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SUMMARY

Background and Purpose: Emerging evidence indicates that stimulating adult neuro-

genesis provides novel strategies for central nervous system diseases. Iptakalim (Ipt), a novel

ATP-sensitive potassium (K-ATP) channel opener, has been demonstrated to play multipo-

tential neuroprotective effects in vivo and in vitro. However, it remains unknown whether

Ipt could regulate the adult neurogenesis. Methods and Results: Based on the finding

that adult neural stem cells (ANSCs) in hippocampus expressed Kir6.1/SUR1-composed

K-ATP channel, Kir6.1 heterozygotic (Kir6.1+/�) mice were used to investigate whether

and how Ipt regulates adult hippocampal neurogenesis. We showed that administration of

Ipt (10 mg/kg) or fluoxetine (Flx, 10 mg/kg) for 4 weeks significantly increased newborn

ANSCs in subgranular zone (SGZ) of Kir6.1+/+ mice but failed to affect those of Kir6.1+/�

mice. Meanwhile, ANSCs in Kir6.1+/� mice exhibited decreased survival rate and impaired

ability of differentiation into astrocytes. We further found that Kir6.1+/� mice showed lower

level of brain-derived neurotrophic factor (BDNF) in hippocampus compared with Kir6.1+/+

mice. Furthermore, Ipt increased the levels of BDNF and basic fibroblast growth factor

(FGF-2) throughout the hippocampus in Kir6.1+/+ mice but not in Kir6.1+/� mice.

Moreover, Ipt and Flx enhanced the phosphorylation of Akt and CREB in the hippocampus

of Kir6.1+/+ mice. Notably, these effects were completely abolished in Kir6.1+/� mice.

Conclusions: Our findings demonstrate that Ipt stimulates the adult hippocampal neuro-

genesis via activation of Akt and CREB signal following the opening of Kir6.1-composed

K-ATP channels, which gives us an insight into the therapeutic implication of Ipt in the

diseases with adult neurogenesis deficiency, such as major depression.

Introduction

Adult hippocampal neurogenesis is involved in the pathogenesis

of various diseases including depression, schizophrenia, and stroke

[1,2]. Developing dugs that enhance adult neurogenesis will be

beneficial for the treatment of neuropsychological diseases. Adult

neurogenesis has been clearly demonstrated in two regions under

normal and pathological conditions: the subventricular zone

(SVZ) of the lateral ventricles and the subgranular zone (SGZ) of

the dentate gyrus (DG) in the hippocampus [3]. The regulation of

adult neurogenesis involves a number of factors including neuro-

transmitter systems, growth factors, transcription factors, stress,

and others [1,3,4]. These intrinsic and extrinsic factors interwove

the microenvironment of SGZ and SVZ, which is known as the

neurogenic niche. Glia, particularly astrocytes, and microglia play

key roles in controlling adult neurogenesis within the niches [5].

In vivo experiments demonstrated that astrcocytes exert an

instructive role in fate determination of neural stem cells (NSCs)

to neurons. The over-activation of microglia is detrimental for

neurogenesis, but new studies have demonstrated that unchal-

lenged microglia shape adult hippocampal neurogenesis through

apoptosis-coupled phagocytosis [6]. An emerging concept is that

adult neural stem cells (ANSCs) are able to sense and respond to

changes in energy homeostasis in brain [7]. On the other hand,

energy-sensing molecules existed in the niche such as sirtuins,

and hypoxia-inducible factors (HIFs) have been found to play an

important role in NSC biology [7]. These studies intrigue the

importance of the energy biosensors in regulating adult

neurogenesis.

ATP-sensitive potassium (K-ATP) channels, the unique chan-

nels coupling energy metabolism to membrane excitability–

dependent processes, are widely expressed in most metabolically

active tissues throughout the body including brain regions [8] and

are essential in distress resolution and energy balance [9]. K-ATP

channel consists of two different subunits: the pore-forming

inward rectifier K+ channel member, Kir6.1 or Kir6.2, and the sul-

fonylurea receptor SUR1 or SUR2 that regulate sensitivity of the

channels [10]. Within the brain, Kir6.2 is predominantly
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expressed in neurons. It is generally agreed that Kir6.2 exerts criti-

cal roles on glucose sensing and adapting neuronal activity to met-

abolic demands [11]. However, Kir6.1 is mainly expressed in

astrocyte and microglia that can instruct adult neurogenesis [12–

14]. In addition, Kir6.1 had been found to regulate astrocyte and

microglia function [14]. Moreover, it has been proven that radial

glia in development and specific subpopulations of astrocytes in

adult mammals function as primary progenitors or NSCs [15],

raising the potential functions of Kir6.1-composed K-ATP chan-

nels in ANSCs.

