33.4
ns. ns. ns. ns.
KtHEM=Z (umol/day) WT 383.2+20.6 483.4+79.9 411.9+117.9  500.8+75.0
KO 285.6+21.2 411.4 £59.3 334.7+75.0 371.5+55.6
P ns. ns. ns.
CI HEtE (umol/day) WT 391.1+19.2 711.8+89.1 959.0 +265.7 1183.2+110.1
KO 307.1+24.9 723.6+118.4 862.5+152.9  962.3+101.5
P ns. ns. ns.
HCO; HEMt=E (umol/day) WT 0.55+0.10 0.33+0.15 0.13+0.05 0.13 £0.03
KO 0.30+0.06 0.18+0.03 0.08 +0.03 0.10£0
ns. ns. ns. ns.
TUOEZTHME (mg/day) WT 0.68 +0.06 3.15+0.27 12.31+3.68 14.10+1.02
KO 0.52 +0.05 5.53+1.20 12.01+1.54 12.00+1.47
ns. ns. ns. ns.
IV LEEHE (mg/day) WT 0.84 +0.08 0.76 +0.19 1.03+0.21 1.21+0.07
KO 0.84+0.13 0.80 £0.10 0.94 £0.17 1.21+0.09
ns. ns. ns. ns.
PHEME (mg/day) WT 29.4+3.5
KO 29.0+3.1

ns.
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4. % &

TASK2 (2 fL-2 [AIfE E B K™ T /1) 13, pH
K" F v /LT, BEEXRIBIC RV IR T VR — 2 AR
FlEEZENS ™, FAY GGTC /b AL7T- TASK2 KO
ES 77— izl > C, TASK2 KO vV A(KE) &%
Bl g U L T& T, BIE, AR PEENL, F
BRI B8 RO BHEAFHE L TD, £DIHD
— AR AR BN G R _EH L, — 77,
SPRFEBRF D~ 2%y rraA (5 ) TERL T
Do

T FEROFERAHFET DL KO T AGRE)IL, 1)
IEMERARE TR 15% (KK, 2) IEEREE (5 i)
TREHET VR — AZR U8, 8 0 NH,Cl A TT
VRV ADEEIIERD RN 0T, 3) KO YU A (RE)
DFRHI~D HCO; FE41T, WT L% 7 BRATTIC
FOPED LTz, DL EORERED, TASK2 KO vV A (ARFE)
(=R WF&&E&W%&%%?VP%yx%/%%bi‘\ T AT

PRAAE O WA R IXAE MR ICHEREL TV DT EM3MA 2
77

5 SHODEE

B K SrinheL K - R ST ETRE A e AR R B
D12, YTy Via KR (ViaR) b NI AT rA
RANVEZ A (GR, MR) D IELWEED K720
(H21 #FFEHE) , 5 %13, TASK2 KO v ARBLWNT
VlaR KO vV A ST — D328k (R - At
FRE DFFNT) LR RN O Y 3% 85 - RSB (Un situ
hybridization, Western blotting) % B X T, ABFIET
—<EERIE5,

BUEATIR P O I % 25 FIZEASE L8120, &
D K Srisae oK - et B E R I B - 28 7= Jn i
EEFEL . BEE DB A TRO D ENFIREIL /2D, 21
BORE R, M BEEE KT U AD RIS — I
K%L, QOL D& MRS BRS FTREIC e D E IS 1L
Do

X
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Presentations collecting duct by V1aR knockout mice. /YL

1. Yasuoka Y, Kobayashi M, Sato Y, Nonoguchi H, Tanoue Via & (V1iaR) KO v~V RAIIBITAIBELSE
A, Kawahara K. Dislocation of mouse collecting duct V2R-AQP2 #fi. ZZ[i Ak, IREREE, e ilkE—,
aquaporin-2 by metabolic acidosis: role of vasopressin Bp e O, R, WRTORE. B AR RS
Vla receptor. Renal Week 2010, SA-PO2115, Colorado. 53: 395, 2011
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K" Secretion through K Channels along the Kidney Nephron

Katsumasa Kawahara, Yukiko Yasuoka, Hidekazu Fukuda, Hirotsugu Okamoto

Departments of Physiology and Anesthesiology, Kitasato University School of Medicine

Summary

The mouse kidney plays important roles in the body acid-base balance as well as potassium (K) homeostasis,
especially in response to dietary acid (0.28 M NH4Cl) intake. In order to investigate whether pH-sensitive
two-pore potassium channel (TASK2) may play an important role in maintaining acid-base homeostasis, we
purchased the TASK2 genetrap ES cell from German Gene Trap Consortium (GGTC) and developed TASK2
knockout (KO) mice (homo). It is known that TASK?2 is expressed in the kidney proximal tubule and may be
responsible for HCO;5™ reabsorption. In the present study we have determined whether TASK2 WT/KO mice
maintain plasma pH by reabsorping HCO;  from the glomerular filtrate and decreasing the urinary pH. By using
a high sensitive in situ hybridization (HS-ISH) method, we found that TASK2 mRNA, counted as dots in
approximately 1 um diameter, was expressed in proximal convoluted/straight tubules (PCT/PST) in the cortex, but
NOT in the medullary thick ascending limb of Henle’s loop (MTAL) or the cortical collecting duct (CCD). No
expression was observed in the region of the inner medulla. TASK2 KO mice (5-11 wk) seemed to be normal,
but small in weight (A 15%). Plasma pH showed week acidosis in KO mice fed normal chow. No further
decrease in pH was observed during a 6-d period of acid-loading. These results suggest that although TASK2 KO
mice have low ability of HCO;™ reabsorption in kidney, distal nephron may in part compensate acid-base balance,

at least, under the acid-loading.
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Bk 5 08C4-10C4

TV ZEFHEBUZ I DA 2 AV ARG SGENE H &2 OAE R FF O fiF A
IZ DN TOFSE

ik mse, T R, IE Rz, D B

i 055 VR ST [ A R R M A T R 9 P 3 DA P R 7

B ZE [EM] s8EEED, mlEEDD T AVARPIMEZEI 2T EN LIV TNDD, I A F]
BRIZEY, ZO@E M ECA A ARPHEN S E T DI ERHALICESN TN D, ZOMFEL T, BR{EARL 2O
BI5-LCWD RTBEME D RIBSILCND, A AU ARTIME DO FIERE T ITEE O R T3 5 L Wb EZ 2 D, 2RO
T TARAA LSRBACA N A EHE BT 5L TODZEBNHERIS D, L LARDS, AT AMERUC LB RN KT
WAL T, FEHDIIASN TE LT, A AU ARFIEORIE LB L TWDT T R DA Lo Bl
[ZDWTHBMNIZEAL TR, ARBFSEIE, BT MBI DAL AV S~ DR BT LT,
[71E] 8 i, K, Wistar 7 M 1) i E EERE, 2) 5 +8% KCI £, 3) millEEHHRE, 4) s ET+8% KCl HED 4 B
(2T, 4 BBEE LTz, A2 AV RS IR s A AV 770 TR CRMI L 72, 1B Uk « A AU+
T T RRERITERBU T B ARG, FlgE T, ARV o7 v T2 AZ Ty MERTICTRFIL
77,
[RER] @RI T, 4 HE OB )Y MBIRO A EEIZ LD | (KEB IO MG R A E7R 2T ?E&mewf:bi\
EEIEEREZ I\ T, ZEEREA L AUAEOIK F A2 7R 72 (P<0.05) . Fiz, IEHF MR A AV 7T TRRAEIZT,
FHREICB VT, AV DB IROFRICED, 25O AV E2 M2 RT GIR, X*ﬁ%ﬂfﬁf“@%/ﬂﬁw@%r#
IS-GDR, I COA LAY sz 2773 clamp HGO., IE A% CDA 2 AV M%7~ clamp FFA IZH B2 2L
RO o T, — 7 BIENEERRIZ IV T, WYY AEBEUZEY, GIR, IS-GDR, clamp FFA 73, ZILE 41U 30% DR
BN (P<0.05) . 9 35% DN (P<0.05) . I 30% DI (P<0.05) 258, clamp HGO 1L, # 27% B3B8 7=, B
BRHCRBWT, DU AELUL, B LIENERR T, IRS-1 & Akt DU ERLOA E/28800, FFlE T, IRS-2 & Akt DY
VRO BRI AGRD T, ZNHORERIT, IEF M m AL AT T e — BT, mIREEIC DA A
U ARBUEIRIE ClX, AT ABEUZED, A AV ARPIMEN S E T DI EDRBE N, £, MEL = AGTEDIK T,
MAET AT WOKF, BN COBMEAN ADOH], LHT T 4R 17 FAED _EH BT,
[#&5m] [ERTHERRIRRE CTIX, HUD AMEEUIA L AV R T 8% RAF STei-T203, IR ARTIC LA AU
KPR EECIX, AVD MBEUCIY IR COmILAN ADMH], 7T 4RI F D EFIZED AR AR
PEUCEE A 2SI UT, JBRRRE TIX, AU MBEUT, FUBE RIS ER 2 A 92 rl etk RS-,

