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ABSTRACT 

 

Leptin is a pivotal regulator of energy and glucose homeostasis, and defects in leptin 

signaling result in obesity and diabetes. The ATP-sensitive potassium (KATP) channels 

couple glucose metabolism to insulin secretion in pancreatic -cells. In this study, we 

provide evidence that leptin modulates pancreatic -cell functions by promoting KATP 

channel translocation to the plasma membrane via AMP-activated protein kinase 

(AMPK) signaling. KATP channels were mostly localized to intracellular compartments 

of pancreatic -cells in the fed state, and translocated to the plasma membrane in the 

fasted state. This process was defective in leptin-deficient ob/ob mice, but restored by 

leptin treatment. I discovered that the molecular mechanism of leptin-induced AMPK 

activation involves TRPC4 and calcium/calmodulin-dependent protein kinase kinase . 

AMPK activation was dependent on both leptin and glucose concentrations, so that at 

optimal concentrations of leptin, AMPK was activated sufficiently to induce KATP 

channel trafficking and hyperpolarization of pancreatic -cells in a physiological range 

of fasting glucose levels. There was a close correlation between phospho-AMPK levels 

and -cell membrane potentials, suggesting that AMPK-dependent KATP channel 

trafficking is a key mechanism for regulating -cell membrane potentials. My results 

present a novel signaling pathway whereby leptin regulates glucose homeostasis by 

modulating -cell excitability. Furthermore, I provide the first evidence that leptin 
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induced AMPK activation leads to the recruitment of KATP channels to the plasma 

membrane by promoting myosin II-mediated trafficking. Downstream signaling of 

AMPK involves phosphorylation of PTEN and myosin light chain phosphatase, which 

leads to the increase in myosin light chain phosphorylation and myosin II activation. 

My results present a novel signaling pathway whereby leptin regulates glucose 

homeostasis by modulating -cells excitability. 
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 INTRODUCTION 

 

Insulin is synthesized in and secreted from the -cells within the islets of Langerhans 

in the pancreas. Pancreatic -cells secrete insulin in response to a sensing mechanism 

triggered by an increase in blood glucose from fasting state, which results to lower the 

blood glucose level. For this reason, the correct regulation of insulin secretion is crucial 

for glucose homeostasis. Stimulation-secretion coupling in -cells is different from 

other cell types because instead of being mediated by receptor binding, glucose needs to 

be transported into cytoplasm and metabolized to stimulate exocytosis. Glucose 

transport through a specific glucose transport (GLUT1 for human, GLUT2 for rodents) 

followed by the glycolytic pathway, which results in an increase in the ATP/ADP ratio 

that triggers the closure of KATP channels. The closed KATP channel alters the -cells 

membrane potential and consequently increase intracellular calcium through voltage-

gated Ca
2+

 channels in the plasma membrane. Therefore, KATP channels play a central 

role in regulating insulin secretion in response to blood glucose levels and electrical 

excitability of the cell membrane. 

The ATP-sensitive K+ (KATP) channel, an inwardly-rectifying K
+
 channel that 

consists of pore-forming Kir6.2 and regulatory sulfonylureas receptor (SUR) 1 subunits 

(Tucker et al., 1997), couple cellular energy status to electrical activity in a wide range 

of tissues including pancreatic -cells, cardiac myocytes and neuronal cells, and play 

key roles in glucose-stimulated insulin secretion (GSIS) in pancreatic -cells (Ashcroft 



 

 ２ 

and Rorsman, 1989). The KATP channel in -cells was first identified in 1984 (Ashcroft 

et al., 1984), and the molecular mechanisms(Smith et al., 2007) have been investigated 

extensively. Adenine nucleotides are well-known to induce KATP channel closure by 

binding to the pore-forming subunit Kir6.2 (Tucker et al., 1997), yet activate channel 

opening by interacting with the regulatory subunit SUR in an Mg
2+

-dependent manner 

(Gribble et al., 1997). Therefore, energy-dependent regulation of KATP current is 

believed to be due to the direct effects of these nucleotides on KATP channel gating. 

However, the total conductance of ion channel is determined not only by open 

probabilities, but also by the available channel numbers. Involvement of signaling 

mechanism of KATP channel trafficking has not been fully studied.  

The importance of the trafficking mechanism for KATP channels was known on 

mutant channels involved in insulin secretion disorders. An inadequate number of 

channels can lead to too much or too little insulin secretion, which result metabolic 

disorders related to diabetes mellitus (Cartier et al., 2001). The trafficking of normal 

KATP channel has been reported to be tightly regulated in several recent studies. High-

glucose conditions lead to the recruitment of KATP channels to the -cells plasma 

membrane in a Ca
2+

 and PKA-dependent manner, resulting in an increase in KATP 

currents (Yang et al., 2007), whereas a PKC activator facilitates endocytosis trafficking 

of KATP, resulting in decreased KATP currents (Hu et al., 2003). Recently, trafficking of 

KATP channels to the plasma membrane is highlighted as another important mechanism 
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for regulating KATP channel activity (Yang et al., 2007; Lim et al., 2009; Manna et al., 

2010). It was recently demonstrated that KATP channels are recruited to the plasma 

membrane in glucose-deprived conditions via AMPK signaling in pancreatic -cells 

(Lim et al., 2009). Inhibition of AMPK signaling significantly reduces KATP currents, 

even after complete wash-out of intracellular ATP (Lim et al., 2009). Given these results, 

it was proposed a model that recruitment of KATP channels to the plasma membrane via 

AMPK signaling is crucial for KATP channel activation in low glucose conditions. 

However, the physiological relevance of this model remains unclear because pancreatic 

-cells had to be incubated in media containing less than 3 mM glucose to recruit a 

sufficient number of KATP channels to the plasma membrane (Lim et al., 2009). I thus 

hypothesized that there should be an endogenous ligand in vivo that promotes AMPK-

dependent KATP channel trafficking sufficiently to stabilize pancreatic -cells at 

physiological fasting glucose levels. 

AMP-activated protein kinase (AMPK) is a key enzyme regulating energy 

homeostasis (Hardie, 2007). AMPK is a serine/threonine protein kinase composed of an 

 catalytic subunit and  and regulatory subunits. Its activation alerts the cell to 

energy depletion, which set in motion several biochemical adaptations that involve bath 

conservation and the generation of ATP. AMPK activity could be regulated allosterically 

by AMP and by reversible -Thr172 phosphorylation. Phosphorylation of this site is 

essential for activity and can be catalyzed by LKB1 serine/threonine kinase (LKB) 
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(Shaw et al., 2004) and calcium.calmodulin-dependent protein kinase kinase  

(CaMKK) (Hawley et al., 2005). The discovery that AMPK can be regulated not only 

by changes in the cellular AMP/ATP ratio, but also by the CaMKK, which can be 

activated in response to several extracellular ligands including leptin and adiponectin, 

has broadened the conceptual view of AMPK regulation (Kola et al., 2006). However, it 

is unknown whether leptin activates AMPK in pancreatic -cells.  

Leptin is an adipocyte-derived hormone that regulates food intake, body weight, and 

glucose homeostasis (Friedman and Halaas, 1998; Margetic et al., 2002). In addition to 

its central action, leptin regulates the release of insulin and glucagon, the key hormones 

regulating glucose homeostasis, by direct actions on - and -cells of pancreatic islets, 

respectively (Kulkarni et al., 1997; Kieffer and Habener, 2000; Tuduri et al., 2009). It 

was thus proposed that adipo-insular axis is crucial for maintaining nutrient balance and 

that dysregulation of this axis contributes to obesity and diabetes (Kieffer and Habener, 

2000). However, intracellular signaling mechanisms underlying leptin effects are largely 

unknown. Leptin was shown to increase KATP currents in pancreatic -cells (Harvey et 

al., 1997; Kieffer et al., 1997), but the possibility that KATP channel trafficking mediates 

leptin-induced KATP channel activation has not been explored. In the present study, I 

show that leptin-induced AMPK activation, which is essential for KATP channel 

trafficking to the plasma membrane, is mediated by activation of canonical transient 

receptor potential (TRPC) 4 and calcium/calmodulin-dependent protein kinase kinase 
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(CaMKK) .  

Next, we considered downstream signaling of leptin-induced AMPK activation. 

Previously studies indicate that leptin activation of KATP channels is dependent on 

PTEN phosphatase activity (Ning et al., 2006). Phosphatase and tensin homolog deleted 

on chromosome 10 (PTEN) is a tumor suppressor protein that regulates a variety of 

biological processes and suppresses tumor formation, primarily by its lipid and protein 

phosphatase activities (Li et al., 1997; Davidson et al., 2010). Based on these findings 

and our results on the involvement of AMPK in leptin-induced KATP channel trafficking, 

we hypothesized that AMPK mediates inhibitory phosphorylation of PTEN. Leptin-

induced increase in PTEN phosphorylation was regulated by AMPK. It is investigated 

whether PTEN inhibition is sufficient to cause increases in KATP channel trafficking by 

overexpressing a dominant-negative mutant of PTEN (PTEN
C124S

), which is a mutant 

defective in both lipid and protein phosphatase activity (Ning et al., 2006).  

We further explored the molecular mechanism responsible for promoting KATP 

channel trafficking. Myosin motors have been implicated in various forms of trafficking 

to the membrane (Mermall et al., 1998). Among myosin motors, myosin II is regulated 

by phosphorylation of myosin regulatory light chain (MRLC), and MRLC has been 

shown as a critical downstream target of AMPK in Drosophila (Lee et al., 2007). These 

studies suggest that AMPK involved in vesicle trafficking. It is discovered that 

leptin/AMPK-mediated inhibition of PTEN inhibits myosin light chain phosphatase 
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activity, which leads to the increase in myosin light chain phosphorylation and promotes 

myosin II-mediated KATP channel trafficking to the plasma membrane.  

