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Abstract In the present study, we characterized the

expression and role of forkhead box O (FoxO3a) in kainic

acid (KA)-induced hippocampal neuronal cell death.

FoxO3a and pFoxO3a expression in the CA1, CA2, and

dentate gyrus regions in the hippocampus increased 0.5 and

1 h after intracerebroventricular administration of KA. In

addition, both FoxO3a and pFoxO3a expression in the

hippocampal CA3 region increased significantly and

equally for 1 h but decreased gradually for 24 h after KA

administration. In particular, the KA-induced increases in

FoxO3a and pFoxO3a expression in the hippocampal CA3

region were inhibited by pretreatment with the N-methyl-D-

aspartate (NMDA) receptor antagonist (MK-801, dizo-

cilpine, 1 lg/5 ll) or a non-NMDA receptor antagonist

(CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione, 0.5 lg/
5 ll). Furthermore, dizocilpine and CNQX produced a

neuroprotective effect against KA-induced neuronal death

in the CA3 region of the hippocampus. Our results suggest

that FoxO3a and pFoxO3 expression is upregulated by KA.

Both FoxO3a and pFoxO3a expression appear to be

responsible for KA-induced neuronal death in the CA3

region of the hippocampus.
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Introduction

Kainic acid (KA) is a non-degradable glutamate analog that

is 30-fold more neurotoxic than glutamate. This neuroex-

citant binds to a-amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid/KA receptors, which are a subtype of

ionotropic glutamate receptors in the brain (Bleakman and

Lodge 1998). Activation of the KA receptor elicits cellular

events, including increased in intracellular Ca2?, produc-

tion of reactive oxygen species (ROS), and other bio-

chemical events leading to neuronal cell death (Sun et al.

1992; Candelario-Jalil et al. 2001; Milatovic et al. 2002).

Neuronal cell death due to KA elicits severe status

epilepeticus in the pyramidal layer of the hippocampal

CA3 region (Sperk 1994) when KA is administered

intracerebroventricularly (i.c.v.). Neuronal death is one of

the most prominent features in several diseases of the

central nervous system, such as Alzheimer’s disease,

Parkinson’s disease, stroke, epilepsy, and spinal cord injury

(Benveniste et al. 1984; Simon et al. 1984; Perry et al.

2002; Arzimanoglou et al. 2002; Sapolsky 2003) possibly

because of excess activation of neurons by excitatory

neurotransmitters (e.g., glutamate), which are massively

released as a consequence of energy depletion and result in

excitotoxic neuron death (Rothman and Olney 1986; Beal

1992).

Forkhead box O (FOXO) is a transcription factor in the

large forkhead family of proteins that contains a conserved
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DNA-binding domain termed the forkhead box (FOX)

(Kaestner et al. 2000). These transcription factors are

involved in regulating metabolism, cell proliferation, stress

resistance, the immune system, and apoptosis (Horst and

Burgering 2007). Four members of the mammalian FoxO-

family have been identified, such as FoxO1, FoxO3a,

FoxO4 and FoxO6 (Jacobs et al. 2003). FoxO1 is detected

mainly in the dentate gyrus (DG), the striatum, and the

piriform cortex of the adult murine brain. Furthermore,

FoxO3a is expressed in the hippocampal formation (DG

and CA 1–3 regions), the neocortex, and the cerebellar

granule cells. FoxO6 is found mainly in the hippocampal

formation (DG and CA 1–3 regions) and the nucleus

accumbens (Hoekman et al. 2006). In situ hybridiza-

tion experiments of the mouse brain showed that FoxO1 is

strongly expressed in the striatum and neuronal subsets of

the hippocampus (DG and ventral/posterior part of the CA

regions), whereas FoxO3 is more diffusely expressed

throughout the brain, including all hippocampal areas, the

cortex, and cerebellum, suggesting a complementary role

for this FoxO protein to control cognitive and motor

function (Maiese et al. 2009). Moreover, FoxO6 is

expressed in various parts of the adult mouse brain,

including the entire hippocampus, the amygdalohip-

pocampal area, and the shell of the nucleus accumbens

(Hoekman et al. 2006). The FoxO family appears to be

activated in the central nervous system in response to

various stress stimuli, such as epileptic seizure and

oxidative stress, where it eliminates damaged neurons by

apoptosis. Epileptic brain injury in rats leads to activation

of FoxO1 and FoxO3a in hippocampal neurons and

upregulation of the proapoptotic gene Bim, leading to

neuronal apoptosis (Shinoda et al. 2004). Similarly, ultra-

violet damage to Drosophila retinal nervous tissue induces

apoptosis via FoxO by inducing the proapoptotic gene Hid

(Luo et al. 2007). The induction of apoptosis by FoxO in

the fly retina requires activation of the Jun amino-terminal

kinase (JNK) pathway, further supporting the idea that JNK

activates FoxO factors (Essers et al. 2004; Wang et al.