1. BROSEELEH

OHE O 2RI B L, M AR L, R -
DRED I EL EHT | ALRMARIIELR > ob 5,
BB O e R O RERAI, ABIBEE <O BHAE AR & O A/ L
I TR0 L A D R RSO A L P 5 7 & 0D R I A P 7

FIFR T ZETHD, M/ EE L, M= ho—
JURCHEIR I S AR BE 2208 M M DR B & o R
FEEX, LG M hr— LSO R IR S AR B L7
WZERESITND B, Lo, A AU ARSI
HTHOHE T T T ARRIEHNCEY  EiltE R EBRE D
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R A B AN B A (2 BB PRI K I
DFIE - MR EA L AV ARGHEITIRBIEL T DEE
bND, SHITA AV ARFUET ., 2B IRIF LD T2
<\ EILUE, JEEREIERE DAZRY 7«3 Ra— LD
JRREZRBZEGJRINBITEY O VA AU
PibEZ GBS E 20708, 21 A OB IR IR IR IS 12 & o
T, BERMETHD,

ARV ARFUE, BRI, g & o b
R IBT DA AV AERIEAH I T DAL A e
FIUREDEELNIZENSENTND @, A 2K
PUERRIE T, BT CIIRERVIAAL DMK L, T
BT A O BRI NG L, B AR C IR i e o
SYWHNTUHET D, IR, ZHUDAE 2 DIEERDA LAY
T F MO ELSNC, 55 Ens TNFa @, 7
FURRIF L W LozF o O R LRmTFARIA
RALARL A O 281 o AU G (2 B2 B 4
T2 ZEDRFEHESNTODEN, FE IS
TR,

— 5 BEEERD, & EIZ ThRIA AR AR
PUEZ S L2 ENMONTNDA @ AU Ll
BRIZEY ., ZO@IMECA L A ARGHEN S ETHIE
BHLICERTWS O, ZoFE LT, BR{L AR 2D
PIHNZRE G- L QOB ATREME DSV RIBS TG, A AY
HEHEDFIERE TR O 73 B 5L T D EE 2
B, ZRDOT T 4RI A LB L AR A B 5
L TCWAZERNHERIS LD, LU E, BT L FIE
BUZ LD PERENC RIT T B BAL < 72+ 12 fig
ENTELT ., oA R ARG DO IIE L5 5212 BIfR
LTCWDT T ARAA L EDOBIEIZ OV T HNIE I
TR,

AAFGEIE, AVD LEFRHERUZ 31T DA A &
SOEBRRIT 572012, EHET /L (Wistar 7vh) K&
OB HE R I E T V7> b (RIR AN wistar 7> h) %
AW, BT LR EHEE (8% KCL AiRAH) 125D, 1E%H
fitBERE R BB A AU ARBIMEIRBEIC 31T D U 2 5
BRUCEDA AV B RITENDEALE L,
P, HERGRES . FFlgC oA > 2U ARFIE O SR A
BT L,

2. IR AE

. $YETILRER

8 JHfkn, I, Wistar 7 F Charles River Laboratory 7>
HEAL . NIH HARTA L L4855 AL R R R B
TENZES TR M OFEBRA A TU T2, 1) 18 AR, 2) 8
HEI+H8% KCI BE, 3) mllENIARE, 4) mllEN £+8% KCl
BED 4 BRI C 4 HRIEE LT, ZNENOEETEE
4 JAE% . IEHIAE EA R« 7T T EBRITTA A
VR A R U, B IS AL AU 7T T H
BRZEAT725 7 HANZ AR 2 KR~ ArahT—7
VARV AREARET Va—2FE AR . NEEBLRIC 1
K~ArahrT—7 v (ERILA) 2 AL, TR rvE
WL, WHE A ORI, RAMNCE ST, IEH
B mA LAV T 7RI K 12 R R
47U 7=, Figure 1 |2/~ J7{ETHifTL7=, D-[3-H]
glucose # 120 73 et ET D2 LTI, ZEERFIZ BT S
IR CORERT A Z TN L 72, ST, B EhA L R
(25 mU/kg/min) & D-[3-’H]glucose ZHEeHEL, 7
DFEIRA T —T b MUHEEDY 150 mg/dl TEFRHE
EARORRIZ 10 3[R CHBHEAIE L7235, 50% 7
S — 2R AR E LR LT, @ SR
I, #9990 3R NV a—ATEAE R E TR, 2D
WRhBA 20 /3 LL EHERFL782 ., BRD 7T —7 L0 155
AT MRS . KA CORERIHEEZREL  FERHICE
FDA L A O EEIAEANERR T H DI, B8, 5
kAR T 2 DAL AV M E DB AR LT,
I. mREBOBIE

4 A4 > AU > {1 | rat insulin ELAISA kit
(CRYSTAL CHEM Inc) | MiE 7 7 47817 F AL,
mouse/rat adiponectin ELAISA kit (B-Bridge International
Inc) . M AEEEBERR AR IX, NEFA (Fneifisk) 2 v HlE
U7o, L =451, g7 VR 2T ay | 7ood Ty
U, TyYA T ML, SRL MR EAHICHIEE
AR 7=,
M. DIRATOYMENT

1E & ML & A R 75 T R T 12 IR T
¥ . RENRERR ., JITN#A D2 A2 L, SDS-PAGE &
K[UKEHL . PVDF IZHE G L7-, Akt U2 R b Uik
(Ser473) (Cell Signaling Tecnology) . Akt Hi{A& (Cell
Signaling Tecnology) . IRS-1 H1{& (Santa Cruz) , IRS-2 it
& (Santa Cruz) # FH\V\CU AKX 7y MENT & 61T LT=,
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Figure 1. Schematic of euglycemic-hyperinsulinemic clamp experiment protocol. Muscle insulin sensitivity: ISGDR

=GDR-basal HGO. Hepatic insulin sensitivity: clamp HGO= GDR-GIR. Adipose tissue insulin sensitivity: clamp circulating

FFAs.

Fio, IERIMBE &AL AV T 7GR T 12 ITE IR
U7 B . REAERR . IFiEHHhHH L 72 8 B % P-ty-100
PUIK (Cell Signaling Tecnology) T4 % L L . SDS
-PAGE E5JKEIL , PVDF B4 5L | IRS-1 471/4 (Santa
Cruz) ., IRS-2 $ifk (Santa Cruz) 2T AZ Ty
MEMT A HEAT LT,

IV. Quantitative real-time RT-PCR

IEH MR A A T 7 & T % ICER I L 72 R
JikEAD 5 . TRIzol (Invitrogen) & VT total RNA Z4ihi
U7z, 1 ug @ total RNA 7>5 iScript cDNA synthesis kit
(Bio-Rad) Z U T, ¢cDNA |Z reverse transcribed L7-,
NADPH oxidase subunits (p67 P, p47 P p22 Phox)
mRNA EIEREZLT, TNEIUTS TR RN TS
A <~ — FastStart DNA Master SYBR Green I (Rche
Diagnostics) % FIV YT Light Cycler (Z CHIEEL 7=,

V. #EtF2RIERAT

HT 2, ttest &V THERRGILTZ, P<0.05 TH
DT — AP FHR B EEA T LD LRI, 2T
DT —21%, B HRHER 2 TRLT,

3. IEHER
I. A LIERA KE, MiEHY D LIME, RS
B, EERAVRA)ANEICRIZTTHE

WEERICRBWT, 4 BEOD) T 2EROAFEZLD,

KEICAH B ETRD 777 (Table 1) , 4 R D 60%
ENEAMTENICEY, (KEIT438.5+7.3 g/ H476.4 + 8.4

g CAEITHIL (P<0.05) . AV LEEUZID | AKEE
4764 + 84 g N5 4484 + 136 g EH EICWA LI
(P<0.05),

MG A VD IMEVE, 85 GERE R O IR AR O M RE I
BWT, IV LRI | A ERELEZZB D207
(Table 1),

12 FEEAE AL O ZZ JERE MBS, W E R IZ VT
4 SEBORIY MEROFTIZLY, A EREITROLIL
7¢7o7- (Table 1), 4 HED 60% g AMETIZED,
28 I A K ONZE JE A L AU AE D ER-ARBO BN
(P<0.05) , A AVARPFUEDET N THLHZED RS
A7z (Table 1), ZOENENEEFREICFUNT, AUD LEEUS

0. ZEMERE MBS E O A E2MK FIXFRO RN To MR T
ftﬁrm%mb\ ZENGIREA 2 AV AMEDH BEIRME T 2380
(P<0.05) . VT LEEUCED | A A ARBUEIRRE Tl
A LAY ARBUESCENE FH O AT REPE DS RIE S AT,

0. W)DLERMN, AR VBRZHIZRITTHE

PN BT DA R ORE R R A A A
VIS M AT AT, B M m A AT
T IEERERATLT,

Figure 2A [Z/R T 89T, BH DAL AV AR
3~ Glucose Infusion Rate (GIR) 1%, i@ EHREICHUV T, 4
HEOHIY MEROAG LY, AEREERD T,
BRI DA A R MBS RS2 o T, 4 TR
D 60% EARMEEIC XD GIR 135 35% A EIZ#ED L
(P<0.01) , ZH DAL AV ARGINEE T L THLHZ LD
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I, EIEEERHC RV T, MUY 2EBEICEY, GIR - % % 7K 9 Insulin-Stimulated Glucose Disposal Rate