Iptakalim (Ipt) is a novel K-ATP channel opener and can pass

through the blood–brain barrier [16]. Pharmacological, electro-

physiological, biochemical studies, and receptor binding test dem-

onstrate that Ipt can activate Kir6.1-composed K-ATP channels

expressed in center and periphery tissue [17,18]. Our previous

studies have demonstrated that Ipt exerts the neuroprotective

effects in various animal models, such as stroke and Parkinson’s

disease (PD) [19,20]. Ipt exhibited an intrinsic neuroprotective ef-

fecet against astrocytic necrosis and apoptosis [21]. In additon, Ipt

had been found to protect astrocytes by reversing the dysfunction

of connexin43 induced by rotenone [22]. Even so, it remains

unknown whether Ipt regulates adult neurogenesis. In the pres-

ent study, therefore, Kir6.1 heterozygotic (Kir6.1+/�) mice were

used to investigate the effect of Ipt on adult hippocampal neuro-

genesis so as to gain insight into the therapeutic implication of Ipt

in the diseases with adult neurogenesis deficiency, such as depres-

sion and neurodegenerative disorders.

Materials and Methods

Animals and Reagents

Kir6.1+/� mice were made available via the NIH-funded Mouse

Mutant Regional Resource Center (MMRRC; http://www.mmrrc.

org) for Material Transfer Agreement. These mice were subsequently

mated to each other to generate homozygotes (Kir6.1�/� mice).

Knockout of the gene-encoding Kir6.1 was verified by PCR geno-

typing. C57BL/6 mice were used as wild-type (Kir6.1+/+) controls.

The Kir6.1+/+, Kir6.1�/�, and Kir6.1+/� mice were bred and main-

tained in the Animal Resource Centre of the Faculty of Medicine,

Nanjing Medical University, with free access to standard chow

and water in a room with an ambient temperature of 24 ± 1°C

and a 12:12 h light/dark cycle. Age-matched adult male mice (3-

month-old) were used in the experiments. All experiments were

carried out in strict accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals.

Iptakalim hydrochloride (Ipt), with a purity of 99.36%, was

synthesized and provided by the Institute of Pharmacology and

Toxicology, Academy of Military Medical Sciences of China. Fluo-

xetine (Flx), with a purity of 99.9%, was obtained form Eli Lilly,

Indianapolis, Indiana. Ipt and Flx were prepared in saline.

Neural Stem Cell Culture

Adult neural stem cells isolated from hippocampus of adult male

mice were used to detect the subunits of K-ATP channels. Isola-

tion of mouse ANSCs was performed as described previously [23].

In brief, tissues from the hippocampus of adult Kir6.1+/+ mice

(2–3-month-old) were dissociated and cultured in the DMEM/

F-12 serum-free medium with 2% B27, 20 ng/mL EGF, and

20 ng/mL bFGF. After culturing for 7 days, NSCs aggregated and

formed spheroid-like bodies, called neurosphere. At least three,

independent cultures of neurospheres from three different adult

mice were used for analysis.

Reverse Transcription-Polymerase Chain
Reaction

The mRNA of K-ATP channels expressed on ANSCs were detected

by reverse transcription-polymerase chain reaction (RT-PCR).

Total RNA was extracted from neurospheres using Trizol reagent

(Invitrogen Life Technologies, Carlsbad, CA, USA) followed by

treatment with RNase-free DNaseI (Invitrogen Life Technologies).