In summary, leptin promotes KATP channel trafficking via the CaMKK-mediated 

activation of AMPK in pancreatic -cells. I demonstrate that the surface levels of KATP 

channels increase in pancreatic -cells under fasting conditions in vivo. Translocation of 

KATP channels to the plasma membrane in fasting was absent in pancreatic -cells from 

ob/ob mice, but restored by treatment with leptin, suggesting a role of leptin in KATP 

channel trafficking in vivo. Furthermore, leptin/AMPK-induced PTEN inhibition 

contributes MRLC phosphorylation, which increases KATP channel trafficking to the 

plasma membrane. My results highlight the importance of trafficking regulation in KATP 

channel activation and provide novel insights into the action of leptin on glucose 

homeostasis.  
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Materials and Methods 
 

INS-1 and pancreatic -cell culture  

INS-1 cells (passage 20–50) were cultured on poly-L-lysine-coated coverslips in 

RPMI1640 medium containing 10% FBS and 11 mM D-glucose. (Lim et al., 2009). All 

procedures for isolating primary pancreatic -cells were approved by the Institute of 

Laboratory Animal Resources at Seoul National University. Islets of Langerhans of 

Sprague-Dawley rats were isolated after injecting collagenase at 1 mg/ml in Hank’s 

balanced salt saline solution into pancreatic ducts. The isolated islets were mechanically 

dispersed into single cells in Ca
2+

-free Krebs-Ringer bicarbonate buffer. The cells were 

cultured in poly-L-lysine–coated coverslips under RPMI1640 medium containing 11.1 

mM D-glucose for 4–5 days prior to analyses (Lim et al., 2009).  

 

Preparation of pancreatic tissue slices 

Pancreatic tissue slices were prepared as previously described (Speier and Rupnik, 

2003). Briefly, Adult C57BL/6 female mice at age 8-12 weeks were sacrificed, the 

abdominal cavity was opened, and low gelling agarose (Seaplaque GTG agarose, Lonza, 

ME., USA; 19 mg/ml) was injected into the distally clamped bile duct. The pancreatic 

tissue was isolated and a small cube was cut at 0.03 mm/sec into 140 m-thick slices 

using vibrotome (VT 1200S, Leica, Germany). During slicing, the tissue was kept in an 

ice-cold standard extracellular solution bubbled continuously with carbogen. After 
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slicing, the tissue slices were used immediately for electrophysiological experiments.  

 

Electrophysiology 

KATP channel currents and membrane potentials were measured with an EPC-8 amplifier 

at room temperature or 32°C using a standard whole-cell voltage clamp technique and a 

perforated whole cell patch clamp technique (Horn and Marty, 1988), respectively. Data 

were analyzed using IGOR software. Patch electrodes were pulled from borosilicate 

glass capillaries to make the resistance ranged between 3 and 5 M when filled with the 

pipette solutionThe internal solution for whole-cell experiments contained the 

following (in mM): 30 KCl, 110 K-aspartate, 2.6 CaCl2, 10 HEPES (pH 7.2 with KOH), 

0.5 EGTA and 5 EDTA (added nystatin 200 M for perforated patch recordings). Free 

Ca
2+

 concentration was calculated to be 24 nM. EDTA was added to minimize KATP 

current rundown (Kozlowski and Ashford, 1990). The bath solution (normal Tyrode’s 

solution) was composed of the following (in mM): 137 NaCl, 5.6 KCl, 10 HEPES (pH 

7.4 with NaOH), 0.5 MgCl2, and 1.8 CaCl2. Glucose concentration was 11 mM, unless 

otherwise indicated. The cells were treated with 1 or 10 nM leptin (Calbiochem), and 

100 M tolbutamide (Sigma), 10 M LY294002 (Calbiochem), 10 M Compound C 

(Calbiochem), 50 M Blebbistatin (Tocris Bioscience) during or before the current 

recordings. The standard extracellular solution consisted of (mM): 125 NaCl, 2.5 KCl, 

26 NaHCO3, 1.25 NaH2PO4, 2 Na-pyruvate, 0.5 ascorbic acid, 3 myo-inositol, 6 lactic 
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acid, 1 MgCl2, and 2 CaCl2. The glucose concentration during incubations and during 

the experiments was 6 mM (fasted) or 17 mM (fed). Cells from the second or the third 

layers in the islets were used for electrophysiological recording to increase the 

probability of finding -cells. -cells were identified by cell size and KATP channel 

current activation pattern (Huang et al., 2011) 

For whole cell KATP current recording, I dialyzed cells with ATP- and Mg
2+

-free 

internal solutions to maximize open probability of KATP channels and to minimize 

channel run-down (Kozlowski and Ashford, 1990; Lim et al., 2009). I applied a 20 mV 

depolarizing followed by hyperpolarizing voltage step from the holding potential of −70 

mV every 30 s just after break-in, and monitored the increase in whole cell currents (Fig. 

3). The whole cell conductance was calculated by measuring the difference in current 

amplitude between -50 mV and -90 mV. The maximum whole cell conductance 

measured after complete wash-out of intracellular ATP was normalized to the cell 

capacitance, and this value (Gmax) was regarded to represent KATP conductance of the 

cell. The mean value for cell capacitance used in the present study was 9.1  0.3 pF (n= 

22), 9.0  0.9 pF (n= 30) and 6.3  0.6 pF (n= 15) in INS-1 cells, cultured -cells, and 

-cells in pancreatic slice preparations, respectively. 

 

In INS-1 cells and primary -cells, the current amplitude started to increase after several 

minutes of delay (Fig. 1C). Therefore, the whole cell conductance measured within 1 
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min after patch break-in was considered reflecting the background conductance of the 

cell (Gb). The mean values for Gb (pS/pF) were 0.39  0.05 (n= 22), 0.42  0.06 (n= 20), 

0.43  0.07 (n= 12) and 0.52  0.04 (n= 13) in control INS-1 cells, leptin-treated INS-1 

cells, control -cells, and leptin-treated -cells, respectively. It is reasonable to subtract 

Gb from Gmax for calculating GKATP. However, in -cells of pancreatic islet slices, 

reliable measurement of Gb was not possible, because the initial whole cell conductance 

was significantly larger and conductance increase started without a significant delay 

(Speier et al., 2005). Therefore, I presented Gmax as a measure of GKATP in the present 

paper.  

For TRPC channels recording, the internal solution for whole-cell experiments 

contained the following (in mM): 140 CsCl, 10 HEPES (pH 7.3 with CsOH), 0.5 EGTA, 

and 3 Mg-ATP (Adenosine-5’-triphosphate) (Jeon et al., 2008). The bath solution was 

composed of the following (in mM):  135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 11 glucose, 

and 10 HEPES (pH 7.4 with NaOH). Cs-rich external solution was made by replacing 

NaCl and KCl with equimolar CsCl. After establishing the whole cell configuration, the 

external solution was changed to Cs-rich external solution. The current was recorded in 

500-ms duration ramp from +100 to −100 mV and from a holding membrane potential 

of −70 mV.  
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Counting cell surface KATP channels 

To estimate the number of KATP channels in the plasma membrane, I performed noise 

analysis of the whole-cell current developed during wash-out of intracellular ATP after 

whole-cell configuration with ATP-free pipette solution containing (mM): 110 K-

aspartate, 30 KCl, 5 EDTA, 0.5 EGTA, 2.6 CaCl2, 5 HEPES, pH 7.2. Extracellular NT 

solution containing 11 mM glucose was continually perfused. The number of plasma 

membrane KATP channels (N) was calculated from the parabola fit of the variance and 

mean values of the current using following equation as previously described (Alvarez et 

al., 2002; Tammaro and Ashcroft, 2007). 

 

The variance of the current (σ
2
) = iI – I

2
/N 

 

, where “i” is the single channel conductance; and “I” is the mean current amplitude. 

The variance and mean values of the current were obtained from the whole-cell current 

with 400-800 ms duration recorded in every second at −50 mV. Current signals were 

filtered at 5 kHz with 4-pole Butterworth or 8-pole Bessel filter and digitized with 20 

kHz sampling frequency. The maximum open probability (Po,max) is calculated from the 

measured maximum mean current amplitude (Imax) using following equation. 

 

Po,max = Imax/iN 
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Experiments were performed at 35°C. Data were presented as meanSEM. Student’s 

two-sampled t-test was used for the test of statistical difference between the two 

independent groups with equal variance assumption. 

 

Surface biotinylation and Western blot analysis  

The surface expression levels of Kir6.2 or Kir2.1 were determined using EZ-Link 

Sulfo-NHS-SS-Biotin kit (Pierce) as described in the previous study (Lim et al., 2009). 

The crude extracts from mouse islets or INS-1 were obtained as described in previous 

paper (Lim et al., 2009). The protein samples were resolved using 6–12% SDS-PAGE. 

The antibodies in this study are summarized in Table S2. To suppress expression of 

TRPC4, TRPC5, CaMKK, LKB1 or MRLC, I was obtained from Santa Cruz 

Biotechnology for siRNA of each gene. INS-1 cells were transfected with 20 nM 

siRNA for each gene using Lipofectamine reagent (Invitorgen), and further experiments 

were performed after 48 h transfection. Scrambled siRNA (Dharmacon) or siGFP 

(Qiagen) was used for negative controls. To overexpression of PTEN
WT

, PTEN
C124S

, 

PTEN
Y138L

, or PTEN
G129E

, I transfected with each gene using Lipofectamine reagent 

(Invitorgen), and further experiments were performed after 48 h transfection. The 

relative band intensities were compared via band scanning using a Gel Doc®  XR (Bio-

Rad, USA) with Quantity One software, version 4.5.2. 
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Preparation of Mouse Pancreatic Islets 

All animal experimental procedures were conducted in accordance with the guidelines 

of the University Committee on Animal Resources at Seoul National University 

(Approval No: SNU-120216-02). Female C57BL/6 and ob/ob mice at age 7-8 weeks 

were obtained from Japan SLC (Shizuoka, Japan). Before mice were sacrificed, blood 

was collected from the tail. Blood glucose levels were measured using a blood glucose 

meter (ACCU-CHEK, Roche Diagnostics Ltd). Fasting blood glucose levels were 

measured following a 12 h fasting period, unless specified otherwise. The pancreata was 

removed quickly, fixed in 10% formalin, embedded in paraffin, and serially sectioned (5 

m thick). To obtain isolated islets, the common bile duct was cannulated and perfused 

through the pancreatic duct with Hank’s balanced salt solution (HBSS; Sigma) 

containing collagenase (1 mg/ml, Collagenase Type V Sigma), and then the pancreata 

were removed and digested for 15–20 min at 37C. After washing three times in cold 

HBSS, islets were isolated by hand under a dissecting microscope, and pooled islets 

were maintained for 60 min in RPMI culture medium. 