XK 30% A EICHINL (P<0.05) . 25 DA AV (IS-GDR=GDR-basal Hepatic Glucose Output (bHGO) ) I,

ZMEDBCEP RBRE I, WHFEHREICRB VT, 4 B OB Y MERUCLY, 578
Figure 2B (TR 9 JOIC, R CTOAL RIS BbaRo T, KRRk COA L A & I 8%

Table 1. Animal Characteristics

Normal Chow Diet High Fat diet
KCl (%) 0 8 0 8
Number 8 8 8 8
Body weight (g) 438.5+73 4323+44 4764 £84%* 4484+ 13.6%*
Serum K level (mEq/1) 4.62+0.19 442 +0.61 435+0.33 4.521+0.22
Fasting Glucose levels (mg/dl) 130.9%2.5 126.6 £3.0 148.3 + 5.6** 143.94+9.9
Fasting Insulin levels (ng/ml) 52%0.8 5.0+0.9 84+ 1.1** 6.4 +0.9%*
Clamp
Glucose (mg/dl) 1494+ 0.7 1509+1.3 149.5£1.5 1524+ 0.6
**: P<0.05
A B
E‘ 60 50|
£ . w% !
< 50 = 40 %k
?E! 40 * s %
= I 530 [
”g 30 E
Z Z 20
£ 20 G
P &
£ 10 10
=
&}
0 0
KC1(%) 0 8 0 8 KCl1(%) 0 8 0 8
NCD HFD NCD HFD
C D
14 s 1.6
%3
g T
1.2
21 =
% :l ) %1'0
> Eos
£ 9 KA -TY;
S z"
g4 o4 *
2 0.2 il
BC BC BC BC "B CBC BC BC
KCI(%) 0 ) 0 8 KCl(%) 0 8 0 8
NCD HFD NCD HFD

Figure 2. Glucose infusion rate, IS-GDR, HGO, and FFA levels during euglycemic-hyperinsulinemic clamp studies. NCD:
Normal Chow Diet. HFD: High Fat Diet. B: Basal State. C: Clamp state. *: P<0.01. **: P<0.05.
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KAEE723 o7, F1=, 4 BEED 60% =EIEFICLD .
IS-GDR (347 40% A1 EIZHL (P<0.01) | KiEFHFETO
AL AVARPWEET WV THH EE MR LTZ, ZDOEE
EHREIZ IV T, YD LBEUCEY | IS-GDR 1L, #9 35%
A EIZHINU (P<0.05) . RIHMAERD A AU ARGTHED
SEEA D RBENT,

Figure 2C (TR $ XOIT, ZENERFIC 31T DITHR O KE PE
A% 7R 9 basal HGO 13, 1l EEREIZ 35U VT, 4 M oY
ULAEROAEICEY, HERZERD T, EERFTO
FEREPE AR\ BTS2 o T2, T2 4 BB D 60%
EHEAERIZLY basal HGO 1E, % 15% A EIZHNL
(P<0.05) , ZEREIRFIZ 3V TR PEAE O TUHEZ FERE L 72,
ZOEAEEEREIZ BT, AU AERUZIY ., basalHGO

DEACETRD T, ZEEIRFO PRI B KT E )
ST, WITHFIgCOA L AV 2 M 7RT clamp HGO

T, RSV, 4 HEOLT AMEROA I
0, AREREEZRD T, R TOA L R JEZ PRI
B RIESTehote, Fio, 4 BREO 60% mfElA MR
(2d0, clamp HGO 1359 55% 7 B (ZHIANL (P<0.05) | 1
REREEIC L ATl COA L AV ARGUEET L ThHHI L

MR LT, ZORMRIHEREIZIW T, YT AEEUZID,

clamp HGO IZ. #J 27% A B L, g oA RY
URPUESCE I D RS T,

Figure 2D (/R 39512, FEL TR COARY
VIS MEA 7T clamp FFA (3, 8 EEREICHW T, 4
MOV LERIZEY A EREZRDT | AEIHEE
BT DAV A ANEZ NN A RIT ST o T2, Fe,
4 HH D 60% =fENTAMTERIZEY ., clamp FFA 1349 3 £i%
A BTN (P<0.01) | mllEARTICED, NEHERET
DAL A ARGEET L ChAZ AR LT, ZDE
WIEEREIZ W T, YD AEBIUZEY, clamp FFA (3, £
30% A B L (P<0.05) | SEIHHAR COA AV AR
PSR ER A RIR ST,

O AP LERN, AR -5 FIVEEICRIFT
=2E
FUT ZEFHERUZ 81T DA 2 AV ez 0D 52 8% il

NI BUEERICHOWTRF LT,

BRANZIBT DAL AV - T AREEIZBAL TR
L7z, ilH RISV T, AUD MBI HEIZ LD IRS-1
EHELD IRS-1 T U BRGICE LE RO IR D>

7= (Figure 3A) , EENIEEREICISWNT, AT AERUCE
IRS-1 & A EICE LA/ D -T2, IRS-1 Fr Y
CERbIE, B ISR 33% #NLT- (Flgure 3A: P<0.05),
SHIZED Tt ThD Akt b [RIERIZ, W HEEFREIC BT,
VY LEIOA LD Akt EI&U\AktJZ)/)/ﬁ&ﬂ:
B EFRO I h -7 (Figure 4A), mIEIGEEREICIS W
T, AV LEBIUCLY, Akt B HEICELERD IR -T
23, Akt BV IS 90% L 7= (Figure
4A: P<0.01), ZOFEFRIY | B MbFE A AV T
T —BL T, BB AT DA R ARBIMRR
RECIX, AUV LBEHERICIY . BEHICBWT, AR
U e P F IGEO W EIC LV A A RGN
TAHZENRIBS T,

JERAFARRIC ST DAL A« U 7 F AR TEIC L TR
Pz, BE IRV, AU AEBRUCEY, IRS-1 &
HE& O IRS-1 F v VB bICA B b a2l 7
M7z (Figure 3B), mlEIHEEREIC ISV T, YT AEHL
\ZED | IRS-1 B HEICE LA RBOIRD T2, IRS-1 F 1
U ERABIE, K 23% A B ICE L 7= (Figure 3B:
P<0.05), SHIZZD FHiTHDH Akt BIRIGEIZ, i@ IR
WZBWTIE, AU AEBEUZEY ., Akt EAE KL O Akt &Y
VBRI B b iR 7eh > 7= (Figure 4B) , /5
HERGERREIZ VT, VT AMEIICED | Akt EAEIZH
BB ERD IR STZM, Akt BU U EBRAEB A EIC
#1 60% HIMNL 7= (Figure 4B: P<0.01) , ZOfEFX0 | 1EH
M mA AV« 7T TRt L — B LT, miE RIS
FDA AV ARBIERETIX, AT BRI RIZ LY
NEWFARIC BN T, ARV v T FIUREO SR EICL
DAL AV ARGERUGE T DT ENRIBI T,

Iz 31T A AV« o 7 F MR EEIZBI L TR
7o WHEETREIC VT, AU LB RAERIZEY, IRS-1 &
HE KON IRS-1 OF o LU BRI IZRD B
M7z (Figure 3C), mlRIHEEREIZIS\VNT, AU T AL
(2&0 | IRS-1 AL VIRS-1 OF ViR, A
BN E R 7o 7z (Figure 3C), %@T?ﬁ“@&)é

Akt [ZBIL T, @ HF AR BN T, AU A ERUCE
Akt B B O Akt BV VR ’ﬁ%‘fﬂﬁt;&m&)fg
M7z (Figure 4C) . FEIGEEREIZISVNT, U AEEL
IZED, Akt BAHEITA BRELEFBORD>T208, Akt
VUV UL EITK 40% ¥ 0L (Figure 4C:
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P<0.01) . A2 AU« T F MARFED TUHED A FEME D R
I, £ZC, HFIBICB VT, ) — DO E T Akt
D EFIZHDA AN T T VAGRER 1 ThDH IRS-2
2OV TR LTZ, Figure 5 ("4 X012, W F EEREICE
W, BUYLERICEY, IRS-2 B HEM OV IRS-2 Frv
VUV Bl B b ERD o T, mlEM AR
BT, AT ABRIZED, IRS-2 EHEICHEREL

A. Skeletal muscle
e we =

120

I
100 e
i
7)) 80
& u
b 60
="
40
20
0
KC1(%) 0 8 0 8
NCD HFD

B. Adipose tissue
o T —

100 1

*%

80 *

60

ptyIRS-1

40

20

0
KClI(%) 0 8 0 8
NCD HFD

C.Liver
L, . e e

wo | —1—
*%

I

ptyIRS-1
8

40

20

0
KCl1(%) 0 8 0 8

NCD HFD
Figure 3. Effect of potassium on tyrosine phosphorylation of IRS

RO ST=H IRS-2 F i Vb, A EICH
20% FEANLT= (P<0.05) . ZOOHE RL0 ., 1IEH Mk - A
AV T TR E B LT, MBS DA A
PR EE T, AYD MBEUCIY ., RMERIC BT
IRS-2=Akt ZNLTcAV AV« L7 F REED L EILL
DAL AV ARGIEN S E T DT ED RSN,
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-1 (pTy-IRS-1) in skeletal muscle, adipose tissue, and liver.