Reverse transcription was performed using random hexamer

primers. PCR primers were as follows: Kir6.1 forward: 5′-CTGCA-

GGACATCTTCACCACCT-3′, reverse: 5′-GTTGATGATCAGACC-

CACGATG-3′; Kir6.2 forward: 5′-TAGGCCAAGCCAGTGTAGTG-

3′, reverse: 5′-GTGGTGAACACATCCTGCAG-3′. PCR cycles were

as follows: Kir6.1 primers: 94°C, 4 min; 94°C, 30 second; 57°C,

30 second; 72°C, 30 second; 72°C, 5 min (27 cycles); Kir6.2 prim-

ers: 94°C, 4 min; 94°C, 30 second; 64°C, 30 second; 72°C, 30 sec-

ond; 72°C, 5 min (33 cycles). Reaction products were then

visualized on a 1.2% agarose gel containing 0.06 lg/mL ethidium

bromide, and the resulting bands were confirmed using Molecular

Imager FX (Bio-RAD, Hercules, CA, USA).

Drug Treatment

We first examined whether Kir6.1-composed K-ATP channels

were involved in regulating adult hippocampal neurogenesis.

Individually housed Kir6.1+/+ and Kir6.1+/� or Kir6.1�/� C57

male mice (n = 5 for each groups) were allowed to acclimate for

1 week and then were intraperitoneally (i.p.) administered with

Flx (10 mg/kg per day) dissolved in saline for 28 days. The con-

centration of Flx was consistent with previous research [24].

Next, we detected the potential regulatory capacity of Ipt on hip-

pocampal neurogenesis and the possible molecular mechanism. As

our previous studies have proven that treatment with Ipt at

10 mg/kg for 4 week exerted strong neuroprotective effect,

Kir6.1+/+ and Kir6.1+/�mice (n = 14 for each groups) were admin-

istrated intraperitoneally (i.p.) with Ipt (10 mg/kg per day) or Flx

(10 mg/kg per day) or vehicle (saline, 10 mL/kg) for 28 days.

Bromodeoxyuridine (BrdU) Labeling

Two hours after the last injection of Ipt and Flx, six mice of each

group were given BrdU intraperitoneally (4 9 50 mg/10 mL/kg

every 2 h). For analysis of cell proliferation (Figure 1A), 24 h

after the last BrdU injection, six mice were transcardially perfused

with a saline solution for 5 min and then followed with 4% para-

formaldehyde dissolved in cold 0.01 mol/L phosphate buffer

(PBS), and brains were processed for immunohistochemistry. For

determination of ANSC phenotype and survival (Figure 1B), five

mice were transcardially perfused 4 weeks after BrdU injection.

Other mice were killed 24 h after the last drug or saline injection.

The hippocampus were quickly isolated and frozen at �70°C.
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Immunohistochemistry and Quantification of
Staining

After perfusion, brains were dissected from the skull, postfixed

overnight in buffered 4% paraformaldehyde at 4°C, stored in a

20% sucrose solution at 4°C for 3 days, and then changed into

30% sucrose solution until they sank. Serial sections of the brains

were cut (30-lm sections) through each entire hippocampus (from

approximately�0.94 mm to �3.88 mm from bregma according to

Paxinos and Franklin [25]) using a freezingmicrotome. All sections

were collected in six separate series. For immunohistochemistry

and immunofluorescence, free-floating sections were immunola-

beled according to previous procedures [23]. Briefly, after DNA

denaturation and elimination of endogenous peroxidases (for

immunofluorescence without this step), sections were placed in a

blocking solution consisting of 5% bovine serum albumin (BSA)

and 0.3% triton X-100 in 0.01 mol/L PBS for 2 h. For BrdU immu-

nohistochemistry, sections were incubated in anti-mouse BrdU

(1:2500; Millipore, Bedford, USA). For double-labeling immuno-

fluorescence, sections were incubated with anti-rat BrdU (1:150;

Millipore) and one of the following anti-mouse NeuN (1:200;

Millipore) or anti-rabbit GFAP (1:2500; Abcam, Cambridge, UK)

overnight at 4°C. After washes, secondary antibodies were applied

for 1 h. Then, sections were washed with PBS, wet-mounted, and

later dried in the dark.

For visualization and photography, specimens were observed

under a confocal microscope (Axiovert LSM510; Carl Zeiss Co.,

Jena, Germany). At least 100 BrdU-labeled cells per animal were

analyzed for double labeling.