2005). Finally, oxidative stress induced by hydrogen per-

oxide treatment promotes apoptosis in rat primary cere-

bellar neurons by activating FoxO factors (Lehtinen et al.

2006).

The functions of the FoxO family in peripheral and

central nervous systems have been studied extensively;

however, their expression and function in the hippocampus

have not been well characterized. Thus, we examined the

effect of i.c.v. administration of KA on temporal expres-

sion of FoxO in the hippocampus and the possible

involvement of N-methyl-D-aspartate (NMDA) and non-

NMDA receptors in KA-induced FoxO expression in the

CA3 region of the hippocampus.

Materials and methods

These experiments were approved by the Hallym

University Animal Care and Use Committee (registration

number: Hallym 2014-47). All procedures were conducted

in accordance with the Guide for Care and Use of Lab-

oratory Animals published by the National Institutes of

Health.

Experimental animals

Male ICR mice (MJ Co., Seoul, Korea; weight, 23–25 g)

were used for all experiments. Animals were housed five

per cage in a room maintained at 22 ± 0.5 �C with an

alternating 12 h light–dark cycle. Food and water were

available ad libitum. The animals were allowed to adapt to

the laboratory for at least 2 weeks before testing. Experi-

ments were performed during the light phase of the cycle

(10:00–17:00).

Intracerebroventricular (i.c.v.) injection of drugs

The i.c.v. injection volume was 5 ll, and the injection sites

were verified by injecting a similar volume of 1 %

methylene blue solution and determining the distribution of

the injected dye in the ventricular space. The success rate

of prior injections with this technique was [95 %. The

i.c.v. administration method followed that described by

Haley and McCormick (1957). Each unanesthetized mouse

was grasped firmly by the loose skin behind the head, and

the skin was pulled taut. A 26-gauge needle attached to a

50 ll Hamilton syringe was inserted perpendicularly

through the skull into the brain, and the solution was

injected. The injection site was 2.4 mm either side of the

midline.

Immunocytochemistry

The hippocampal area (Bregma, -3.24 mm) was sectioned

coronally with a cryostat at a thickness of 45 lm.

Immunohistochemical staining was performed with the

Elite ABC Kit (Vector Laboratories, Burlingame, CA,

USA). Sections were first rinsed with 0.1 M PBS three

cFig. 1 Expression of FoxO3a after administration of kainic acid

(KA) (i.c.v.) in the hippocampal CA1–3 and dentate gyrus (DG)

regions. An immunohistochemical study of FoxO3a in the hippocam-

pal CA1–3 and DG regions (a–c) was carried out. FoxO3a-positive

cells in hippocampal CA1 (a, b), CA2 (d, e), CA3 (f, g), and DG (a,
c) regions were counted referencing to the mouse atlas at 0.5, 1, 3, 6

and 24 h after KA administration. Vertical bars in the column graph

indicate standard errors. Eight animals were used per group.

(**p\ 0.01, ***p\ 0.001 control vs. other groups)
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times for 10 min each and pre-incubated in 0.1 M PBS

containing 1 % bovine serum albumin (BSA) and 0.2 %

triton X-100 for 30 min. After rinsing twice with 0.1 M

PBS containing 0.5 % BSA for 10–15 min each, the sec-

tions were incubated with antibody against FoxO3a (1:200,

Ab Frontier, Deajeon, Korea) and pFoxO3a (1:200, Ab

Frontier) diluted with 0.1 M PBS containing 0.5 % BSA

and 0.05 % sodium azide at 4 �C. After overnight incu-

bation, the sections were rinsed and incubated with 1:200

biotinylated secondary antibody in 0.1 M PBS containing

Fig. 2 Expression of pFoxO3a after kainic acid (KA) administration (i.c.v.) in the hippocampal CA1–3 and dentate gyrus (DG) regions. An

immunohistochemical study of FoxO3a in hippocampal CA1–3 and DG regions (a, b, and c) was carried out. pFoxO3a-positive cells in

hippocampal CA1 (a, b), CA2 (d, e), CA3 (f, g), and DG (a, c) regions were counted referencing to the mouse atlas at 0.5, 1, 3, 6, and 24 h after