NCD: Normal Chow Diet. HFD: High Fat Diet. **: P<0.05. *: P<0.01
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A. Skeletal muscle
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o
~
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dm) * =5
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v
< w0 w
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o D W —_— o —— A —
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o I
o 100 |
l; 80 %
~N—
- X 8
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Figure 4. Effect of potassium intake on tyrosine phosphorylation of Akt (Ser 473) in skeletal muscle, adipose tissue, and
liver. NCD: Normal Chow Diet. HFD: High Fat Diet. **: P<0.05. *: P<0.01.
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Figure 5. Effect of Potassium intake on tyrosine phosphorylation of IRS-2 (pTy-IRS-2) in liver

V. A LERNLE7 T4 RRIFAEICRIZTTE
&

W, AV AV RSB RIS T T T AR A
DT, b EERBEEZ T HIENHAHILTNDT T+
R F U aWE LT, Figure 6 (29 X2, 7 EHAE
IZBWTE, AU LEBERUZEY, MET T 4R 27F 8
A BB ERBD DT, @IRMEHCEY, g7 T
AR T AL, W RS LR LTI 33% A BT
DL (P<0.01) , A AV ARBIMEZ R TG RE— LT,

EEAEEREIC W, AV AEBERUCEY, &7 T ¢
IR F AEIE K 30% A EICHINL7- (P<0.01), Zh
SIS T 7 A RR 7 F AEOKE R, EH A 2
P IT T REBROFERE—EA HIENG, mIEMIZE DA
AV ARGUEIRE T, VT AEIUZ LD A AT AR
PEDOUGEIL, RN D WS NDT T ARRTF L D
BN COB RTREMEDVRIB ST,

V. WD LERN. L=V - FoOATUoOURICRIF
ITEE

HV LEBEUCEY, GV MEICH BB b AR
O7einotz (Table 1) 23, AV MEEHIREE KIF 71
HET VR AT e Bz E LT, R K OV R G B
BEIZRBWT, AU AERUCEY, [T AV RAT o AEIZ
B EREERD DT (Figure 7TA), LU, ML
SUTEMEE N, B EHERC R W T, AV AEEUCED,
9 40% HEIZIL T L (Figure 7B: P<0.05) . =R HGEHRE
WZEWT, AV AEBEUCED . K 30% BRI L
(Figure 7B: P<0.05), b2, MAET7 A7 1E

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

KCl(%) 08 o 8
NCD HFD

Figure 6. Effect of potassium intake on plasma adiponectin
levels. NCD: Normal Chow Diet. HFD: High Fat Diet. **:
P<0.05. *: P<0.01.

LB E AR R O IR AR IV YT AR
JOEBREAERBD -7 (Figure 7C) , ffE7
FT v B, @RIV T, AT A EBEUCE
0. BRELREEZBD D -7 (Figure 7D), £7-., Bl
IHEEIC XY, MAET > AT MBS E BERE L Fhie
LT R 2 5 I BN A 78 7= (Figure 7D: P<0.01),
ENEEEREIZ W T, U AERUC XY, mfET oA
T ED K 53% A B T L7 (Figure 7D:
p<0.01), ZNHIMET AT v MEORERIL, IE
HIAEE AL AV 7T T FEROFERE— BT DTN D,
BB Z DA A ARGIMEIREE T, BT MBEUZ LD
A AV ARPIMED S E L, T oA Ty N
TWDATREMEDS RIR ST,
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Figure 7. Effect of potassium intake on renin angiotensin system. NCD: Normal Chow Diet. HFD: High Fat Diet. **:

P<0.05. *: P<0.01.

VI. AU LIEERMSEEREICE T HBIER L RIZR
FTwE

TV Ty L, BEAR AE TS AR
ARPUERERESE R ENMON TS ) 22T
i*AARICF51F 5 NADPH oxidase subumit T2 p67 ™™,
p477% p22P"* 7> mRNA % 8% QRT-real time PCR /5%
FAWTHFLIZ, p67P* mRNA FEIU L, W@ AR C B
T AV LERIZEY, AEREEZRD RN oT
(Figure 8A), 7=, FEIIEHIZEY. p67 P mRNA F& 5L
LI E TR R LT K 3.2 (I BRI A R T
(Figure 8A: P<0.01) , mARIAEEHEIC ISV T, YD AEHR
(12D, p67 P mRNA FEHLZ, ) 56% HEIIEK T L
(Figure 8A: P<0.01) , RIZ p47P"* mRNA JE UL, i@ i A
FEZRBWT, AV ABRUCEY A ERELEFRD N
-7 (Figure 8B), £7-, MARIHEIIZLD, pd7 ' mRNA

FEBU TR E L L LT K 5.6 (510 BERINER
7z (Figure 8B: P<0.01), mflEiEEFEIZISVNT, AUD A
BEUZED, p47P mRNA FEHUT, £ 60% A EIIKTL
7= (Figure 8 B: P<0.01) . #f%(Z., p22 " mRNA F& 5%,
ARV, AU LAEBIICEY FERE(ER
77z (Figure 8C), £7=, mllEERIC LD, p22 P
mRNA FEE Tl F REREE L LT, ) 3.7 (510 B0
Nz 7R 7- (Figure 8C: P<0.01), mfRAEEREIZISVTC,
JV7 MERUZ LD, p22 P mRNA JEEIT, 59 57% A&
WK N L7 (Figure 8C: P<0.01), 2415 NADPH oxidase
subumit ® mRNA FHiL, MEET7 AT TED
FERE—B T HZEND, EIEMIC LA AU ARG
RET, WU MBRUZE DA AV ARBIEOUGEIX, 7
ATV MWL TOD AIREME DS RIB S LT,
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Figure 8. Effect of potassium intake on mRNA expression of NADPH oxidase subunits. NCD: Normal Chow Diet. HFD:

High Fat Diet. **: P<0.05. *: P<0.01.

4. F ;|

ARHFFE T, VD LB, IEH MHHERRRAECIX, A
AV MR B RAF 7208, BRI AT 12 L DA
VAVARGHERRE TIL, YT AMBEEUCEY, FHA. R
KR, TR COA v AV ARG A U E T D2 2B O
L7z, ZOBFEL T, MAEL =GO T, 7oy
F T MO FIZEY, SRR C oL AR 23
WAL, 7T AR R T AED EF7HB G L QD ATREME
IR,

E ARG AR L, RS, B Pl & B tEic A
AV ARFIMEAEFRTHIENMONTND O, Fx i,
EREAMTICED B s A AV 7T 7 FERRIT
T, RIS CORERIAZ DAL T | NEIAFAAE T OWzRE
KRR D E5-| Il COMEF A D TLELFRD | Thil—
LT, BN R OFEHERLC IRS-1, Akt DU 2L,

JiFl T IRS-2, Akt DAL AU« 7T ARED T L T
WHTEE MR LT, Fo, MET VAT THED E
5., IEN#4% T NAPH oxidase subunit ® mRNA FEI3
BEINL, FR{EARL AN TEHEL TUNDZ e ZAUS
TTFARFIF AENE FLCNDIEEHALNIC LT,
DAL AN ARPIET T B W T, AV LERUL, 1L
BBV MMEIZEBE RO IR X0 VT AR
MILHEL TV AIEEMENR B 2 DL/, 22 C, E7 LR
AT ABICH BB TR bR o7, Lo, (i
L = AR O T, 7oA T O
MBROHBNT, A AV ARGUEIREETIX, L= — T
CH TV RBTLHEL TWAHZERSNTWS ©, =
NHDRERIT, A AV ARFIHIRIEIZ N T, HIT LHE
BUL, JTTHEL TWBL =0 — TP F Ty Ra 4
DAREMEA I RIBI NI, SBHIZL =0 =T oA T
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AOTCHE, MR TOREAR 2AETUESHE 19,
AV ARP I E R T D2 ENH RS TNE O, AR
ARHUMEIRBE THIINL 728 (b AR L 2% S §-% NADPH
oxidase O subunits T2 p67 P, p47 P p22 P
mRNA FEBU L, BV LEEUZ LA LT, ZORERIT
AV LT, 4"/%9‘/#&%@7&%mequ\5@&
fh%l/x%icfnﬁﬁlm“éf/ﬁﬂ%%ﬁ THIEDRBENT, &5
L EBEANVCRIL, T T AR AR T2 O 53352
kﬁi%u%mfb\é W EZEIZ, EIENFEREO T v ME, 1E
WEEREO T R WAL C, LT T 4R 17 F U EME
TL Wz, LosL, AV AEEUZEY, T T AR+
FAED EFPNRDOONT, T T ARRTTF AL, .
Fi&ah. R COA L AV AR A S ESEHIE
PRAIHIVTNDZEDS G HYy MEEIZ LD T 5
AR T AED L5725, g, B, IR oA
VAVARPUE A S LT R ER LR S LD,