Western Blotting Analysis

Protein lysates were prepared from the right lobes of hippocampus

using Key Gene kit, and protein concentrations were quantified

by BCA method (Biyuntian kit, Beyotime, Shanghai, China). A

total of 40–100 lg of protein samples were separated on SDS-

PAGE gels and then transferred to PDVF membranes (Millipore).

Blots were washed for 5 min in T-BST and subsequently blocked

in T-BST (10% milk) for 1 h. Primary antibodies were then

applied to blots overnight at 4°C, washed three times with T-BST,

and secondary antibodies applied for 1 h at room temperature.

The primary antibodies were using rabbit anti-CREB (1:1000),

anti-phospho-CREB-ser133 (1:1000; Cell Signaling Technology,

Beverly, MA, USA); rabbit anti-Akt(1:1000), anti-phospho-Akt-

ser473 (1:1000; Cell Signalling Technology); rabbit anti-brain-

derived neurotrophic factor (BDNF) (1:200; Santa Cruz, Dela-

ware, CA, USA); mouse anti-FGF-2(1:200; Santa Cruz). To deter-

mine the subunit composition of K-ATP channels in ANSCs,

samples of whole-cell lysates of neurospheres were electrophore-

sed and transferred to nitrocellulose membranes. After blocking,

membranes were incubated with different antibodies against

Kir6.1, Kir6.2, SUR1, and SUR2 (1:100; Santa Cruz). The blots

were incubated HRP-conjugated secondary antibodies and signals

detected by enhanced chemiluminescence (ECL) Western blotting

detection reagents (Pierce, Rockford, IL, USA). The membranes

were scanned and analyzed using an Omega 16ic Chemilumines-

cence Imaging System (Ultra-Lum, Claremont, CA, USA).

Statistical Analysis

All values are reported as mean ± SEM. The significance of the

difference between controls and samples treated with various

drugs was determined by one-way ANOVA test followed by the

least significant difference (LSD) for post hoc comparisons using

Figure 1 Schematic representation of the experimental procedure. (A)

Fluoxetine and Iptakalim (10 mg/kg per day) were administered to mice

once daily for 4 weeks. For the analysis of cell proliferation, mice received

four times injection of bromodeoxyuridin (BrdU) (4 9 50 mg/kg, every

2 h) on the last day of the 4-week drug treatment. Animals were killed

24 h after last BrdU administration. (B) To determine the survival and

differentiation of newborn cells, mice were killed 4 weeks after the last

BrdU administration.

Figure 2 Adult neural stem cells (ANSCs) expressed Kir6.1/SUR1-

composed ATP-sensitive potassium (K-ATP) channels. (A) Reverse

transcription-polymerase chain reaction screening showed that neural

stem cells expressed Kir6.1 but not Kir6.2 subunit of K-ATP channels. (B)

Kir6.1/SUR1 subunit was expressed in ANSCs. Western blotting was

probed with antibodies to Kir6.1(51 kDa) and Kir6.2 (40 kDa) subunits as

well as SUR1(150 kDa) and SUR2A (150 kDa) or SUR2B (30 kDa) subunits.

At least three independent cultures of neurospheres from three different

litters were used for analysis.
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SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). The level of

statistical significance is defined as P < 0.05 differences.

Results

Adult Neural Stem Cells Expressed Kir6.1/SUR1-
Composed K-ATP Channels

Adult neural stem cells isolated from hippocampus of adult male

mice were used to determine whether ANSCs expressed K-ATP

channels. The expression of K-ATP channels were detected by RT-

PCR and Western blotting. As shown in Figure 2A, single-band

amplification product of Kir6.1 was observed in ANSCs by RT-PCR

detection. However, Kir6.2 was not detectable. Consistent with the

results of RT-PCR, Western blotting analysis confirmed that Kir6.1

and SUR1were expressed in ANSCs. In contrast, Kir6.2 and SUR1A

or SUR1B subunits could not be detected in ANSCs (Figure 2B).

Administration of Iptakalim Enhanced the
Proliferation of Adult Neural Stem Cells in
Hippocampus

As ANSCs expressed Kir6.1, we examined whether Kir6.1-com-

posed K-ATP channel would play a role in adult neurogenesis.