 

Immunofluorescence Analysis  

Immunofluorescence experiments using INS-1 were performed as previously described 

(Lim et al., 2009). Isolated islets or Pancreatic tissue sections were stained by anti-

rabbit Kir6.2 antibody or mouse SUR1 antibody. Pancreatic tissue sections were 
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double-stained by combining anti-goat Kir6.2 antibody with anti-mouse EEA1 antibody. 

Detailed information about antibodies is summarized in Table S1.  

 

Ca
2+

 measurement with Fura-2 

Cells were loaded with 4 M Fura-2 AM for 30 min at room temperature. After 

transferring cells to a cell chamber mounted in an inverted microscope (IX71, Olympus), 

the extracellular Fura-2 AM was washed by perfusing cells with normal Tyrode’s 

solution. Cells were excited with alternative 340 and 380 nm monochromatic lights 

generated by a monochromator (Polychrome V, TILL) and the emission light >475 nm 

were collected using a cooled digital camera (sCMOS Neo, Andor Technology) and an 

acquisition software (Metafluor, Molecular Devices). Experiments were performed at 

35°C. Cytosolic Ca
2+

 concentration ([Ca
2+

]i) is calculated from the following equation.  

 

[Ca
2+

]i = Kd x (R-Rmin)/(Rmax-R) x (Sf2/Sb2) 

 

, where Kd is 224 nM; R is the ratio value of 340/380 nm excitation of fura-2; Rmin is 

the minimum ratio value obtained with 10 mM EGTA plus ionomycin containing 

solution; Rmax is the maximum ratio value obtained with 10 mM Ca
2+

 plus ionomycin 

containing solution.  
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Statistical Analysis  

The data are expressed as the mean  S.E. The comparison of the mean values among 

experimental groups was performed using one-way ANOVA followed by a post hoc test. 

P < 0.05 was considered as statistically significant.  
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Results 

 

Leptin Induces KATP Channel Trafficking to the Plasma Membrane 

I previously demonstrated that KATP channels translocate to the plasma membrane of 

pancreatic -cells under low glucose conditions via AMPK signaling (Lim et al., 2009). 

To investigate whether KATP channel trafficking occurs in vivo depending on feeding 

status (fasted vs. fed), I isolated and immediately fixed pancreatic tissues from wild-

type (WT) mice either at 1 h after feeding (WT fed) or after a 12 h fasting period (WT 

fasted). I compared the distribution of KATP channels in the -cells of pancreatic islets 

using specific antibodies against SUR1 and Kir6.2 (Fig. 1A and B). In the pancreas from 

WT fed mice, SUR1 and Kir6.2 were mostly localized to intracellular compartments 

and uniformly distributed throughout the cytoplasm of islet cells. In WT fasted mice, a 

distinctive staining pattern representing the translocation of KATP channel towards cell 

periphery was observed in the islet cells (Fig. 1A). These findings confirm that KATP 

channel trafficking is physiologically regulated in vivo by feeding status. 

In my previous in vitro study using INS-1 cells, glucose concentration less than 3 mM 

was required to induce maximal AMPK activation and KATP channel trafficking (Lim et 

al., 2009). However, the mean blood glucose level in the WT fed mice was 244  14 

mg/dl (~13.5 mM, n = 10), and that in the WT fasted mice was 138  11 mg/dl (~7.7 

mM, n = 10), which may not be sufficient to fully activate AMPK activity. Therefore, I 

supposed the presence of an endogenous ligand in vivo that induces AMPK activation 
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and KATP channel trafficking, and tested the idea that leptin plays this role using ob/ob 

mice lacking this hormone. In contrast to observations in WT mice, a distinct staining 

pattern indicating surface translocation of SUR1 and Kir6.2 was lost in islet cells of 

ob/ob mice obtained after a 12 h fasting period (Fig. 1B). Interestingly, this pattern was 

restored when ob/ob mice were treated with leptin for 4 days (2 g/day) (Levi et al., 

2012) (Fig. 1B), indicating that leptin is critical for the surface translocation of Kir6.2 

during fasting in vivo. 

Intracellular localization of KATP channels has been studied by several groups, but 

results are controversial (Geng et al., 2003; Yang et al., 2007). Since endosomal 

recycling is important for regulation of the density of surface proteins (Maxfield and 

McGraw, 2004), I tested co-localization of KATP channels with early endosomal antigen 

1 (EEA1), an endosomal marker. The results show significant co-localization of Kir6.2 

with EEA1 (Fig. 2A). Interestingly, EEA1 is also translocated towards cell periphery, 

and co-localized almost completely with Kir6.2 in cells in the islets of WT fasted and 

leptin-treated fasted ob/ob mice (Fig. 2A). 

To confirm whether regulation of KATP channel trafficking by feeding status has 

functional significance, I measured whole cell K
+
 currents in -cells in pancreatic slices 

obtained from fed and fasted mice. To maximize KATP channel open probability and to 

minimize channel run-down, I used ATP- and Mg
2+

-free internal solutions (Kozlowski 

and Ashford, 1990; Lim et al., 2009). According to the previous report (Speier et al., 



 

 １８ 

2005), I identified -cells in slices when ATP washout caused immediate increase in 

KATP currents (Fig. 3A). The maximum whole cell conductance measured after complete 

wash-out of intracellular ATP was normalized to the cell capacitance (6.3 pF, n = 15), 

and this value (Gmax) was regarded to represent KATP conductance (details in Supporting 

Information). Gmax in -cells in pancreatic slices obtained from fasted mice was 

significantly larger than that from the fed mice (Fig. 3A). Provided that open probability 

of KATP channels should reach maximum under above experimental conditions, the 

difference in Gmax depending on feeding status is likely to be attributable to the 

difference in surface density of KATP channels. I also tested KATP channel distribution 

pattern and Gmax in isolated pancreatic -cells from rats and INS-1 cells. Kir6.2 was 

localized mostly in the cytosolic compartment in isolated -cells and INS-1 cells 

cultured in media containing 11 mM glucose without leptin, but translocated to the cell 

periphery when cells were treated with leptin (10 nM) for 30 min (Fig. 4A). Consistent 

with this finding, leptin treatment increased Gmax significantly both in -cells (from 1.62 

 0.37 nS/pF (n = 12) to 4.97  0.88 nS/pF (n = 12); Fig. 4B) and INS-1 cells (from 0.9 

 0.21 nS/pF (n = 12) to 4.1  0.37 nS/pF (n = 10) in leptin; Fig. 4B). I confirmed that 

leptin-induced increase in Gmax was reversed by tolbutamide (100 µM), a selective KATP 

channel inhibitor (Fig. 5A). 

 

AMPK Mediates Leptin-Induced KATP Channel Trafficking 
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To investigate molecular mechanisms of leptin action on KATP channels trafficking, 

we performed in vitro experiments using INS-1 cells which were cultured in the media 

containing 11 mM glucose. I measured surface levels of Kir6.2 before and after 

treatment of leptin using surface biotinylation and Western blot analysis. Unless 

otherwise specified, cells were treated with leptin or other agents at room temperature in 

normal Tyrode’s solution containing 11 mM glucose. I also confirmed key results at 

37ºC (Fig. 12C). The surface levels of Kir6.2 increased significantly following 

treatment with 10 nM leptin for 5 min and increased slightly further at 30 min (Fig. 6A). 

Parallel increases in STAT3 phosphorylation levels (Fig. 6B) ensured proper leptin 

signaling under my experimental conditions (Laubner et al., 2005). In contrast, the 

surface levels of Kir2.1, another inwardly-rectifying K
+
 channel in pancreatic -cells, 

were not affected by leptin (Fig. 6B). Because the total expression levels of Kir6.2 were 

not affected by leptin (Fig. 6A), my results indicate that leptin specifically induces 

translocation of KATP channels to the plasma membrane. 

KATP channel trafficking at low glucose levels was mediated by AMPK (Lim et al., 

2009). I examined whether AMPK also mediates leptin-induced KATP channel 

trafficking. Western blot analysis showed that phosphorylation levels of AMPK 

(pAMPK) and its substrate acetyl-CoA carboxylase (pACC) increased following 

treatment with leptin (Fig. 6A and B). Furthermore, the time course and magnitude of 

leptin-induced AMPK phosphorylation were perfectly matched with those of leptin-
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induced KATP channel trafficking (approximately a 3-fold increase at 5 min, Fig. 6A).  

Next, I performed knockdown experiments using siRNA against AMPK -subunits 

(siAMPK), as described in previous study (Lim et al., 2009). The siAMPK markedly 

reduced total and pAMPK in leptin-treated INS-1 cells. Moreover, leptin barely 

increased Kir6.2 surface levels in siAMPK-transfected cells (Fig. 7A and C). The total 

expression levels of KATP channel were not affected by leptin or transfection of siAMPK 

or scrambled siRNA (scRNA). Pharmacological inhibition of AMPK with compound C 

(CC, (Zhou et al., 2001)) also inhibited the effect of leptin on the surface level of Kir6.2 

(Fig. 7B and C). These results were further confirmed by immunofluorescence analyses. 

Leptin treatment for 30 min enhanced Kir6.2 signal at the cell periphery, but this leptin 

effect was significantly inhibited by CC (Fig. 8A). For quantitative analysis, ratio of 

peripheral to total Kir6.2 signal was obtained from the line scan data and the mean 

values in each condition were shown in the bar graph (Fig. 8A, middle and right panel). 

In consistent with the role of AMPK in leptin-induced KATP channel trafficking, leptin-

induced increase in Gmax was inhibited by siAMPK and CC (Fig. 8B). I also confirmed 

the inhibitory effect of CC on the leptin-induced increase in Gmax in primary -cells (Fig. 

8B). 

To confirm that the leptin-induced increase in GKATP is indeed attributable to the 

increase in surface channel number (N), I performed noise analysis. To calculate the N, 

the variance and mean values of the KATP currents measured during the removal of 

intracellular ATP, were fitted with parabola function. The N is increased from 438  48 

(n=11) to 1247  87 (n=15) by leptin treatment (Fig. 9E), suggesting that ~800 KATP 

channels translocate to cell surface by leptin treatment; and the leptin-treated cells have 

~3 times higher KATP channels density (56.57  6.81 N/pF vs 152.50  10.44 N/pF) in 
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the plasma membrane. 