—J7. IEEMBEGE DR TIX, 7o ATy T D
& BAEAR 2O TLHE, T T 4R R F LD
THRFRHHILT, SHIZ, WYV LEBEUZE ST, 2160
AU o T27280 A AV IR R IF S
Iprolo RIS NS,

YL EORERID, HUY MERUX, EFTFERRIRET
AV AN BN B RAE SIS, AR T
RE—LD L7 A L A ARGHERIREE TIE, BT LE R
WZED, L= T oo T oy v 2O B AR A
OIH, 7T ARKIF O EFIZID, AR ARG
EUETHIEDTRIBES I, ZOMFTOA LAY AR
PECCE AT HUSHEIRIE O FIE B0 T b
178 PR FR SO 8 6 e & o BB IRAE AL AE S A S
b, I, BUERMBEE /> TWDBAXRY w7 - R
— LADOTERHEDOBFICH HEk C& D [ ReE N R s
Do

5 SHOEE

ZIVETOMFRIZBNT, A AV AR EET
D AR, BB{EARL ZZMHI LT, A2 A ‘/ﬁ&?ﬁﬁ
EUWETDHIEEHLMCLT, LLRND, HUT A
Buckn, 7ooF 70 o, b AR 2]
(ZBAT DR ERBRTIL, EEAHTHD, e Bib
DITTHIEITLY, A R ARFUED TR IED B FE D

HECTE2LEZD, D 4 %1%, 3T3-L1
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The Mechanisms by which Excessive Potassium Intake Improves Insulin
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Summary

A potassium-depleted diet has been known to lead to insulin resistance, a resistance that was reversed when
potassium was resupplied. Currently, no information under other circumstances; however, this mineral appears to
have a close association with insulin resistance.

In current studies, we investigated the effect of high potassium diet on insulin sensitivity in high fat (HF) diet
fed male Wistar rats, whereby insulin sensitivity was measured directly using the hyperinsulinemic-euglycemic
glucose clamp studies (at 25 mU/kg/min insulin infusion rate) after a 12-h fast. Male Wistar rats were fed normal
chow diet, or 60% HF diet containing with either 8% potassium-chloride or not, for 4 weeks.

In control animals, in the basal state, HF feeding led to a ~33% increase in body weight, ~30% increase in
fasting insulin levels, no change in fasting plasma glucose levels, and ~15% increase in hepatic glucose output
(HGO). During the clamp studies, the glucose infusion rate (Ginf) required to maintain euglycemia, and the
insulin stimulated glucose disposal rate (ISGDR), were decreased by ~15% and ~19% in the HF diet fed control
rats, respectively, and the ability of insulin to suppress HGO was impaired by ~58%, indicating an insulin resistant
state. The HF containing potassium diet also led to a ~33% increase in body weight. In the basal state, HF
containing potassium diet fed rats exhibited decreased insulin levels (~20%) but no change in fasting glucose
levels compared to the HF diet fed controls. Furthermore, HF containing potassium diet fed rats exhibited
decreased plasma renin activity and angiotensin 2 levels but no significant change in plasma aldosterone levels.
In the clamp studies, the potassium fed animals exhibited increased Ginf (~30%) and ISGDR (~35%) and
decreased HGO (~27%) compared to the HF fed controls. Consistent with the clamp data, the insulin-stimulated
phosphorylation of Akt was significantly enhanced in liver and skeletal muscle.

These results indicate that high potassium diet improves the insulin resistance by decreasing plasma renin
activity and angiotensin II levels.

In conclusion, high potassium diet has beneficial effects on whole body insulin sensitivity in an insulin

resistant state.
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Fig. 1. Putative Kv channel-mediated regulation of glucose-induced insulin release in pancreatic islet B-cell. Blue frame

shows ATP-sensitive K™ (Kxrp) channel-dependent pathway for insulin secretion. Closure of Krp channels by increases in
P

ATP/ADP ratio following glucose metabolism induces membrane depolarization and increase in cytosolic Ca®"

concentrations via voltage-dependent Ca®" channels, leading to insulin secretion in B-cells. Red frame shows novel Karp
ge-dep g

channel-independent regulation of the insulin secretion. Ghrelin activates 3-cell GHS-R that is coupled with PTX-sensitive

heterotrimeric G-protein Goy,, attenuates membrane excitability via activation of voltage-dependent K channels, and

consequently suppresses Ca" influx and insulin release.

3142-3151, 2004; Diabetes 55: 3486-3493, 2006; Diabetes
56:2319-2327,2007),
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Kv2.1 F¥ RV DR B TR LT,

3. 3 SybBHMfE KV FrRILEFRICHT S Ky FrIL
T0vh—nD R (Fig. 4)

Ry F 770 TIEICEY Kap T v RV EA O
Tolbutamide (0.1 mM) /7(E ~ C7 kB i D4 i
FRIELIZEZ A, BRI RO S M BB 2SN T,
COBEFIT ERBIRN Kv FrYrrr7rmayh—o
Tetracthylammonium (TEA; 10 mM) (ZX-> TUFITE2IZ
PHISNT=Z &b, Ky FY RVETR ThHDHI LD R
e, EBIZ, ZO Kv Fr R/VETIE K21 Frpr7nm
v —"Td5 Stromatoxin (ScTx; 100 nM) {Zl->THR<HN
SN2 &5, B HIFETIE Kv2.1 Fv R0 EERERIIC
FHLL CWAZENHLNT/ T,

5+ EE ScTx 100nM (Kv2.1 blocker) *

(n=10)

Insulin release (ngl/islet/hr)
w

Glucose 2.8mM

Il GxTx 30nM (Kv2.1 blocker)
3 MgTx 100nM (Kv1.3 blocker)

Glucose 8.3mM (*P<0.05)

Fig. 2. Enhancement of glucose-induced insulin release in rat islets by Kv2.1 channel blockers. Groups of 12-15 islets were

incubated for 1 hr at 37°C in HKRB with 2.8 mM glucose for stabilization, followed by test incubation for 1 hr in HKRB

with 2.8 or 8.3 mM glucose. In the presence of stromatoxin (ScTx, 100 nM) or guangxitoxin-1E (GxTx, 30 nM), inhibitor of

the Kv2.1 channel, glucose (8.3 mM)-induced insulin release was significantly potentiated. The basal insulin release at 2.8

mM glucose was not altered by these Kv channel blockers. In contrast, margatoxin (MgTx, 100 nM), a Kv1.3 channel

blocker, affected insulin release neither at stimulated nor at basal glucose.

-57 -



A. RT-PCR

vz
P-actin =

B. Immunohistochemistry

Kv2.1 Insulin

Fig. 3. Expression of Kv2.1 channels in rat islet B-cells. (A) RT-PCR analysis shows mRNA expression of Kv2.1 channels in
rat isolated islets. (B) Rat dispersed islet cells fixed in PFA were incubated with anti-insulin antibody and anti-Kv2.1

antibody. Immunofluorescence for Kv2.1 (red) and insulin (green) was observed by confocal microscopy.

Control TEA 10mM ScTx 100nM
<g
40 ms
(Tolb 0.1mM) 150 - pA/pF
-O-Control
-@-TEA 10mM
-@-ScTx 100nM 100 -
(n = 4-7)
-60 0 20 40 mv

Fig. 4. Kv2.1 channel blocker ScTx attenuated Kv channel currents in rat B-cells. Current traces evoked by a series of step
pulses between -60 and +30 mV from the holding potential of -70 mV were displayed in perforated whole-cell clamp mode.
Tolbutamide (0.1 mM), a specific blocker of the K4tp channels, was present in perfused solution throughout the experiments.
The channel current was largely inhibited by a non-specific Kv channel blocker tetraethylammonium (TEA). Moreover, a
Kv2.1 channel blocker ScTx (100 nM) markedly attenuated Kv currents in B-cells, indicating functional expression of

ScTx-sensitive Kv2.1 channels in B-cells.
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Iy F T TVEIZED B RO E 52
VU DR ERGILTRESR, 7V V37 va— A
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__ 129 scTx Tolb 100nM 0.1mM
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Fig. 5. Potentiation of glucose-induced [Ca*"]; increase in rat B-cells by Kv2.1 channel blocker ScTx. ScTx potentiated
glucose (8.3 mM)-induced [Ca®']; increases in rat single B-cells, whereas basal [Ca®']; levels at 2.8 mM glucose were not
affected by this channel blocker. In contrast, K,rp channel blocker tolbutamide (Tolb; 0.1 mM) evoked large [Ca2+]i increases

under any glucose conditions.