The effect of Flx, which has been documented to enhance hippo-

campal neurogenesis in adult brain [26], on the proliferation of

ANSCs in Kir6.1+/+, Kir6.1+/�, and Kir6.1�/� mice was first identi-

fied. Proliferating cells were labeled by BrdU injection after Flx

and saline treatments. Under basal condition, levels of BrdU+ cells

in the SGZ were similar among the Kir6.1+/+, Kir6.1+/�, and

Kir6.1�/� mice. We further found that the number of proliferating

cells in Kir6.1+/+ mice was significantly increased by 45%

(P < 0.05) after Flx administration compared with those treated

with saline (Figure 3A). However, Flx failed to induce an

enhanced neurogenesis in either Kir6.1+/� or Kir6.1�/� mice (Fig-

ure 3A). These results indicated that Kir6.1 might be involved in

the regulation of adult neurogenesis, and the properties of ANSCs

were not significantly different between Kir6.1+/� and Kir6.1�/�

mice. Considering Kir6.1�/� mice are prone to premature death

and most die between 5 and 6 weeks after birth [27], we used the

Kir6.1+/� mice for further studies.

At the end of Ipt treatment, Western blotting analysis showed

that Kir6.1 abundantly expressed in hippocampus of Kir6.1+/+

mice, but was 46% (P < 0.01) decreased in Kir6.1+/� mice (Fig-

ure 3B). Administration of Ipt or Flx for 4 weeks failed to affect

Kir6.1 expression in the hippocampus of both Kir6.1+/+ and

Kir6.1+/� mice. Similar to Flx, after Ipt treatment, Kir6.1+/+ mice

tend to have more BrdU-positive cells (P < 0.05) than Kir6.1+/�

mice in the SGZ (Figure 3C, D). The results indicated that treat-

ment with Ipt promoted the proliferation of ANSCs in SGZ via

opening of Kir6.1-composed K-ATP channels.

Kir6.1+/� Mice Exhibited Defective Fate
Determination of Adult Neural Stem Cells

The survival of the newborn ANSCs is an important issue in neu-

rogenesis, and a majority of the newborn cells in SGZ undergo

death by apoptosis early in their life [6]. To determine whether Ipt

Figure 3 Flx or Ipt administration enhanced adult hippocampal neurogenesis. (A) Quantification of proliferating neural stem cells (NSCs) and neural

progenitors in the Kir6.1+/+, Kir6.1+/�, and Kir6.1�/� mice injected with saline or Flx. The number of BrdU-positive cells in the SGZ was calculated in the

granular cell layer (GCL). (B) Expression of Kir6.1 in the hippocampus of Kir6.1+/+ and Kir6.1+/� mice. Western blottings of protein lysates from adult mouse

hippocampus. (C) Coronal sections of adult WT and Kir6.1+/� mouse brains showed BrdU-positive nuclei in the SGZ 24 h after BrdU injection. Scale

bar = 200 lm. (D) Quantification of proliferating NSCs and neural progenitors in the WT and Kir6.1+/� mice injected with saline, Ipt, or Flx. n = 5 in A,

n = 4 in B, n = 6 in D. Values represent mean ± SEM. *P < 0.05 as compared with Kir6.1+/+-saline, **P < 0.01 as compared with Kir6.1+/+-saline.
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could prolong the survival of NSCs, we cumulatively labeled the

entire dividing NSC population in the SGZ with BrdU for 8 h, and

BrdU-positive cells in the DG were counted 1 month after the last

BrdU injection. The mature cells were found throughout the DG

(Figure 4A). Remarkably, under the basal condition, Kir6.1+/�

mice displayed a significant reduction in the number of label-

retaining ANSCs compared with Kir6.1+/+ mice (P < 0.05, Fig-

ure 4A, B). Both Ipt and Flx treatments increased the survival

BrdU+ cells in Kir6.1+/+ mice (P < 0.05, Figure 4B) but not in

Kir6.1+/� mice. The survival rate of BrdU+ cells referred to the per-

centage of BrdU+ cells between 28 days and 24 h after the last

BrdU administration. For the Kir6.1+/+ mice, neither Ipt nor Flx

administration altered the survival rates compared with the saline.