 

CaMKK Mediates Leptin-induced AMPK Activation  

Because CaMKK and LKB1 are upstream kinases of AMPK (Woods et al., 2003; 

Woods et al., 2005), I examined which one mediates AMPK activation in leptin-treated 

INS-1 cells. The siRNA against CaMKK (siCaMKKmarkedly decreased leptin-

induced AMPK phosphorylation, whereas siLKB1 did not affect leptin action on AMPK 

phosphorylation (Fig. 10A). The CaMKK inhibitor STO-609 (Tokumitsu et al., 2002) 

also significantly decreased leptin-induced AMPK phosphorylation, confirming that 

CaMKKacts as an upstream kinase of AMPK in leptin signaling (Fig. 10B). In 

addition, leptin-induced increases in Kir6.2 surface level and Gmax were almost 

completely abolished by STO-609 (Fig. 10C and Fig. 13C). Because CaMKK is 

activated in a Ca
2+

-dependent manner (Woods et al., 2005), I examined whether Ca
2+

 is 

critical for leptin-induced AMPK activation. When INS-1 cells were treated with 

BAPTA-AM (20 M), a membrane permeable Ca
2+

 buffering agent, leptin-induced 

AMPK phosphorylation was markedly decreased (Fig. 11A). Altogether, my findings 

indicate that leptin activates AMPK by CaMKK, which leads to KATP channel 

trafficking.  

Next, I examined whether leptin indeed induces an increase of cytosolic Ca
2+

 using 

fura-2 Ca
2+

 imaging. At 11 mM glucose, INS-1 cells showed a variable degree of Ca
2+
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oscillations. Leptin induced a biphasic effect on cytosolic Ca
2+

 concentrations in 6 out 

of 9 cells tested, and the mean Ca
2+

 concentration obtained from these cells is 

demonstrated in Fig. 11B. Upon addition of 10 nM leptin, the amplitude and frequency 

of Ca
2+

 oscillation were increased significantly, which was followed by almost complete 

cessation of Ca
2+

 oscillations, possibly due to activation of KATP channels.  

 

Leptin-Induced TRPC4 Activation Underlies AMPK Activation by Leptin 

I then investigated the Ca
2+

 transport pathway that mediates leptin-induced CaMKK 

activation. Whole cell patch clamp analysis using pharmacological blockers revealed 

that the leptin-induced increase in Gmax was unaffected by the L-type Ca
2+

 channel 

inhibitor nimodipine (10 M), the T-type Ca
2+

 channel inhibitor Ni
2+

 (50 M), or the 

sarco-endoplasmic reticulum Ca
2+

-ATPase (SERCA) inhibitor thapsigargin (2 M), but 

significantly attenuated by the TRPC channel blocker 2-APB (100 M) (Fig. 11C). 

These results suggest that leptin causes Ca
2+

 influx through TRPC channels. Thus, I 

examined whether TRPC channels are present and regulated by leptin in INS-1 cells. 

To identify functional expression of TRPC channels, I characterized nonselective 

cation conductance while outward K
+
 currents were blocked by Cs

+
-based internal 

solution. Since external Cs
+
 fully activates TRPC current (Lee et al., 2003), I compared 

the nonselective cation currents (INSC) induced by replacing external Na
+
 with Cs

+
 under 



 

 ２３ 

various conditions (Fig. 12A, left). Voltage ramp pulses from +100 mV to −100 mV (0.4 

V/s) were applied and the I-V relationship for INSC was obtained by subtracting the I-V 

relationship in Na
+
 solution from that in Cs

+
 solution. This I-V relationship exhibited a 

double rectification profile with a negative slope conductance at voltages around −70 

mV and the reversal potential around 0 mV (Fig. 12A, right). These characteristics are 

known to be typical of TRPC channels (Jeon et al., 2012). When cells were pretreated 

with leptin for 30 min, I observed significant increase of the double rectifying 

nonselective cation currents. The amplitude of INSC measured at −70 mV was 50.0  5.0 

pA (n = 10) in control, and this was increased to 110.0  12.6 pA (n = 10) by leptin 

treatment. Leptin activates TRPC channels via phosphoinositide 3-kinase (PI3K) in the 

hypothalamus (Williams et al., 2011). I confirmed that leptin-induced increase in INSC 

was completely abolished in the presence LY294002 (10 M), a PI3K inhibitor (Fig. 

12A). 

TRPC4 and TRPC5 are the most likely candidates of receptor-operated Ca
2+

-

permeable non-selective cation channels (Plant and Schaefer, 2003). So, I tested the 

effect of gene knockdown for endogenous TRPC4 or 5 from INS-1 cells. In siTRPC4-

transfected cells, basal INSC was significantly reduced compared with those of siGFP- 

and siTRPC5-transfected cells (Fig. 12B). Furthermore, leptin-induced increase in INSC 

was significantly attenuated in siTRPC4-transfected cells (Fig. 12B), but not in 

siTRPC5-transfected cells. These results suggest that TRPC4 is the major TRPC subunit 
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that underlies INSC in INS-1 cells and activated by leptin signaling. 

 I also tested whether leptin-induced AMPK activation is specifically mediated by 

TRPC4. Leptin-induced AMPK phosphorylation was inhibited by siTRPC4 (Fig. 13A 

and B) and TRPC4 blocker ML204 (Fig. 13C), but not by siTRPC5 (Fig. 13A and B). 

Finally, I confirmed that leptin-induced increase in Gmax was abolished by siTRPC4, but 

not by siTRPC5 (Fig. 13D). From these results, I concluded that leptin signaling 

involving PI3K/TRPC4/CaMKK leads to the activation of AMPK and KATP channel 

trafficking. 

 

Leptin Augments AMPK Activation andHyperpolarization at Fasting Glucose 

Levels 

To understand the physiological significance of leptin effect on -cell excitability, I 

measured resting membrane potential (RMP) of INS-1 cells in the physiologically 

relevant ranges of glucose and leptin concentrations. Serum leptin levels in humans with 

normal body weight are reported to be 0.5 – 1 nM (Considine et al., 1996), and I 

assumed that 1 nM is close to the physiological concentration of leptin. I treated INS-1 

cells with different concentrations of glucose (0, 3, 6, or 11 mM) in the normal Tyrode’s 

solution for 2 h, and measured RMP using a perforated patch method to maintain the 

physiological intracellular milieu. At 11 mM glucose, which is the concentration in 

culture media, RMP of INS-1 cells fluctuated with a mean value of −35.5  1.5 mV (n = 
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10, Fig. 14A, left). Application of 1 nM leptin showed little effect on RMP at 11 mM 

glucose, but 10 nM leptin caused a significant hyperpolarization reaching steady levels 

in about 10 min (−59.8  1.6 mV, n = 12, Fig. 14A). After pre-incubation of cells with 6 

mM glucose, which is close to the fasting blood glucose level, for 2 h, RMP still 

remained depolarized (−37.2  1.2 mV, n = 6, Fig. 14A, middle), but addition of 1 nM 

leptin induced a significant hyperpolarization (−61.5  1.5 mV, n = 6, Fig. 14A, middle), 

indicating that leptin is crucial to allow a sufficient hyperpolarization at fasting glucose 

levels. Leptin-induced hyperpolarization was rapidly reversed by tolbutamide (Fig. 14A, 

middle), confirming that the leptin effect on RMP was mediated by activation of KATP 

current. Even in the absence of leptin, glucose deprivation for 2 h induced a sufficient 

hyperpolarization (−65.7  1.5 mV, n = 10, Fig. 14B). In the presence of CC, however, 

RMP remained depolarized even at 0 mM glucose (Fig. 14A, right), and 10 nM leptin 

failed to induce hyperpolarization (−34.0  1.6 mV, n = 10, Fig. 14A, right). Mean 

values under each condition plotted in Fig. 14B indicate that hyperpolarization of RMP 

at low glucose concentrations is mediated by AMPK signaling and this effect is 

augmented by leptin. 

For quantitative analyses of the relationship between AMPK signaling and -cell 

RMP, I measured p-AMPK levels using microtiter plate assays from the INS-1 cells 

incubated with different glucose concentrations (0, 6, 11, or 17 mM) in the normal 

Tyrode’s solution for 2 h in the absence or presence of 1 nM or 10 nM leptin. Glucose 
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deprivation induced maximal AMPK activation, which was not further activated by 

leptin. At 6 mM glucose, AMPK was slightly activated in the absence of leptin (black 

rectangles; Fig. 14C), but markedly activated in the presence of 1 nM leptin (red circles; 

Fig. 14C). At 11 mM glucose, 1 nM leptin could not, but 10 nM leptin could induce near 

maximum AMPK activation (blue triangles; Fig. 14C). These results indicate that 

AMPK activation at low glucose levels is augmented by leptin in a dose-dependent 

manner. Using the data shown in Fig. 13B and C, I plotted mean RMP values obtained 

at each condition versus corresponding p-AMPK levels (Fig. 14D). The linear 

relationship between RMP and p-AMPK levels indicates that AMPK is a key regulator 

for -cell RMP. Taken together, I concluded that leptin at physiological concentrations 

facilitates AMPK activation at fasting glucose levels, so that KATP channel trafficking is 

promoted to hyperpolarize -cell RMP. 

The role of leptin in -cell response to lowering glucose concentrations was further 

tested using pancreatic islets isolated acutely from WT and ob/ob mice. Isolated islets 

were incubated in media with different glucose concentrations for 1 h, and examined 

with regard to subcellular localization of Kir6.2 and level of pAMPK. In islets isolated 

from WT fed mice, translocation of Kir6.2 and the phosphorylation of pAMPK were 

induced when the glucose concentration in the media was lowered to 8 mM, which is 

equivalent to the blood glucose level of WT fasted mice, from 13 mM glucose, which is 

equivalent to the blood glucose level in WT fed mice (Fig. 15A and 16). In the islets 
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obtained from ob/ob fasted mice, however, Kir6.2 translocation and AMPK activation 

were not induced at 8 mM glucose, but induced only when leptin (10 nM) was added 

(Fig. 15B and 16). These results indeed suggest that the effect of fasting on KATP 

channel trafficking observed in vivo (Fig. 1A) is mediated by AMPK activation by 

glucose concentration changes within physiological ranges in the presence of leptin. 