Glucose 2.8mM

KCI 25mM

1.8+
S 1.61 ScTx Tolb
I.\I. 1.4- 100nM 0.1mM
° -
<
™
L
)
B
a
o
=
[

0.4' T T T T T 1

0 10 20 30 40 50
Time (min)

Fig. 6. ScTx did not potentiate high K -induced [Ca”]; increase in rat B-cells. Under low glucose conditions at 2.8 mM, high
KCI (25 mM) evoked large [Ca®']; increases in rat single B-cell. Kv2.1 channel blocker ScTx did not potentiate high

KCl-induced [Ca®']; increases.
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8.3G

0mVi-,8G

= Ghrelin 10nM
|
-50mv*™
Control Ghrelin 10nM
-20 mV
-40 mV

2 sec
Fig. 7. Ghrelin attenuates glucose-elicited action potential firing in rat B-cells. Upper panel: After establishing a perforated
whole-cell clamp in HKRB solution containing 2.8 mM glucose, membrane potentials in B-cells were continuously
monitored in current-clamp mode. Glucose (8.3 mM) elicited membrane depolarization associated with subsequent action
potential firings and ghrelin attenuated the firing in a reversible manner in a B-cell. Lower panels: Action potential profiles in

specified periods at upper traces were shown in an expanded time scale. The results are representative of three cells.

Control Ghrelin 10nM Washout
<
I Qo
=]
) ! | | v 8
40 ms
(Tolbutamide 100uM) pA/pF
-O- Control 150
=@~ Ghrelin 10nM
-@- GxTx 10nM
GxTx + Ghreli
-@- GxTx relin 100 4

(n=5-7)

(*P<0.05 vs. Control)

-60 -40 -20 0 20 4I0 mvV
Fig. 8. Ghrelin activates GxTx-sensitive Kv2.1 channels in rat B-cells. Current traces evoked by a series of step pulses
between -60 and +30 mV from the holding potential of -70 mV were displayed in perforated whole-cell clamp mode.
Tolbutamide (100 uM), a specific blocker of the K,rp channels, was present in perfused solution throughout the experiments.
In the presence of tolbutamide, the residual voltage-dependent outward Kv channel currents evoked by depolarizing pulses
were significantly increased by ghrelin. Kv2.1 channel blocker guangxitoxin-1E (GxTx) strongly attenuated Kv channel

currents in B-cells. In the presence of GxTx, ghrelin did not enhance the Kv channel currents in B-cells.
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Fig. 9. Ghrelin fail to attenuate glucose-induced insulin release in the presence of Kv2.1 channel blocker GxTx. Groups of

10-15 islets were incubated for 1 hr at 37°C in HKRB with 2.8 mM glucose for stabilization, followed by test incubation for
1 hr in HKRB with 2.8 or 8.3 mM glucose. In the presence of guangxitoxin-1E (GxTx, 10 nM), a inhibitor of the Kv2.1

channel, glucose (8.3 mM)-induced insulin release was significantly potentiated. The basal insulin release at 2.8 mM glucose

was not altered by this Kv2.1 channel blocker. ghrelin attenuated 8.3 mM glucose-induced insulin release. In the presence of

GxTx, ghrelin failed to attenuate glucose-induced insulin release.
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Fig. 10. Ghrelin enhances Kv channel currents in rat islet B-cells via PKA-dependent signaling pathway. (A) Current traces

evoked by a step pulse to +20 mV from a holding potential of -70 mV were measured in a single B-cell under perforated

whole-cell clamp mode. Data were recorded in the presence of 8.3 mM glucose and 100 uM tolbutamide (control; black

trace) and during exposure to 10 nM ghrelin (red trace). (B) Current levels measured at the end of test pulses were plotted as

a current density (pA/pF) against membrane potentials in -cells (#=8). (C) Ghrelin failed to potentiate Kv channel currents

in the presence of 6-Phe-cAMP (n=7). (D) Peak amplitudes of current density at +20 mV of a membrane potential. Ghrelin

(10 nM) induced significant increase in the Kv channel currents, which was not observed in the presence of 6-Phe-cAMP. (n

=7-8). (E and F) 6-Phe-cAMP (10 uM) significantly decreased peak amplitude of the Kv channel current density in B-cells (n

=5).
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Fig. 11. Enhanced expression of Kv2.1 channels in diabetic GK rat B-cells. Rat pancreatic sections fixed in PFA were

incubated with anti-insulin antibody and anti-Kv2.1 antibody. Immunofluorescence for Kv2.1 (red) and insulin (green) was

observed by confocal microscopy. Immunohistochemical analysis reveals expression of Kv2.1 channels in insulin-containing

islet B-cells, but not in exocrine part. Kv2.1 immunofluorescence intensity in diabetic GK rats was stronger than that in

age-matched normal Wistar rats.

(Tolbutamide 100 uM)

Wistar

GK

30 mV

e

=70 mvV—

-O- Wistar
-@-GK

—O— Wistar (GxTx 30nM)
~@- GK (GXTx 30nM)

-60 -40 -20

200

pA/pF

P<0.05

L
0 20 40 mV

Fig. 12. Excessive activity of Kv2.1 channels in GK rat B-cells. Kv channel current density in B-cells in GK rats was

significantly larger than those in normal Wistar rats. A Kv2.1 channel blocker GxTx markedly attenuated channel currents,

and the remaining currents in the presence of the toxin were identical between normal and diabetic rats, indicating that

excessive activities of GxTx-sensitive Kv channel currents in diabetic B-cells.
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Fig. 13. Potentiation of glucose-induced [Ca”']; increase in GK rat B-cells by Kv2.1 channel blocker GxTx. In diabetic GK
rat B-cell, 8.3 mM glucose-evoked [Ca*']; increases was impaired. GxTx potentiated the impaired glucose (8.3 mM)-induced

[Ca®"]; increases in GK rat single B-cells.
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Fig. 14. Potentiation of glucose-induced insulin release in GK rat islets by Kv2.1 channel blockers. Groups of 10 islets were
incubated for 1 hr at 37°C in HKRB with 2.8 mM glucose for stabilization, followed by test incubation for 1 hr in HKRB
with 2.8 or 8.3 mM glucose. Diabetic GK rat is characterized by impairment of glucose-induced insulin secretion. In the
presence of ScTx (100 nM) or GxTx (30 nM), inhibitors of the Kv2.1 channel, glucose (8.3 mM)-induced insulin release was
significantly potentiated.
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Summary

Background and Aims: In pancreatic B-cells, activation of delayed rectifier K* (Kv) channels might
repolarize cells and attenuate glucose-stimulated action potentials to suppress insulin secretion. Among Kv
channel families, Kv2.1 is reportedly expressed in islet B-cells as the major component of Kv currents in rodents.
In this study, we aimed to elucidate the physiological role of Kv2.1 channels for insulin secretion and the possible
involvement of Kv2.1 channels in the ghrelin-operated B-cell signaling pathway.

Materials and Methods: Islets of Langerhans were isolated from age-matched male Wistar and diabetic GK
rats by collagenase digestion. In rat single B-cells, cytosolic Ca®" concentration ([Ca®'];) was measured by fura-2
microfluorometry, while membrane potentials and whole cell currents were measured in the presence of
tolbutamide by nystatin-perforated patch-clamp technique. Insulin release from rat isolated islets was determined
by ELISA.

Results: Kv2.1 channel blockers strongly attenuated Kv channel currents and potentiated the glucose-induced
insulin release in B-cells. Exposure of cells to ghrelin attenuated the glucose-induced action potential firing by
rapidly repolarizing the membrane and shortening the duration of bursting in a reversible manner.
Voltage-dependent outward Kv channel currents evoked by depolarizing pulses were significantly increased by
ghrelin in a cAMP signaling-dependent manner. In the presence of the channel blocker, ghrelin did not affect the
Kv channel currents and insulin release. The Kv2.1 immunofluorescence intensity in the islets of diabetic GK
rats was stronger than that in normal Wistar rats. Kv2.1 channel blocker-sensitive Kv channel current density in
B-cells was larger in GK rats. Blockade of Kv2.1 channels potentiated the glucose-induced [Ca®"]; increases and
insulin release in B-cells of diabetic GK rats.