But the survival rates displayed a reduction in the Kir6.1+/� mice:

(Kir6.1+/+-Saline: 44.5%, Flx: 47.2%,Ipt:45.8%; Kir6.1+/�-Saline:
36.1%, Flx: 35.5%, Ipt: 36.6%).

The survived ANSCs give rise to three types of progeny (neu-

rons, astrocytes, and oligodendrocytes), and the proper balance

between the three fates is pivotal for the functionality of the NSC

pool [28]. The differentiation of labeled cells was determined

4 weeks after drug or saline treatment by colocalization of neuro-

nal and glial phenotypic markers in BrdU-labeled cells. Therefore,

the phenotype of survival BrdU+ cells was determined by BrdU+/

NeuN+ or BrdU+/GFAP+ double immunofluorescent labeling (Fig-

ure 4C). Confocal microscopy, using z-plane sections to confirm

colocalization for each cell, revealed that the majority of BrdU-

positive cells were neuronal (~80%) and no significant difference

in the percentage of BrdU+/NeuN+ was observed in various groups

(Figure 4E). The level of BrdU+/GFAP+ colabeled cells in the DG

of Kir6.1+/� mice was significantly lower than that of Kir6.1+/+

mice (P < 0.05, Figure 4D). Furthermore, there was no differ-

ences in the percentages of the BrdU+/GFAP+ cells after Ipt or Flx

treatment. These data indicated that Ipt treatment could not affect

the differentiation of ANSCs, but Kir6.1 haploinsufficiency

resulted in a deficiency in the ability of ANSCs to generate astro-

cytes. The remaining cells that labeled with neither neuron nor

astrocyte marker might represent quiescent undifferentiated cells

[29]. The results further suggested that the fate balance of ANSCs

was disturbed in Kir6.1+/� mice.

Iptakalim Administration Increased the
Expression of BDNF and FGF-2 in Mouse
Hippocampus through the Akt–CREB Signaling

To understand the basic mechanisms of Ipt in the stimulation of

adult hippocampal neurogenesis, we focused on neurotrophic fac-

tors including BDNF and FGF-2. As shown in Figure 5A, the level

of BDNF expression in Kir6.1+/� mice hippocampus was signifi-

cantly lower compared with Kir6.1+/+ mice (P < 0.05). Adminis-

tration of Flx and Ipt significantly up-regulated the protein levels

in the hippocampus of the Kir6.1+/+ mice (P < 0.01). In contrast,

in the Kir6.1+/� mice, Ipt treatment failed to the level of BDNF in

hippocampus while the effect of Flx was partially suppressed

(P < 0.05). As the 18-kDa isoform of FGF-2 regulates the NSCs’

Figure 4 Survival and differentiation of BrdU+ cells in the dentate gyrus. (A) Coronal sections of adult Kir6.1+/+ and Kir6.1+/� mice brains showed BrdU-

positive nuclei (bright green) in the SGZ 1 month after BrdU injection. White arrowhead: labeled survival neural stem cells (NSCs), Scale bar = 200 lm. (B)

Quantification of survival NSCs in hippocampus. (C) Representative confocal microscopic images of BrdU-positive nuclei (bright green) and neuronal

nuclear antigen (NeuN; red) or glial fibrillary acidic protein (GFAP; red)-labeled cells in the dentate granule cell layer. Scale bar = 100 lm. (D) The

percentages of BrdU+/NeuN+ did not differ significantly among various groups in both Kir6.1+/+ and Kir6.1+/� mice. (E) Kir6.1 haploinsufficiency significantly

decreased the percentages of BrdU+/GFAP+ cell in comparison with Kir6.1+/+ mice. n = 4 in each group. Values represent mean ± SEM. *P < 0.05 as

compared with Kir6.1+/+-saline group.
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survival [30], we analyzed the 18-kDa FGF-2 by Western blotting.

We found that the enhancement of FGF-2 expression in the hip-

pocampus of Kir6.1+/+ mice after Ipt and Flx administration

(P < 0.05) was completely halted in Kir6.1+/� mice (Figure 5B).

No significant difference was found between the two drug-treated

groups. These results indicated that Ipt might promote the BDNF

and FGF-2 production in the hippocampus via opening the

Kir6.1-composed K-ATP channels.