 

AMPK-mediated PTEN Inactivation increases KATP Channel Trafficking  

Next, I investigated downstream signaling of leptin-induced AMPK activation. Leptin-

induced hyperpolarization in the hypothalamic and pancreatic -cell lines involves 

PTEN inactivation via phosphorylation at Ser-380/Thr-382/Thr-383 residues (Ning et al., 

2006). Based on these findings and my results on the involvement of AMPK in leptin-

induced KATP channel trafficking, I hypothesized that AMPK mediates inhibitory 

phosphorylation of PTEN. To test this idea, I examined whether leptin inactivates PTEN 

through inhibitory phosphorylation in INS-1 cells. PTEN phosphorylation rapidly 

increased to a maximum, about 3-fold increase, after leptin treatment for 5 min, which 

correlates with the time-course of AMPK phosphorylation (Fig. 17A). Furthermore, 

leptin-induced increase in PTEN phosphorylation was suppressed by AMPK inhibition 

using CC (Fig. 17A and B). Conversely, AICAR, an AMPK activator, increased PTEN 

phosphorylation in leptin-untreated cells (Fig. 17B), indicating that AMPK mediates 

PTEN phosphorylation. In addition, the inhibitory phosphorylation level of PTEN 
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correlated with the surface level of Kir6.2 (Fig. 17B). AMPK-induced PTEN 

phosphorylation was further corroborated using siAMPK. Knockdown of AMPK using 

siAMPK abolished PTEN phosphorylation as well as leptin-induced KATP channel 

trafficking (Fig. 17C). These results show that leptin-induced AMPK activation inhibits 

PTEN, which promotes KATP channel trafficking to the plasma membrane.  

I then investigated whether PTEN inhibition is sufficient to cause increases in KATP 

channel trafficking by using a dominant-negative mutant of PTEN (PTEN
C124S

), which 

is a mutant defective in both lipid and protein phosphatase activity (Ning et al., 2006). 

To validate that PTEN
C124S

 overexpression indeed inhibits PTEN activity, I examined 

phosphorylation of Akt, an inhibitory target of PTEN, and confirmed a significant 

increase (Fig. 18A). Overexpression of PTEN
C124S

 did not increase pAMPK activity, but 

it specifically increased the surface levels of Kir6.2 in leptin-untreated cells (Fig. 18A). 

Furthermore, PTEN
C124S

 overexpression caused strong fluorescence of Kir6.2 at the cell 

periphery (Fig. 18B), and a marked increased Gmax (Fig. 18C). The surface level of 

Kir6.2, immunofluorescence staining pattern and the Gmax value in PTEN
C124S

 

overexpressed cells are similar to those found in leptin-treated cells, indicating that 

PTEN inhibition is sufficient to cause an increase in KATP channel trafficking. In 

contrast, when the lipid phosphatase dead mutant PTEN
G129E

 (Ning et al., 2006) was 

overexpressed, an increase in KATP channel trafficking did not occur (Fig. 19B). Because 

cellular PIP3 level was expected to increase under this condition, the result may suggest 
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that the PIP3 signaling pathway is insufficient to cause increases in KATP channel 

trafficking, but protein phosphatase activity of PTEN is also required for KATP channel 

trafficking.  

 

Myosin II Activation by MRLC Phosphorylation Is Involved in KATP Channel 

Trafficking 

I further investigated the molecular mechanism responsible for promoting KATP channel 

trafficking. Myosin motors have been implicated in various forms of trafficking to the 

membrane (Mermall et al., 1998). Among myosin motors, myosin II is regulated by 

phosphorylation of myosin regulatory light chain (MRLC), and MRLC has been shown 

as a critical downstream target of AMPK in Drosophila (Lee et al., 2007). I first tested 

the possibility that leptin-induced PTEN inactivation leads to an increase in MRLC 

phosphorylation. Leptin markedly increased MRLC phosphorylation and this increase 

was abolished in siAMPK-transfected cells (Fig. 19A). Furthermore, the leptin-induced 

increase in MRLC phosphorylation was perfectly mimicked by the PTEN
Y138L

, which is 

a mutant defective in protein phosphatase activity (Davidson et al., 2010), and by 

PTEN
C124S

 (Fig. 19B). However, lipid phosphatase dead mutant PTEN
G129E

 did not 

induce the increase in MRLC phosphorylation (Fig. 19B). These results support the 

notion that protein phosphatase activity of PTEN regulates MRLC phosphorylation. 

Increased MRLC phosphorylation may be directly induced by PTEN inactivation, or 
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indirectly by PTEN-downstream kinases or phosphatases that regulates MRLC 

phosphorylation. Since MRLC phosphorylation is determined by the balance between a 

myosin light chain kinase (MLCK) and a myosin light chain phosphatase (MLCP), 

either activation of MLCK or inactivation of MLCP causes the increased MRLC 

phosphorylation (Somlyo and Somlyo, 2003). Because MLCP is inactivated by its 

phosphorylation (Kimura et al., 1996; Muranyi et al., 2005), I tested the possibility that 

PTEN inactivation increases inhibitory phosphorylation of MLCP using western blot 

analysis in the same set of experiments measuring the level of phosphorylated MRLC 

(Fig. 19B). The effects of leptin, siAMPK, and PTEN mutants on MLCP 

phosphorylation were similar to those on MRLC phosphorylation (Fig. 19A and B). 

These results suggest that PTEN inactivation mediates increases in inhibitory 

phosphorylation of MLCP that increases MRLC phosphorylation. To investigate 

whether MRLC is involved in leptin-induced KATP channel trafficking, I examined the 

effects of siMRLC transfection. In siMRLC-transfected cells, leptin-induced increase in 

the surface level of Kir6.2 was abolished, whereas leptin-induced increase in AMPK 

phosphorylation was not affected (Fig. 19C). siMRLC-induced suppression of leptin 

effect on KATP channel trafficking was also confirmed by immunocytochemistry (Fig. 

20A). Consistent with these results, siMRLC inhibited the leptin-induced increase in 

Gmax (Fig. 20B). These results clearly indicate that a signaling cascade involving leptin-

induced AMPK activation followed by PTEN inactivation and MRLC phosphorylation 
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is crucial for leptin-induced increase in KATP channel trafficking. However, a 

PTEN
Y138L

-induced increase in MRLC phosphorylation did not cause an increase of 

Kir6.2 at the surface (Fig. 19B), indicating that increased KATP channel trafficking 

requires other processes than MRLC activation. The fact that only the overexpression of 

PTEN
C124S

 increases the surface level of Kir6.2 indicates that both lipid and protein 

phosphatase targets of PTEN play concerted roles to induce surface trafficking of Kir6.2. 

The involvement of MRLC in leptin-induced KATP channel trafficking may suggest 

that KATP channel trafficking requires motor activity of myosin II. To investigate this 

possibility, I examined the effects of blebbistatin, a specific inhibitor of myosin II 

ATPase (Straight et al., 2003), on leptin-induced KATP channel trafficking. The effect of 

leptin on the recruitment of KATP channels to the surface was abolished by blebbistatin 

(50 M) (Fig. 21A). In the blebbistatin-treated cells, leptin did not induce a typical 

staining pattern indicating peripheral distribution of Kir6.2 (Fig. 22A). I also confirmed 

using whole cell patch clamp analysis that the lepin-induced increase in Gmax was 

completely abolished by blebbistatin (Fig. 22B). These findings indicate that the 

increase in myosin II motor activity by MRLC phosphorylation plays a crucial role in 

leptin-induced increase in KATP channel trafficking in pancreatic -cells. 

Leptin is known to induce hyperpolarization in pancreatic -cells by increasing KATP 

currents (Harvey et al., 1997; Kieffer et al., 1997). However, the possibility that leptin-

induced hyperpolarization is attributable to the recruitment of KATP channels to the 
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surface has never been considered. I tested this possibility by testing whether leptin-

induced hyperpolarization is inhibited by inhibiting signaling pathway involved in KATP 

channel trafficking. In order to preserve the physiological condition as much as possible, 

I recorded the membrane potential using the perforated patch configuration with 6 mM 

glucose in the bath solution. The mean value of the resting membrane potential (RMP) 

was −37.0  2.8 mV (n = 6), and application of leptin resulted in significant 

hyperpolarizations, reaching steady levels in about 10 min (−60.8  3.1 mV (n = 6); the 

upper panel, Fig. 23). This time course is comparable to the time course of Kir6.2 

recruitment to the surface by leptin (Fig. 6A). Leptin-induced hyperpolarization was 

completely inhibited by both blebbistatin (the lower panel, Fig. 23), which block the 

leptin signaling pathway for increasing KATP channel trafficking. These results imply 

that leptin-induced hyperpolarization is mediated by the recruitment of KATP channels to 

the -cell plasma membrane. 
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Figure. 1. The effect of fasting on KATP channel localization in vivo. (A and B) 

Pancreatic sections were prepared from wild-type (WT) mice at fed or fasted conditions 

and ob/ob mice under fasting conditions without or with leptin treatment. 

Immunofluorescence analysis using antibody against Kir6.2 and SUR1. 
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Figure. 2. Intracellular localization of KATP channel in vivo. (A) Pancreatic sections 

were prepared from wild-type (WT) mice at fed or fasted conditions and ob/ob mice 

under fasting conditions without or with leptin treatment. Immunofluorescence analysis 

using antibodies against Kir6.2 (green) and EEA1 (red). The lowest images are enlarged 

from the indicated boxes in Merge.  
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Figure. 3. KATP channel regulation by Feeding state and Leptin. (A) An image of 

pancreatic slice preparation with schematic diagram for patch clamp configuration (in 

blue box) and the voltage clamp pulse protocol. Representative traces to show KATP 

current activation in single -cells in pancreatic slices obtained from fed and fasted 

mice. Slices obtained from fed mice were superfused with 17 mM glucose, and those 

from fasted mice were superfused with 6 mM glucose. Bar gragh show the mean data 

for Gmax in -cells from fed and fasted mice. Error bars indicate SEM. 


p < 0.005. 
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Figure. 4. The Gmax and surface localization of KATP channels. (A) 

Immunofluorescence analysis using anti-Kir6.2 antibody and in rat isolated -cells and 

INS-1 cells in the absence (Leptin(-)) and in the presence of leptin (Leptin(+)) in 11 mM 

glucose. (B) Representative traces for KATP current activation in INS-1 cells (left) and 

the mean data for Gmax in INS-1 cells and isolated -cells (right). Error bars indicate 

SEM. 


p < 0.005. 
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Figure. 5. Quantification of KATP channel current. (A) Leptin-induced KATP channel 

activity is almost abolished by Tolbutamide. The data are expressed as the mean the 

mean  SEM (n = 3). 


p < 0.005. 
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Figure. 6. Leptin promotes KATP channel trafficking to the plasma membrane in 

INS-1 cells. (A-B) Cells were treated with leptin in normal Tyrode’s solution containing 

11 mM glucose for the indicated time period prior to surface labeling with a biotin 

probe. (A) Surface (S) and total (T) fractions were probed using the indicated antibodies. 