Conclusion: Kv2.1 channels may physiologically limit glucose-induced Ca®" entry to suppress insulin
secretion in B-cells. Ghrelin may attenuate membrane excitability via activation of Kv2.1 channels. Enhanced
expression and excessive activity of Kv2.1 channel may be causally related to impaired insulin secretion in
diabetic rats. Blockade of this channel can promote insulin release, providing a potential therapeutic tool to treat

type 2 diabetes.
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Figure 1. ERG1 and KCNE protein expressions in uterus of the pregnant mice. The membrane fraction extracted from

uterus of each stage were immunoblotted with anti-ERG1 (4) and anti-KCNE2 (B) antibodies (at 1:200). Molecular mass

standards are shown in kilodaltons at the right side of the panels. Lower panels show the mean level of expression (#=3 and

4) normalized to the level of expression in non-pregnant tissues (0 DP). Significance at P<0.005 is shown as ***. To

confirm that equal amounts of protein were loaded in each lane, the blots were stained with 0.2% Ponceau S after the

transfer.
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Figure 2. Effect of ERG channel inhibitors on in vitro spontaneous contractile activity in myometrial tissue from
non-pregnant mice. Representative traces for the effect of 1 uM dofetilide (4), 1 uM E4031 (B) and 100 nM rBe-KM (C) on
the spontaneous contractile activity of uterine preparations (taken from non-pregnant mice at the time of oestrous) in vitro.
Increases in isometric tension are shown as upward deflections. D shows the mean increase in the integral of tension (MIT)
produced by each of the ERG blockers (n=5-28) and the vehicle (DMSO) normalized to the control period that is indicated
as a dashed line in 4. Error bars denote the S.E.M. * and ** indicate significant difference from DMSO at p<0.05 and

p<0.01, respectively.
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Figure 3. Effect of ERG channel activation on spontaneous contractions. 4 and B show the effect of DMSO or 10 uM
NS1643, respectively, on spontaneous contractility in non-pregnant uterine tissues. Scale bars represent 2 mN and 8 min. C
shows the MIT as a % of the control period over time for tissues bathed in DMSO (O) or NS1643 (@®). Each point is the
mean of 5-13 experiments with error bars denoting S.E.M. #* and *** indicate significant difference from DMSO at p<0.01

and p<0.005, respectively.
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Figure 4. ERG channel modulators are ineffective in uterus from pregnant mice. 4 and B are representations of the lack of

effect of dofetilide or vehicle control on the spontaneous contractions generated by uterine segments from late pregnant mice

(19 DP). C shows a contemporaneous experiment with dofetilide on a segment of uterus from an animal that was mated but

which did not conceive. D, mean effect of 0.01% DMSO, 1 uM dofetilide (dof) or 10 uM NS1643 (ERG activator) on the

uterine contractile activity of pregnant animals. Hatched bar shows the mean effect of dofetilide in 3 mated non-pregnant

controls. ** indicates significant difference from DMSO at p<0.005. Vertical scale is 2 mN.
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Figure 5. Inactivating and non-inactivating BK currents in RINm5f cells and effects of BK42b on BK-channel activity. A: 1

uM paxilline-sensitive BK currents were recorded in RINm5f cells. BK currents were elicited by depolarizing voltage-step to

+100 mV from holding potential (—80 mV) with 20-mV increment. Inactivating-type (a) and non-inactivating—type (b) BK

currents in RINm5f. B and C: BK currents were recorded in HEK293 cells expressing BKa + BKf2a (Ba) and BKa +

BK/f2b (Ca) using the samepulse protocol. The currents were almost completely suppressed by application of 1 uM paxilline

(Bb and Cb). Peak current-voltage relationship in HEK-BKa + BKf2a (Bc) and HEK-BKa + BKf2b (Cc) (n=6 for each).

Results are expressed as means += S.E.M.
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Figure 6. Quantitative, real-time PCR analysis of expression of BK channel a- and S-subunits in pancreas tissues from
diabetes mellitus patients. Values are shown for steady state transcripts relative to an internal standard, f-actin in the same
preparation. Results are expressed as means of triplicate replications. Primers specific for BKa and BKf1 - 4 subunits
amplify PCR fragments of respective BK-channel subtypes, and primers for ‘BKf2-ex1’ and ‘BKf2-ex2’ amplify PCR
fragments from BK/2a + BK/2b and BKf2a alone, respectively.
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Figure 7. K¢,3.1 protein expressions in lymph node (mesenteric) of humans (4). Protein fractions from cytosol (C) and
plasma membrane (M) were probed by immunoblotting with anti-K¢,3.1-C antibody. Molecular mass standards are shown in

kilodaltons on the left side of the panels.
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Figure 8. Cellular distribution of human K¢,3.1 in HEK293 cells. 4, CFP-tagged hK(,3.1a-transfected HEK293 cells, CFP
image (upper panel) and the profile on the dotted line (lower panel) are shown in green (panel a). In YFP-tagged
hKc,3.1b/c/d-transfected HEK293 cells, YFP image (upper panel) and the profile of relative intensity (lower panel) are
shown in red. B, CFP-tagged hK,3.1a and YFP-tagged hK,3.1b-cotransfected HEK293 cells, CFP (upper, leff) and YFP
(upper, right) images are shown in green and red, respectively, and the merged image (lower, leff) and the profiles on the

dotted line (lower, right) of CFP and YFP as yellow. Bar, 20 pm. C, summarized data from 4. D, summarized data from B.
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Figure 9. Dominant-negative inhibition of IK¢, currents by hKc,3.1 spliced variants in the Xenopusoocyte expression system.
Human K¢,3.1 spliced variants were expressed in Xenopusoocytes by injection of the corresponding cRNA. 4, representative
traces from oocytes injected with the cRNA for hKc,3.1a. Ionomycin- and DC-EBIO-activated and ChTX-inhibited currents
were studied by two-electrode voltage clamp. Current to voltage relations were derived by voltage ramp protocols under
physiological conditions. B—D, co-expression of hK¢,3.1b (B), hK¢,3.1¢c (C), and hK¢,3.1d (D) with hK¢,3.1a largely
reduced hK¢,3.1a -induced IK¢, currents. Current amplitudes were measured at -30 mV. Oocytes were injected with the
cRNA for hK¢,3.1a and hK¢,3.1b/c/d at 1:0, 1:1, 1:10, and 0: 1 ratios as indicated. Means + S.E. of current amplitudes
from 3 to 8 oocytes for each condition. *, **, p<0.05, 0.01, significantly different as determined by Tukey’s test.
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Figure 10. Gene and protein expressions and cellular distribution of mK¢,3.1 in Con-A(+) and Con-A(-) thymocytes.
Quantitative real time PCR analysis of K¢,3.1 spliced variant expressions in Con-A(+) (4, panel a) and Con-A(-) (4, panel
b) thymocytes at day 0 (d0), day 1 (dI), and day 2 (d2). Values are shown for steady state transcripts relative to GAPDH in
the same preparation. Results are expressed as the means = S.E. (n=5). **, p<0.01 versus Con-A(+). B, K¢.3.1 protein
expressions in Con-A(-) thymocytes at dO and d2. Protein fractions from plasma membrane (M) and cytosol (C) were probed
by immunoblotting with anti-K,3.1-C antibody. Summarized results were obtained as the optical density of each band
signal relative to that of mKc,3.1a band signal in plasma membrane fraction at dO (n=5 for each). **, p<0.01 versus d0. C,
summarized data of cellular distribution of K¢,3.1 in Con-A(+) and Con-(-) thymocytes. Data are expressed as the means +

S.E. (n=16 for each). **, p<0.01 versus Con-A(+).
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Figure 11. Effects of mKc,3.1b overexpression and IK¢, current blockade on cell growth and CD4/CDS8 phenotype
expression in mouse thymocytes. Cell viability at d2 was evaluated by MTT cell proliferation assay. Value of living cells
was expressed as the absorption spectra of the formed formazans and was calculated relative to that in thymocytes at d0. 4,
value of living cells in Con-A(-) thymocytes (open column) at d2 was compared with that in Con-A(+) thymocytes (solid
column) (n=6 for each). **, p<0.01 versus Con-A(+). B, value of living cells in Con-A(+) thymocytes treated with 1 pM
(open column) and 10 pM (hatched column) TRAM-34 at d2 was compared with that in Con-A(+) thymocytes treated with
vehicle (0.1% DMSO) (n=6 for each). **, p<0.01 versus vehicle. C, value of living cells in Con-A(+) thymocytes transfected
with YFP-mKc,3.1b (open column) at d2 was compared with that in Con-A(+) transfected with YFP alone (solid column)
(n=4 for each). **, p<0.01 versus YFP alone. Dashed lines show value of living cells in thymocytes cultured in the absence
of Con-A. D, reduced numbers of CD4(+)CD8(+) double-positive (DP) thymocyte populations in Con-A(+) and Con-A(+)
treated with TRAM-34. Thymocytes were stained for CD4 and CD8 and examined by flow cytometry. The bar graph
summarized each subset from separate (n=5 for each) experiments as follows: CD4(-)CDS8(-) double -negative (DN),
CD4(+)CD8(+) double-positive (DP), CD4(+)CDS(-) single-positive (CD4), and CD4(-)CDS8(+) single-positive (CDS8). **,
p<0.01 versus Con-A(+)
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Figure 12. K,3.1 transcript and protein expressions in normal prostate and implanted UGS of stromal hyperplasia BPH
model rats. A: DNA microarray analysis of K¢,3.1 gene expression. Expression levels express the values in normal host
prostate as 1.0. B: Quantitative, real-time PCR analysis of K¢,3.1 gene expression. Values are shown for steady state
transcripts relative to B-actin in the same preparation. Results are expressed as the means + SEM (normal prostate: n=8,
implanted UGS: n=8). **: p<0.01 vs. normal prostate. C: K¢,3.1 protein expressions in normal prostate and implanted UGS.
Plasma membrane fractions were probed by immunoblotting with anti-K¢,3.1 antibody (upper panel). Lower panel shows
the summarized data of densitometric analyses (n=4). **: p<0.01 vs. normal prostate. D: Immunohistochemical staining of

Kc.3.1 expression in stromal compartments of implanted UGS. Brown-stained nuclei were considered ‘positive’.
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Figure 13. /n vivo inhibitory effects of TRAM-34 on the
growth of implanted UGS in the stromal hyperplasia BPH
TRAM-34 (300, 600, and 1200 ng/kg) was
subcutaneously administrated through day 7 to 21 after

model.