KA administration. Vertical bars in the column graph indicate the standard errors. Eight animals were used per group. (*p\ 0.05, **p\ 0.01,

***p\ 0.001 control vs. other groups)
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0.5 % BSA for 1 h at room temperature. After rinsing, the

sections were incubated with 1:200 ABC reagent diluted in

PBS for 1 h at room temperature and then rinsed with PBS

followed with 0.1 M phosphate buffer (PB). Finally, the

sections were incubated in the Sigma Fast DAB kit (Sigma,

St. Louis, MO, USA) until the desired stain intensity

developed. We standardized the lengths of DAB reaction

time (10 min for all brain sections) to allow for uniform

staining intensity across the experimental groups. Sec-

tions were rinsed with 0.1 M PB, mounted on gelatin-

coated slides, and dehydrated through an alcohol and

xylene series. We counted the numbers of pFoxO3a and

FoxO3a-positive cells in each section. Eight animals per

group were used for immunostaining.

Cresyl violet staining

After injecting KA, all mice were transcardially perfused

for 30 min (5 mg/kg phenobarbital was administered i.p. to

anesthetize the mice before perfusion) and post-fixed for

4 h in 4 % paraformaldehyde 1 day later. The brains were

cryoprotected in 30 % sucrose, the hippocampal area

(Bregma, -3.24 mm) was sectioned coronally (45 lm) on

a frozen microtome, and collected in cryoprotectant for

storage at -20 �C until processed. Sections were rinsed

3 9 10 min in phosphate-buffered saline (PBS) to remove

the cryoprotectant. The sections were mounted on micro-

scope slides (Fisher Scientific, Pittsburgh, PA, USA) and

dried in air. The slide-mounted brain sections were soaked

in a cresyl violet working solution (0.02 % in a buffer

solution of 0.2 % sodium acetate and 0.3 % glacial acetic

acid) for 2 min. Then, the slides were dehydrated through a

graded ethanol series, cleared in histoclear, and cover-

slipped using permount (Fisher).

Drugs

KA was purchased from Sigma Chemical Co. KA was

prepared in PBS as a vehicle. MK-801 (RBI, Natick, MA,

USA), and CNQX (6-cyano-7-nitroquinoxaline-2,3-dione)

(RBI) were prepared in saline as a vehicle.

Statistical analysis

The statistical analysis was carried out using the t test or

one-way analysis of variance with a Bonferroni post hoc

test using GraphPad Prism ver. 4.0 for Windows software

(GraphPad Software, La Jolla, CA, USA). p values\0.05

were considered significant. All values are expressed as the

mean ± standard error.

Results

Effect of KA on expression of hippocampal FoxO3a

and pFoxO3a

Immunohistochemistry was performed to determine hip-

pocampal expression of FoxO3a and pFoxO3a after KA

administration. As shown in Fig. 1d, FoxO3a expression

increased at 0.5 and 1 h after i.c.v. administration of KA

into the hippocampal CA1–3 and DG regions but returned

to the control level after 3 and 24 h. Similar to FoxO3a,

expression of pFoxO3a increased 0.5 and 1 h after i.c.v.

adminstration of KA in hippocampal CA1–3 and DG, but

returned to the control level at 3 and 24 h (Fig. 2a–d).

Effect of MK-801 and CNQX on KA-induced

neuronal cell death and expressions of FoxO3a

and pFoxO3a in the CA3 region of the hippocampus

The mice were pretreated with MK-801 (1 lg/5 ll) or

CNQX (0.5 lg/5 ll) for 10 min to examine the effect of

MK-801 and CNQX on KA-induced neuronal cell death

and expression of FoxO3a, and pFoxO3a in the CA3 region

of the hippocampus, and KA was administered i.c.v. Cell

death was measured by immunocytochemistry. As shown

in Fig. 3a, i.c.v. pretreatment with MK-801 or CNQX

attenuated KA-induced neuronal cell death in the CA3

region. In addition, the KA-induced increases in FoxO3a

and pFoxO3a in the CA3 region were attenuated by MK-

801 and CNQX (Fig. 3b, c).