The relative ratio of surface to total Kir6.2 and SUR1 and that of pAMPK to total 

AMPK were plotted based on the quantification of the band intensities. The data are 

expressed as the mean  SEM (n = 3-6). 

p < 0.05 (B) Leptin and AMPK activity were 

assessed based on the levels of pSTAT and pACC. The effect of leptin on Kir2.1 

channel trafficking in INS-1 cells.  
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Figure. 7. Leptin promotes KATP channel trafficking to the plasma membrane via 

AMPK in INS-1 cells. (A) Cells were transfected with the indicated siRNAs for 48 h 

and then treated with leptin for 30 min prior to surface biotinylation. scRNA, scrambled 

siRNA against AMPK; siAMPK, siRNA against AMPK. (B) Cell were incubated with 

leptin and/or 10 M compound C (CC) for 30 min prior to surface biotinylation. (C) 

The relative ratio of surface to total Kir6.2, and SUR1 and that of pAMPK to total 

AMPK were plotted based on the quantification of the band intensities (n = 3-6). 

p < 

0.05  
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Figure. 8. Leptin promotes KATP channel trafficking to the plasma membrane and 

increases KATP channel currents via AMPK in INS-1 cells and primary -cells. (A) 

Cells were treated with leptin and/or CC for 30 min prior to confocal microscopy for 

assessing subcellular distribution of Kir6.2. The fluorescence intensity profiles 

measured along a white line drawn across the cell membrane are represented as graphs 

(left panel). Quantification of the dashed line boxes (1 m each) denoted in right panel 

(n = 8-10). 


p < 0.005. (B) The maximum whole cell conductance (nS) was measured 

when current activation reached steady state and normalized by the cell capacitance (pF) 

under each experimental condition indicated below the graph (n = 12-20).  
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Figure. 9. Noise analysis of the KATP channel current. Time-dependent increase of 

KATP current during removal of intracellular ATP in (A) leptin-untreated control and (B) 

leptin-treated INS-1 cells. Leptin at 10 nM was treated for 30 min before and during the 

experiments. Time-dependent change of the mean KATP channel current amplitude and 

its variance in (A-1) control and (B-1) leptin-treated cells. Variance and mean plots and 

their fit with a parabola function in (A-2) control and (B-2) leptin-treated cells. (C) Plot 

of the calculated number of KATP channels in the plasma membrane, N, against the 

measured maximum KATP current amplitude, Imax in untreated (black) and leptin-treated 

cells (red). (D) Bar graphs show the number of KATP channels per cell (N/cell) and the 

channel density (N/pF) in each condition. (E) Variance and mean analysis of the KATP 
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current in control (black) and leptin-treated cells (red). Bar graph show the number of 

cell surface KATP channels per cell (N/cell). Error bars indicate SEM. 

p < 0.05, 


p < 

0.005. 
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Figure. 10. Leptin-induced AMPK activation is mediated by CaMKK activation 

in INS-1 cells. (A) Cells were transfected with siLKB1 or siCaMKKand then treated 

with 10 nM leptin for 30 min prior to Western blot analysis (n = 3). (B) Cells were 

treated with 10 nM leptin and/or 5 M STO-609 prior to Western blot analysis. Error 

bars indicate SEM. 


p < 0.005, ns, not significant. 
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Figure. 11. Leptin-induced CaMKK activation is mediated by Ca
2+

 influx in INS-

1 cells. (A) Cells were treated with 10 nM leptin and/or 20 M BAPTA-AM prior to 

Western blot analysis. (B) Measurement of cytosolic Ca
2+

 concentration ([Ca
2+

]i) in 

INS-1 cells using Fura-2. The data are expressed as the mean values (n = 6). (C) KATP 

channel activity was measured by using whole-cell patch clamp analysis in the cells 

treated with 10 nM leptin and/or the indicated agents [5 M STO-609, 50 M Ni
2+

, 10 

M nimodipine (Nimo), 2 M thapsigargin (TG), or 100 M 2-APB] (n = 8-20). Error 

bars indicate SEM.
 

p < 0.01, 


p < 0.005, ns, not significant. 
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Figure. 12. Letpin activates TRPC4 activation in INS-1 cells. (A and B) Cells were 

treated with 10 nM leptin and/or indicated agents (siGFP, siTRPC4, siTRPC5, or 10 M 

LY294002) prior to patch clamp analysis. Leptin-induced INSC was recorded as 

described in Supplementary Information. The data are expressed as the mean  SEM (n 

= 3). 

p < 0.05,

 
p < 0.01, ns, not significant. 
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Figure. 13. TRPC4 activation underlies leptin-induced AMPK phosphorylation in 

INS-1 cells. (A and B) Cells were transfected with siTRPC4 or siTRPC5 and then 

incubated with 10 nM leptin for 30 min prior to Western blot analysis. The relative 

pAMPK to total ratio was plotted based on the quantification of the band intensities (n = 

3-6). (C) Involvement of TRPC4 and CaMKK in leptin-induced KATP channel 

trafficking at 37°C. INS-1 cells were treated with leptin and/or ML-204 or STO-609 for 

30 min prior to Wstern blot analysis. The bar graph for the reative intensity of p-

AMPK/AMPK and Kir6.2 (S/T). The data are expressed as the mean  SEM (n = 3). 

p 

< 0.05 (D) KATP channel activity in the denoted conditions was measured by using 

whole-cell patch clamp analysis (n = 10-20). Error bars indicate SEM. 


p < 0.005, ns, 

not significant. 
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Figure. 14. Leptin augments AMPK activation and hyperpolarization at low 

glucose concentration in INS-1 cells. Leptin augments AMPK activation and 

hyperpolarization at low glucose concentrations in INS-1 cells. (A) Cells were treated 

with 0, 6, or 11 mM glucose (Glu) plus 1 or 10 nM leptin and/or tolbutamide. A 

perforated patch method was used to assess resting membrane potentials (RMPs). (B 

and C) The plot represent the relationship between glucose concentrations and RMPs or 

AMPK activities obtained in the presence of 0, 1, and 10 nM leptin with or without CC. 

Physiological range of glucose concentration is indicated with  grey boxes. Error bars 

indicate SEM (n = 6-12 for RMP or n = 3 for AMPK activity). (D) The plot represents 

the relationship between AMPK activities and RMP changes.  
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Figure. 15. KATP channel trafficking is regulated by leptin and glucose 

concentration in pancreatic islets. The islets were isolated from (A) WT mice under 

fed conditions or (B) ob/ob mice under fasting conditions. The isolated islets were 

incubated at 8 mM glucose for 1 h in vitro without or with leptin (right in A; middle and 

right in B). Scale bars indicate 10 m in panel images, respectively.  
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Figure. 16. AMPK activation is regulated by leptin and glucose concentration in 

pancreatic islets. The islets were treated with 8, 13, or 16 mM glucose and/or leptin at 

37ºC prior to Western blot analysis.  
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Figure. 17. AMPK-dependent PTEN inactivation increases KATP channel 

trafficking. (A) Leptin-induced phosphorylation of PTEN. The cells were treated with 

10 nM leptin and/or CC (10 M) for the indicated time prior to Western blot analysis. 

(B) The changes in PTEN phosphorylation by AMPK modulators. The cells were treated 

with the indicated reagents for 30 min prior to the surface biotinylation experiments. CC 

(10 M) or AICAR (250 M) was used to inhibit or activate AMPK, respectively. (C) 

The changes in PTEN phosphorylation by knockdown of AMPK. The cells were 

transfected with the indicated siRNAs for 48 hr and then treated with leptin at 10 nM 

for 30 min. The data are expressed as the mean  S.E.M. (n = 11 to 18 cells). 


p < 

0.005. 
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Figure.18. PTEN inactivation increases KATP channel trafficking. (A) Increased KATP 

channel trafficking by PTEN inhibition. The cells were transfected with PTEN
 

expression constructs for 48 hr. WT, wild-type form of PTEN; C214S, a lipid and 

protein phosphatase dead form of PTEN. Data shown are a representative result of at 

least three independent experiments. (B) Increased plasma membrane localization of 

Kir6.2 by PTEN inhibition. The cells were transfected with PTEN
 
expression constructs 

for 48 hr and then treated with leptin for 30 min prior to immunofluorescence analysis 

using anti-Kir6.2 antibody (green). (C) Increased KATP channel conductance by PTEN 

inhibition. KATP channel conductance was increased by PTEN
C124S

 overexpression in 

INS-1 cells. The data are expressed as the mean  S.E.M. (n = 11 to 18 cells). 


p < 

0.005. 
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Figure.19. Leptin-induced increase of KATP channel trafficking depends on 

AMPK/PTEN/MRLC signaling pathways. (A) Decrease of leptin-induced MRLC 

phosphorylation by knockdown of AMPK. The cells were transfected with siRNAs for 

48 hr and then treated with leptin at 10 nM for 30 min. The phosphorylated/total ratio of 

MRLC (bottom) was plotted based on the quantification of the band intensities. The 

data are expressed as the mean  S.E.M. (n = 3). 

p < 0.05. (B) The change in MRLC 

phosphorylation by PTEN inhibition. The cells were transfected with mutant PTEN
 

constructs for 48 hr. C214S, a lipid and protein phosphatase dead form of PTEN; Y138L, 

a protein phosphatase dead form of PTEN; G129E, a lipid phosphatase form of PTEN. 