To further investigate the possible intracellular molecular path-

ways underlying Ipt-induced neurotrophic factor up-regulation,

we analyzed the activation of Akt and CREB, which are important

for cell survival and plasticity. Phosphorylation of the hydrophobic

C-terminal domain (serine 473) is necessary for the full activation

of Akt; therefore, we detected p-Akt (Ser 473) in the present study.

Similar to the effect of Flx, 4-week administration of Ipt strongly

increased the phosphorylation of Akt (P < 0.05, Figure 5C) in the

hippocampus of Kir6.1+/+ mice, but not in the Kir6.1+/� mice. As

transcriptional activity for CREBmainly depends on its phosphory-

lation in Ser133, the hippocampal phospho-CREB (p-CREB) was

measured using an antibody directed against p-CREB (Ser133).

Parallel to the activation of Akt, p-CREB was significantly

increased by 63% in the hippocampus of Kir6.1+/+ mice after Ipt

administration (P < 0.05, Figure 5D) while Kir6.1 haploinsuffi-

ciency abolished the effect of both Ipt and Flx. These results dem-

onstrated that opening Kir6.1/K-ATP channel by Ipt triggered the

activation of CREB and Akt in adult hippocampus.

Discussion

In the present study, we showed that administration of Ipt for

4 weeks enhanced adult hippocampal neurogenesis via opening

Kir6.1-composed K-ATP channels expressed in the ANSCs. Kir6.1+/�

Figure 5 Ipt up-regulated the expression of brain-derived neurotrophic factor (BDNF) and FGF-2 in adult hippocampus involving the Akt-CREB signaling.

(A, B) The expression of BDNF and FGF-2 in the hippocampus of Kir6.1+/� mice compared with Kir6.1+/+ mice after 4-week Ipt and Flx treatment.

Representative Western blotting images of BDNF, FGF-2, and b-actin of control. (C, D) Tissue lysates were analyzed by Western blotting for activated Akt

and CREB levels in the hippocampus of Kir6.1+/� mice compared with Kir6.1+/+ mice. The blot was probed with Ser473 phosphorylated Akt antibody and

Ser133-phosphorylated CREB antibody. n = 4 in each group. Values represent mean ± SEM. *P < 0.05 as compared with Kir6.1+/+-saline; **P < 0.01 as

compared with Kir6.1+/+-saline; #P < 0.05 as compared with Kir6.1+/�-saline group; $P < 0.05 as compared with Kir6.1+/+-Flx group.
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mice exhibited reduced response to Ipt in ANSC proliferation, sur-

vival, and differentiation. Our findings indicate that Ipt potentiates

the adult hippocampal neurogenesis via activation of Akt and CREB

signal following the opening of Kir6.1-composedK-ATP channels.

The functional diversity of K-ATP channels in the brain is broad and

important for brain function. Kir6.2 are expressed in most neurons

while Kir6.1 are mainly expressed in the cells contributing to the NSC

niche, such as astrocytes, endothelial cells, as well as microglia [31].

Notably,our results identified thatANSCsexpressedKir6.1/SUR1-com-

posed K-ATP channels. This finding raises the possibility that Kir6.1-

composedK-ATP channel plays a critical role inadult neurogenesis.