Discussion

In this study, the roles of FoxO3a and pFoxO3a in the

regulation of hippocampal neuronal cell death induced by

KA were explored using NMDA or non-NMDA receptor

antagonists. The major findings were (1) increased phos-

phorylation of FoxO3a protein by KA, (2) increased

FoxO3a and pFoxO3a expression in hippocampal CA1–3

and the DG DG by KA, and (3) protection against KA-

induced hippocampal CA3 cell death by MK-801 and

CNQX. Taken together, these results suggest that KA

administered supraspinally causes neuronal cell death in

the CA3 region of the hippocampus by activating pFoxO3a

and pFoxO3a expression through activation of NMDA and

non-NMDA receptors.

FoxO3a and pFoxO3a expression increased in hip-

pocampal CA1, CA2, and the DG in response to KA. In

addition, FoxO3a and pFoxO3a expression in the hip-

pocampal CA3 region increased significantly for 1 h and
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then decreased gradually for 24 h after KA administration.

A previous study demonstrated that i.c.v. injected KA

causes specific hippocampal CA3 cell death (Lee et al.

2002). In other studies, KA has been implicated in oxida-

tive stress in the hippocampus (Wang et al. 2004). Under

conditions of oxidative stress, The FoxO3a factor is

phosphorylated by other protein kinases, including AMP-

dependent kinase, JNK, mammalian Ste20-like kinase, and

the CREB-binding protein (Salih and Brunet 2008). This

phosphorylation causes translocation of FoxO3a from the

nucleus and appears to result in cell cycle arrest, apoptosis,

and detoxification of ROS. Thus, KA-mediated oxidative

stress may induce the expression of phosphorylated

FoxO3a in the hippocampus.

FoxO3a may play a significant role in injuries involv-

ing cerebral ischemia and oxidative stress (Chong et al.

2005a, b). FoxO3a transcription is induced by cellular

hypoxia via direct binding of hypoxia-inducible factor

(HIF) to the FoxO3 promoter (Bakker et al. 2007). The

increased expression of FoxO3a results in enhanced cel-

lular survival by attenuating HIF-induced apoptosis.

Inhibiting or knockdown of FoxO3a gene activity in a

neuronal cell culture model mediates the ischemic pro-

tective effects of metabotropic glutamate receptors

(Chong et al. 2006). In contrast, expression of constitu-

tively nuclear FoxO3a promotes death of purified motor

neurons and cerebellar granule cells and has been linked

to FasL expression (Brunet et al. 1999). As a close

homolog to Akt, serum- and glucocorticoid-inducible

protein kinase increases cell survival by inhibiting

FoxO3a (Leong et al. 2003). Moreover, some studies have

demonstrated the neuroprotective effects of MK-801 and

CNQX (Kaku et al. 1991; Lee et al. 2002; Zagrean et al.

2014). In our previous study, we found the involvement of

both NMDA and non-NMDA receptors in KA-induced

pyramidal cell death in the CA3 region of the hip-

pocampus and that phosphorylation of extracellular regu-

lated kinase and dephosphorylation of CREB proteins

may play important functional roles in the CA3 pyramidal

cell death induced by KA (Lee et al. 2002). However, the

role of FoxO3a has not been demonstrated in KA-induced

hippocampal cell death. Thus, to investigate the role of

FoxO3a in KA-induced cell death, the effect of pretreat-

ment with MK-801 (NMDA receptor antagonist) or

CNQX (non-NMDA receptor antagonist) on KA-induced

hippocampal neuronal cell death and expression of FoxO

were examined. The results showed that MK-801 or

CNQX pretreatment exerted a neuroprotective effect

against KA-induced hippocampal CA3 neuronal cell

death. Furthermore, both MK-801 and CNQX reduced

KA-induced enhanced of FoxO3a and pFoxO3a expres-

sion in the hippocampal CA3 region. These findings

suggest that both FoxO3a and pFoxO3a are activated by

NMDA and non-NMDA receptors and play an important

role in KA-induced hippocampal CA3 neuronal death.

Kim et al. (2014), in part, supports our findings, as they

found that a systemic injection increases hippocampal

FoxO3a, suggesting that FoxO3a plays an important role

in KA-induced hippocampal neuronal cell death.

We conclude that KA administered supraspinally caused

neuronal cell death in the CA3 region of the hippocampus

by activating FoxO3a and pFoxO3a expression through

activation of NMDA and non-NMDA receptors.
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