The phosphorylated/total ratio of MRLC (bottom) was plotted based on the 
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quantification of the band intensities. The data are expressed as the mean  S.E.M. (n = 

3). 

p < 0.05. (C) Suppression of KATP channel trafficking by knockdown of MRLC. The 

cells were transfected with siRNAs for 48 hr and then treated with leptin at 10 nM for 

30 min. scRNA, scrambled siRNA; siMRLC, siRNA against MRLC. The surface/total 

ratio of Kir6.2 (bottom) was plotted based on the quantification of the band intensities. 

The data are expressed as the mean  S.E.M. (n = 3). 

p < 0.05.  
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Figure.20. Leptin-induced increase of KATP channel trafficking depends on MRLC. 

(A) Effect of MRLC knockdown on immunostaining of Kir6.2 before and after lepin 

treatment in INS-1 cells. The cells were transfected with MRLC
 
expression constructs 

for 48 hr and then treated with leptin for 30 min prior to immunofluorescence analysis 

using anti-Kir6.2 antibody (green). (B) Decreased KATP channel conductance by MRLC 

knockdown. KATP channel conductance was decreased by siMRLC in INS-1 cells. The 

data are expressed as the mean  S.E.M. (n = 9 to 14 cells). 


p < 0.005. 
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Figure.21. NM II activity is crucial for KATP channel trafficking. Effect of 

blebbistatin (Blebb), an inhibitor of NM II, on leptin-induced KATP channel trafficking 

and MRLC phosphorylation. INS-1 cells were treated with leptin and/or blebbistatin for 

30 min prior to surface labeling with a biotin probe. The surface/total ratio of Kir6.2 

(middle) or phosphorylated/total ratio of MRLC (bottom) was plotted based on the 

quantification of the band intensities. The data are expressed as the mean  S.E.M. (n = 

3). 

p < 0.05.  
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Figure.22. NM II activity is crucial for KATP channel trafficking and conductance. 

(A) Effect of blebbistatin on Kir6.2 immunostaining before and after leptin treatment in 

INS-1 cells. (B) Decreased KATP channel conductance by NM II inhibitor. KATP channel 

conductance was decreased by NM II inhibitor in INS-1 cells. The data are expressed as 

the mean  S.E.M. (n = 7-13). 


p < 0.005.  
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Figure.23. Leptin-induced membrane hyperpolarization is regulated by NM II 

activity. Effects of leptin on membrane potentials recorded using perforated patch 

clamp technique from INS-1 cells preincubated in 6 mM glucose at room temperature 

for 30 min. Leptin-induced hyperpolarization was abolished in the presence of 50 M 

blebbistatin . 
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Figure. 24. Schematic diagram for the signaling pathway in leptin-induced KATP 

channel trafficking. 
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Table 1. Information about antibodies for immunostaining 

 (1 Ab) Company Cat# Lot# Dilution (2 Ab) Company Cat# Lot# Dilution 

Im
m

u
n

o
st

a
in

in
g

 
Kir6.2 Santa Cruz sc-20809 E2108 1:200 

Donkey anti-

Rabbit-Alexa-488 

Invitrogen A21206 1110071 1:200 

Kir6.2 Santa Cruz sc-11228 H3011 1:200 

Donkey anti-Goat-

Alexa-633 

Invitrogen A21082 399683 1:200 

SUR1 Neuromab 73-267 437-5VA-54 1:200 

Donkey anti-

mouse-Alexa-647 

Jackson 

715-605-

150 

102366 1:200 

EEA1 Abcam ab70521 

 

1:200 

Donkey anti-

Mouse-Alexa-546 

Invitrogen A10036 1078784 1:200 
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Table 2. Information about antibodies for Western blot 

 
W

e
st

e
r
n

 b
lo

t 

Kir6.2 Santa Cruz sc-20809 E2108 1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

SUR1 Neuromab 73-267 437-5VA-54 1:250 Mouse Jackson 

715-035-

150 

65249 1:2500 

pAMPK 

(Thr172) 

Cell 

Signaling 

2535 16 1:1000 Rabbit Cell Signaling 7074 22 1:2500 

AMPK 

Cell 

Signaling 

2532 19 1:1000 Rabbit Cell Signaling 7074 22 1:2500 

pACC 

 (Ser79) 

Cell 

Signaling 

3661 5 1:1000 Rabbit Cell Signaling 7074 22 1:2500 

ACC 

Cell 

Signaling 

3676 4 1:1000 Rabbit Cell Signaling 7074 22 1:2500 

CaMKK

 

Santa Cruz sc-271674 J2510 1:500 Mouse Jackson sc-271674 J2510 1:2500 

LKB-1 

Cell 

Signaling 

3050 2 1:1000 Rabbit Cell Signaling 7074 22 1:2500 

TRPC4 

alomone 

labs 

ACC-018 AN-02 1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

TRPC5 Neuromab 75-104 

440-5HK-

56b 

1:1000 Mouse Jackson 

715-035-

150 

65249 1:2500 

pSTAT3 

(Tyr705) 

Santa Cruz sc-7993 F0910 1:1000 Goat Santa Cruz sc-2020 

 

1:2500 

STAT Santa Cruz sc-482 I1010 1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 

pPTEN Abcam Ab131107  1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 

PTEN Abcam Ab31392  1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 

AKT 

Cell 

signaling 

9272  1:1000 Rabbit Cell Signaling 7074 22 1:2500 

 

pAKT 

Cell 

signaling 

193H12  1:1000 Rabbit Cell Signaling 7074 22 1:2500 

 

MRLC Abcam ab131530  1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 pMRLC Abcam ab126739  1:1000 Rabbit Abcam ab6112- 677426 1:2500 
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250 

 

MLCP Abcam ab59235  1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 

pMLCP Abcam ab59203  1:1000 Rabbit Abcam 

ab6112-

250 

677426 1:2500 

 

Actin Abcam ab3280   Rabbit Abcam 

ab6112-

250 

677426 1:2500 
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Discussion 
 

 

Leptin regulates glucose homeostasis through central and peripheral pathways (Kieffer 

and Habener, 2000; Morton and Schwartz, 2011). I now demonstrate that AMPK 

activation, recruitment of KATP channels to the cell surface, and the increase in KATP 

conductance are induced at fasting glucose concentrations in -cells in pancreatic islets 

obtained from WT mice. On the contrary, in -cells in ob/ob mice islets or in culture 

additional leptin is required to induce these changes. My data not only show the 

physiological significance of leptin actions, but also provide a novel mechanism for a 

direct action of leptin on pancreatic -cells. Leptin induces AMPK activation in 

pancreatic -cells and this leads to an increase in KATP channel trafficking to the plasma 

membrane. I also discovered that the downstream signaling pathways of leptin-induced 

AMPK activation is involved in myosin II activation by PTEN/MRLC phosphorylation 

and KATP channel trafficking to the plasma membrane. In Figure 24, the signaling 

pathway identified for the leptin-induced KATP channel trafficking is summarized. 

 

Signaling Mechanism for AMPK Activation by Leptin in Pancreatic -cells 

Involvement of AMPK signaling in leptin effects has been well demonstrated in skeletal 

muscle and hypothalamus (Kahn et al., 2005), but it remains unclear in pancreatic -

cells (Leclerc et al., 2004). In the present study, I elucidate the signaling mechanism for 

leptin-induced AMPK activation in pancreatic -cells. CaMKKbut not LKB1 
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mediates leptin-induced AMPK activation, and TRPC4 is involved in CaMKK 

activation (Fig. 10 and Fig. 12). I also demonstrated that leptin induces a rise in 

intracellular Ca
2+

 concentrations (Fig. 11B). Taken together, it could be concluded that 

Ca
2+

 signals induced by TRPC4 activation is essential for leptin-induced AMPK 

activation, which in turn promotes KATP channel trafficking to the plasma membrane 

(Fig. 13C).  

In the present study, however, I did not directly study the downstream mechanisms 

linking AMPK activation to KATP channel translocation, but I showed that EEA1 is co-

localized and translocated with KATP channels by leptin (Fig. 2A). Previous reports 

showed co-localization of KATP channels with secretory granules containing insulin 

(Geng et al., 2003) or chromogranin (Yang et al., 2007) in cultured pancreatic -cells. 

Co-localization of KATP channel with EEA1 may suggest a possibility that KATP 

channels are localized to the endosomal recycling compartment and translocated to the 

cell surface by AMPK signaling. Considering that endocytic recycling comprises 

multiple steps that involve complicated molecular mechanisms (Maxfield and McGraw, 

2004), further studies will be required to clarify the molecular mechanisms regulating 

KATP channel trafficking by AMPK. 

 

Physiological Significance of leptin-induced AMPK activation in pancreatic -cells 

In the present study, I performed quantitative analysis of the effect of leptin on AMPK 
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activation by low glucose (Fig. 14). The results imply that leptin signaling facilitates 

AMPK activation by low glucose. Molecular mechanisms involved in this facilitating 

action of leptin need to be determined, but its pathophysiological significance is evident. 

AMPK can be almost fully activated in the range of fasting glucose levels in the 

presence of physiological concentration of leptin. In leptin deficient conditions, 

however, AMPK signaling cannot respond sensitively to low energy status, whereas at 

high concentrations of leptin, AMPK is activated irrespective of glucose concentrations. 

Under both conditions, the ability of AMPK to sense energy status is impaired, so that 

the role of AMPK to regulate energy homeostasis may be compromised. Implication of 

these results is that leptin concentration is important to optimize the sensitivity of 

AMPK signaling to cellular energy status, so that AMPK can be sufficiently activated at 

fasting glucose levels, and inhibited at fed glucose levels. 

I further determined the effects of glucose concentrations and leptin on RMPs (Fig. 

13B). The results resemble strikingly those on p-AMPK levels (Fig. 14C). Given that 

RMPs have a linear relationship with pAMPK levels (Fig. 14D) and the surface levels 

of KATP channels are regulated by pAMPK levels (Fig. 7), I propose a model that the 

KATP channel trafficking mediated by AMPK is the key mechanism for regulating 

pancreatic -cell RMPs in response to glucose concentration changes. 