UGS implantation, and the implanted UGS were weighed
on day 22. Results are expressed as the means + SEM:
n=36 (vehicle control), n=26 (300 pg/kg, s.c.), n=22 (600
pg/kg, s.c.) and n=10 (1200 pg/kg, s.c.). *, **: p<0.05,

<0.01 vs. vehicle control.
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Figure 14. Effects of the proliferation
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(1200 ug/kg, s. c ) O siromal component hyperplasia BPH model rats.
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Figure 15. Correlation between Kc,3.1 and transcription factor (REST and c-Jun) transcript expressions in implanted UGS

and prostate from BPH patients. A: Correlation between wet tissue weight and K¢,3.1 transcript expression in implanted

UGS. Expression (arbitrary unit) of K¢,3.1 transcripts was obtained from the data in Figure 11B (n=8). B, C: Correlation

between K¢,3.1, REST, and c-Jun transcript expressions, Expressions of K¢,3.1, REST, and c-Jun transcript expressions in
implanted UGS were plotted as K¢,3.1 vs. REST and Kc,3.1 vs. c-Jun (n=8). D, E: Expressions of K¢,3.1, REST, and c-Jun

transcript expressions in prostate needle-biopsies from BPH patients were obtained from the data in Fig. 15, and were plotted

as K¢,3.1 vs. REST and K¢,3.1 vs. c-Jun (n=7). Dotted line shows the best fitting line, and R value shows the correlation

coefficient for linear fitting between the variable X-axis and the variable Y-axis.
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Figure 16. Expression of K¢,3.1, REST, and AP-1 components in human BPH samples. A. Real-time PCR analysis of

Kc.3.1 and REST in human normal prostate (n=3, open columns) and BPH samples (n=7, closed columns). Values are

shown for steady state transcripts relative to f-actin in the same preparation. Results are expressed as the means £ SEM. **:

p<0.01 vs. normal prostate. B. Real-time PCR analysis of AP-1 component transcripts (c-Fos, Fra-2, c-Jun, and JunD) in

human normal prostate (n=3, open columns) and BPH samples (n=7, closed columns). *: p<0.05 vs. normal prostate. C.

Immunohistochemical analysis of K¢,3.1 expression in human BPH samples. Kc,3.1-positive, brown-stained signals, which

are specific for anti-K¢,3.1 antibody from Abnova, are detected in stromal but not in epithelial compartments.
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Summary

There is a growing appreciation that ion channels encoded by the ether-'a-go-go-related gene family (ERG)
have a functional impact in smooth muscle in addition to their accepted role in cardiacmyocytes and neurons. In
isometric tension studies of non-pregnant myometrium, the ERG channel blockers dofetilide, E4031 and Be-KM1
increased spontaneous contractility and ERG activators inhibited spontaneous contractility. In contrast, neither
ERG blockade nor activation had any effect on the inherent contractility inmyometrium from late pregnant animals.
Moreover, dofetilide-sensitive K currents with distinctive ‘hooked’ kinetics were considerably smaller in uterine
myocytes from late pregnant compared to non-pregnant animals. Expression of mERGI isoforms did not alter
throughout gestation or upon delivery, but the expression of genes encoding auxiliary subunits (KCNE) were
up-regulated considerably. This study provides the first evidence for a regulation of ERG-encoded K'channels as
a precursor to late pregnancy physiological activity.

The intermediate-conductance Ca*"-activated K' channel, IKc,/Kc,3.1 is one of the major K channels in
T-lymphocytes, which regulate membrane potential and Ca*" signaling, and are potential molecular targets for
pharmacological intervention in autoimmune diseases. We identified novel spliced variants of K¢,3.1 (K¢,3.1b)
from the human lymphoid tissues, which were lacking the N-terminal domains of the original K¢,3.1a as a result of
alternative splicing events. Kc,3.1b suppressed the localization of K¢,3.1a to the plasma membrane and also 1K,
channel activity of K¢,3.1a in a dominant-negative manner. The N-terminal domain of Kc,3.1 is critical for
channel trafficking to the plasma membrane, and that the fine tuning of IKc, channel activity modulated through
alternative splicing events may be related to the control in physiological and pathophysiological conditions in
T-lymphocytes. We further suggested that the increase in IK¢, activity might contribute to differentiation of
T-lymphocytes in auricle lymph node of delayed-type hypersensitivity (DTH) model and thereby cause
inflammatory response of DTH in auricle.

Recently, a new experimental stromal hyperplasia BPH model corresponding to clinical benign prostatic
hyperplasia (BPH) has established by Mori ef al. (2009). We showed that K¢,3.1 genes and proteins were highly
expressed in implanted urogenital sinus (UGS), which is similar to human BPH tissues histologically, rather than
those in the normal host prostate. In addition, the expression of two transcriptional regulators of K¢,3.1, activator
protein-1 (AP-1) and functional repressor element 1-silencing transcription factor (REST) were significantly
increased and decreased in implanted UGS, respectively. Immunohistochemical examination showed that
positive signals of K¢,3.1 were detected exclusively in the stromal cells, whereas scarcely immunolocalized to the
basal cells of the epithelium in implanted UGS. In vivo treatment with TRAM-34, a specific K¢,3.1 inhibitor,
significantly suppressed the increase in implanted UGS weights with the decrease in stromal cell components.

These suggest that K¢,3.1 blockers may be a novel treatment option for patients with BPH.
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Conclusion
Hironobu Morita, MD & PhD

Gifu University, Graduate School of Medicine

The principal products achieved by this project are as follows:

Dr. Kuwahara examined the short-chain fatty acids-induced K secretion on colonic epithelium by means of
short-circuit current technique using human and rat colon. He found that short-chain fatty acids stimulate mucosa
and induced K" secretion through both BK and IK channels in crypt of the human and the rat distal colon; these
responses were enhanced by high K'-diet for two weeks. These data suggest a therapeutic feasibility of
short-chain fatty acids for hyperkalemia.

The scaffolding of the K" channel is considered to be indispensable for the functional expression of the K"
recycling pathway in the distal convoluted tubules. Dr. Tanemoto demonstrated that membrane associate
guanylate kinase with inverted domain structure 1 (MAGI-1) isoforms participate in this process. The K"
channel/MAGI-1 interaction is regulated by the phosphorylation of the interacting domains of the K channels.
Mineralocorticoid possibly regulates the interaction by regulating the activity of the kinases, such as SGK1 and
WNK4. Regulation of these kinases could be a new target for hypertension treatment.

To examine whether pH-sensitive two-pore K' channel (TASK2) plays an important role in maintaining
acid-base homeostasis, Dr. Kawahara developed TASK?2 knockout (KO) mice. Plasma pH of KO mice showed
weak acidosis if they fed normal chow. However, no further decrease in pH was observed during a 6-day period
of acid-loading. Thus, although TASK2 KO mice have low ability of HCO;™ reabsorption in the kidney, distal
nephron may in part compensate acid-base balance, at least under the acid-loading.

K" appears to have a close association with insulin resistance, because K'-depleted diet has been known to
lead to insulin resistance. In this context, Dr. Satoh examined whether high K'-diet can ameliorate insulin
resistance. The hyperinsulinemic-euglycemic glucose clamp study demonstrated that high fat-diet induced
glucose resistance, which was significantly ameliorated by high K'-diet with decreasing plasma renin activity and
angiotensin II levels. These data indicate that high K'-diet has beneficial effects on whole body insulin
sensitivity in an insulin resistant state.

Kv2.1 is expressed in the islet B-cell as the major component of Kv currents, which may repolarize cells and
attenuate glucose-stimulated action potentials to suppress insulin secretion. Dr. Dezaki demonstrated that Kv2.1
channels physiologically limit glucose-induced Ca®* entry to suppress insulin secretion in B-cells. Enhanced
expression and excessive activity of Kv2.1 channels are causally related to impaired insulin secretion in diabetic
rats. Blockade of this channel can promote insulin release, providing a potential therapeutic tool for type 2
diabetics.

K" channels play an important role in many physiological events, such as muscle contraction, release of
neurotransmitters and hormones, and cell proliferation. Thus, dysfunction of K™ channels leads to serious

consequences. Dr. Ohya examined dysfunction of K' channels and related disease. He revealed that ERG,
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BKp,p, and K¢,3.1 are causally related to imminent abortion, type 2 diabetics, delayed type hypersensitivity, and
benign prostatic hyperplasia.

As summarized above, each member achieved impressive products respectively. 1 would like to greatly
appreciate to them to accumulate new knowledge about K’ regulation. 1 also appreciate to the Salt Science
Research Foundation to support this project and grateful to kind advices from the Salt Science Research
Foundation Research Opinion Committee: Emeritus Professor Imai, Professor Okada, and Professor Hishida; it

was helpful to lead this project to the right direction.
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