Regulation of neurogenesis occurs at multiple stages, including

cell proliferation, survival, and differentiation. It is well known

that treatment with fluoxetine stimulates the proliferation of NSCs

in adult hippocampus [32]. In this study, we found that the

enhancement of adult neurogenesis induced by fluoxetine was

abolished in Kir6.1+/� mice. Similarly, Ipt, a blood–brain barrier–

permeable K-ATP channel opener, significantly increased the pro-

liferation of ANSCs in the hippocampus of Kir6.1+/+ mice but not

in Kir6.1+/� mice. As Kir6.1+/� mice exhibited less-survived ANS-

Cs, it may ultimately result in the depletion of adult NSC pool later

in life. Furthermore, the number of GFAP+ cells in Kir6.1+/� mice

decreased as compared with Kir6.1+/+ mice, but the ratio of labeled

NeuN+ cells was similar in various groups. It implies that lack of

Kir6.1 resulted in the defect of astrocyte differentiation. Obviously,

Kir6.1-forming K-ATP channels are involved in the regulation of

proliferation and fate determination of adult ANSCs. As chronic

administration of Ipt and Flx failed to affect the protein level of

Kir6.1, the effect of Ipt on ANSC proliferation may result from the

activation of Kir6.1-composed K-ATP channel. K+ channels are

known to regulate proliferation in many cell types including fibro-

blasts and lymphocytes [33]. Activation of K+ channels occurs prior

to DNA synthesis in hematopoietic cells as well as in neural cells

[34]. Harmeet M. et al. reported that K-ATP channel openers

(minoxidil, cromakalim, and pinacidil) increased mitogenically

induced proliferation in primary rat hepatocytes [35]. Further-

more, opening of Kir6.1 on capillary endothelial cells increases the

synthesis of NO and the permeability of the capillary wall [36]. The

functions of astrocytes including gap junction, lactate metabolism,

and glutamate uptake are modulated by the Kir6.1 [14,37]. Thus,

loss of Kir6.1 resulted in a deficiency of ANSCs to generate astro-

cytes. It suggests that the unique biological function of K-ATP

channels determines its importance and necessity for adult neuro-

genesis. Notably, chronic treatment of Flx failed to increase the

proliferation of ANSCs in both Kir6.1�/� andKir6.1+/�mice, which

suggests that the lack of Kir6.1 is detrimental to the neurogenic

niche formation. On the other hand, no direct evidence showed

that Flx could affect the function of Kir6.1, but we recently demon-

strated that both Flx and Ipt could inhibit inflammation (data not

shown). These findings suggest that Flx may share a common

downstreammechanism in regulating adult neurogenesis.

Current experiments demonstrated that Ipt exerted its func-

tion via regulating the neurotrophic factors including BDNF and

FGF-2. BDNF is shown to play a role in neurogenesis as hetero-

zygous BDNF knockout mice (BDNF+/�) display reduced levels

of adult hippocampal neurogenesis [38]. FGF-2 mediates a vari-

ety of cellular responses during embryonic development and in

the adult organism, including the proliferation and survival of

NSCs [39]. It has been reported that administration of FGF-2

enhanced rat hippocampal neurogenesis. On the other hand,

lacking the FGF-2 receptor displayed defects in hippocampal

neurogenesis [40]. We noted that Ipt treatment increased the

expression of BDNF and FGF-2 in the hippocampus of adult

Kir6.1+/+ mice but not in Kir6.1+/� mice. The neurotrophic fac-

tors bind to the receptor tyrosine kinases [41] and induce the

activation of the signaling molecules such as PI3K/Akt [42]. Akt

is capable of phosphorylating and activating CREB [43] that can

induce the expression of classes of genes to regulate adult neuro-

genesis [44]. We found that chronic Ipt administration led to a

significant increase in the phosphorylation of Akt and CREB in

adult hippocampus of Kir6.1+/+ mice but not in Kir6.1+/� mice,

indicating that Ipt activates PI3k-Akt and CREB pathways

because of the opening of Kir6.1-composed K-ATP channels. So

we surmise that Ipt opens the Kir6.1-composed K-ATP channels

expressed in ANSCs, astrocytes, and microglia, which in turn

couple cellular metabolism to membrane potential. As Akt

appears to be common to signaling pathways that mediate the

energy metabolism [45], opening of Kir6.1 results in stimulation

of Akt. The transcriptional activity of CREB was enhanced by

Akt signals and then induced the expression of NGFs such as

FGF-2 and BDNF. Meanwhile, NGFs binding with their ligands

also induce the activation of Akt pathways [7], which can pro-

duce a positive feedback effect.

In conclusion, our study demonstrates that ANSCs express

Kir6.1-composed K-ATP channels that play important role in the

regulation of adult hippocampal neurogenesis. As a novel K-ATP

channel opener, Ipt potentiates the adult hippocampal neurogene-

sis via regulating BDNF and FGF-2 expression and enhancing the

Akt–CREB signaling. These findings give us an insight into the

therapeutic implication of Ipt in the diseases with adult neurogene-

sis deficiency, such as depression and neurodegenerative disorders.
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