It is generally believed that the sensitivity of the pancreatic-cell’s responses to 

glucose concentration changes depends on ATP sensitivity of KATP channel gating 
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(Investigation, 2005; Nichols, 2006). At low glucose concentrations, the open 

probability (PO) of KATP channels is enhanced by an increase in MgADP associated with 

a decrease in ATP. However, at physiologically relevant glucose levels, KATP channels 

have very low PO (Cook et al., 1988; Tarasov et al., 2006), and the range of PO change 

is narrow (in ref. 31, 7 and 3% of maximum PO in 5 mM and 10 mM glucose, 

respectively). Thus, it has been questioned that gating regulation of KATP channels by 

MgADP and ATP may not be sufficient to induce glucose-dependent membrane 

potential changes in pancreatic -cells. I showed that AMPK-dependent KATP channel 

trafficking serves as another important mechanism for-cell membrane potential 

regulation. I measured Kir6.2 surface density by Western blotting (Fig. 6 and 7) and 

noise analysis (Fig. 9), and showed that the increase in Kir6.2 surface density by leptin 

is about 3 fold, which is no less than the dynamic range of PO changes by MgADP and 

ATP.  

The role of AMPK in pancreatic-cell functions is also supported by a recent study 

using mice lacking AMPK2 in pancreatic -cells, in which reduced glucose 

concentrations failed to hyperpolarize pancreatic-cell membrane potential (Beall et al., 

2010). Interestingly, glucose-stimulated insulin secretion (GSIS) was also impaired by 

AMPK2 knockout (Beall et al., 2010), suggesting that the maintenance of 

hyperpolarized membrane potential at low blood glucose levels is prerequisite for 

normal GSIS. They did not consider malfunction of KATP channel in these impairments, 
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but it is very likely that KATP channel trafficking is impaired in AMPK2 in 

pancreatic-cells, causing a failure of hyperpolarization at low glucose concentrations. 

It is also possible that impaired trafficking of KATP channels affects -cell response to 

high glucose stimulation, but this possibility remains to be studied.  

 

Leptin/AMPK/PTEN Pathway in Pancreatic -cells 

The link between AMPK and PTEN has not been widely recognized, but there is a 

recent report showing that AMPK-mediated PTEN down-regulation is involved in 

metformin effect on preadipocyte 3T3-L1 cells (Lee et al., 2011). Despite the 

involvement of AMPK was not examined, leptin-induced PTEN inhibition was reported 

to be involved in disruption of actin cytoskeleton in hypothalamic and pancreatic -cell 

lines (Ning et al., 2006), and in AMPA receptor trafficking in hippocampal cell cultures 

(Moult et al., 2010). Roles of PTEN have mostly been investigated in relation to cancer 

signaling (Li et al., 1997), but these studies together with my study suggest that PTEN 

plays an important role in physiological signaling of pancreatic -cell. 

PTEN is a dual specificity protein/lipid phosphatase that was originally known as a 

tumor suppressor and negative growth regulator (Davidson et al., 2010). In spite that the 

lipid phosphatase activity of PTEN is regarded as the key mechanism of tumor 

suppression, functional significance about protein phosphatase activity of PTEN is 

relatively not well known. I identified that MLCP and MRLC are novel downstream 
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targets of protein phosphatase activity of PTEN, playing crucial roles in regulating KATP 

channel trafficking. However, I did not confirm whether PTEN directly 

dephosphorylates MLCP or indirectly regulates MLCP. The involvement of other 

kinases or phosphatases in PTEN-mediated regulation of MLCP needs to be further 

investigated. I also demonstrated that overexpression of PTEN
Y138L

 induced an increase 

in MRLC phosphorylation, but this could not induce an increase in the surface level of 

Kir6.2 (Fig. 19B). The fact that only overexpression of PTEN
C124S

 could increase the 

surface level of Kir6.2 may indicate that both lipid and protein phosphatase targets of 

PTEN play concerted roles to induce surface trafficking of Kir6.2. It is notable that 

leptin-induced actin depolymerization in hypothalamic cell lines, shown to underlie 

KATP channel regulation, was mimicked by PTEN
C124S

 mutant but not by PTEN
G129E

 

(Ning et al., 2006). These results may suggest that the regulation of KATP channel 

trafficking is associated with cytoskeletal changes and that PTEN plays a pivotal role in 

coordinating multiple pathways in response to leptin.  

 

Myosin II Motor in KATP Channel Trafficking 

Finally, I discovered that activation of myosin II by phosphorylated MRLC is 

involved in KATP channel trafficking. Myosins, actin-based molecular motor proteins, 

play important roles in cellular processes that require force and translocation. Myosin II 

is first studied for its role in muscle contraction, but it also functions in non-muscle cells. 
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There are many studies reporting that non-muscle myosin II (NM II) plays central roles 

in the control of cell adhesion, cell migration, and tissue architecture (Vicente-

Manzanares et al., 2009a). Several lines of evidence support the role of NM II in 

intracellular trafficking. In chromaffin cells, exocytosis of secretory vesicles was shown 

to be facilitated by phosphorylation of light chain (Gutierrez et al., 1989). The readily 

releasable pool in the Calyx of Held synapse is increased after tetanic stimulation in a 

Ca
2+

/CaM-dependent manner and this increase is abolished by MLCK inhibitory 

peptide or by the inhibition of myosin II ATPase (Lee et al., 2008), indicating the role of 

NM II in translocation of presynaptic vesicles. However, it has never been shown that 

NM II is involved in trafficking of integral membrane proteins and that regulation of 

NM II by MRLC results in changes in the surface level of these proteins. Recently, it 

was demonstrated that the MRLC regulate NMDA receptor trafficking to the cell 

membrane, but this process was shown to be independent of the myosin complex (Bajaj 

et al., 2009). For the first time, I have presented evidence for the role of NM II in 

trafficking of membrane proteins. A leptin-induced increase in KATP channel trafficking 

is not only dependent on MRLC phosphorylation but is also inhibited by interfering 

with myosin II ATPase (Fig. 21 and 22), indicating that the motor activity of NM II is 

required for KATP channel trafficking. Furthermore, I discovered that AMPK-induced 

PTEN inactivation mediates MRLC phosphorylation by inactivating MLCP (Fig. 19). 

NM II is well known to be regulated by the phosphorylation of its light chains, and 
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more than a dozen kinases, including MLCK and Rho-associated protein kinase, have 

been reported to phosphorylate MRLC, implying its position downstream of convergent 

signaling pathways (Vicente-Manzanares et al., 2009b). My study adds PTEN to the 

long list of MRLC regulators. MRLC is reported to be directly phosphorylated by 

AMPK (Lee et al., 2007), but I demonstrated that AMPK-induced PTEN inactivation 

mediates the increase in MRLC phosphorylation. Considering that PTEN inactivation 

can promote tumor migration (Leslie et al., 2007), the implication of MRLC regulation 

by PTEN may also be significant in cancer biology. 

 

In conclusion, I show the crucial role of leptin on KATP channel trafficking to the 

plasma membrane at fasting glucose concentrations in vivo (Fig. 1). These results are in 

line with my model that leptin is required for maintaining sufficient density of KATP 

channels in the -cell plasma membrane which guarantees an appropriate regulation of 

membrane potential under resting conditions, acting primarily during fasting to dampen 

insulin secretion. In this context, hyperinsulinemia associated with leptin deficiency 

(ob/ob mice) or leptin receptor deficiency (db/db mice) can be explained by impaired 

tonic inhibition due to insufficient KATP channel density at the surface membrane. Since 

there is a strong relationship between increased basal insulin levels, obesity and diabetes 

in humans (Reed et al., 2011; Corkey, 2012), a mechanism to dampen insulin secretion 

during fasting may provide new therapeutic strategies for inhibiting development of 
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obesity-related diabetes. 
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ABSTRACT in KOREAN 

 

렙틴은 혈당과 에너지 항상성 조절에 중요한 조절인자이고, 렙틴의 결핍은 

비만과 당뇨를 유발한다. 췌장베타 세포에 있는 ATP 민감성 포타슘 (KATP 

channel) 이온 통로는 포도당 대사과정과 인슐린 분비를 이어주고 있다. 이번 

연구에서 나는 췌장베타세포에서 렙틴이 AMP활성단백질 인산화 효소 

(AMPK)를 통해 ATP 민감성 포타슘 이온통로를 세포 막으로 이동시킨다는 

것을 발견하였다. 췌장베타세포에 있는 ATP 민감성 포타슘 이온통로는 식후 

상태에서는 세포질 내에 존재하였지만 공복상태가 되면 이온통로들이 세포

막으로 이동하였다. 공복시 나타나는 ATP 민감성 포타슘 이온통로에 막으로

의 이동현상이 렙틴 결핍 마우스에서는 나타나지 않았지만 렙틴을 주입하면 

이동현상이 다시 일어나는 것을 관찰하였다. 렙틴에 의한 AMPK활성은 

TRPC4를 통한 Ca
2+의 유입이 calcium/calmodulin-dependent protein kinase kinase 

 (CaMKK) 활성화 시켜 일어나는 현상임을 밝혔다. AMPK활성은 leptin과 

포도당의 농도에 의해 조절되며, 최적의 렙틴 농도에 따른 AMPK 활성은 

ATP 민감성 포타슘 이온통로를 막으로 이동시키고, 공복시 생리학영역에서 

포도당 레벨 감소에 반응하여 췌장세포막 전압을 저분극 시켰다. AMPK인산

화와 췌장베타세포의 막전압은 서로 밀접한 관련이 있었고, AMPK 인산화에 

의한 ATP 민감성 포타슘 이온통로가 막으로의 이동이 췌장베타세포의 막전

압 조절에 중요함을 나타낸다. 추가적으로 나는 렙틴에 의한 AMPK활성이 
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ATP 민감성 포타슘 이온통로를 막으로 이동시키는 과정에서 myosin II를 이

용해 유발된다는 것을 밝혔다. Myosin II와 myosin light chain 인산화를 증가시

키는 과정은 AMPK가 PTEN과 myosin light chain 인산가수분해 효소의 인산화

를 증가시켜서 일어났다. 위의 결과는 처음으로 어떤 신호경로를 통해 렙틴

이 췌장베타세포의 흥분성을 조절하고 혈당 항상성을 유지하게 할 수 있는

지를 보여주었다. 
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