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Abstract

We examined the effect of N-(4-acetyl-1-piperazinyl)-p-fluorobenzamide monohydrate (FK960), a novel anti-dementia drug, on

neurotrophic factor production in cultured rat astrocytes. FK960 (100 nM) increased mRNA and protein levels of glial cell line-derived

neurotrophic factor (GDNF). FK960 did not affect mRNA levels of neurotrophic factors other than GDNF. The effect of FK960 was not

affected by antagonists of dopamine and a7-nicotinic acetylcholine receptors. FK960 stimulated phosphorylation of mitogen-activated

protein/extracellular signal-regulated kinase (ERK) without any effect on phosphoryolation of p38 and c-Jun N-terminal kinase. FK960

increased the levels of c-Fos and phosphorylation of cAMP responsive element binding protein (CREB). The effect of FK960 on c-Fos was

inhibited by PD98059 (10 mM), an ERK kinase inhibitor, and cycloheximide (1 mg/ml), a transcription inhibitor, and the effect of FK960

on CREB phosphorylation was blocked by PD98059. The effect of FK960 on GDNF mRNA expression was attenuated by PD98059,

curcumin (10 mM), an activator protein-1 inhibitor, cycloheximide and actinomycin D (10 mg/ml). These results suggest that FK960

stimulates GDNF production in c-Fos- and CREB-dependent mechanisms in cultured astrocytes and that ERK signal is responsible for

both c-Fos expression and CREB phosphorylation in the cascades.
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1. Introduction

N-(4-Acetyl-1-piperazinyl)-p-fluorobenzamide mono-

hydrate (FK960), a novel anti-dementia drug, improves

memory deficits in rats [1] and monkeys [2]. In addition,

FK960 facilitates neurotransmission in the sub-regions of

the hippocampus [3] and increases synaptic density in the

hippocampal CA3 region of aged rats [4]. These effects of

FK960 were abolished by administration of cysteamine,

which was shown to deplete hippocampal somatostatin

[1,3]. The observation suggests that the effect of FK960 is

mediated by activation of the cholinergic-somatostatiner-

gic link in the hippocampal formation. In this line, Inoue

et al. [5] reported that FK960 enhanced high Kþ-evoked

release of somatostatin in the hippocampal slices. On the

other hand, Hodgkiss and Kelly [6] found that FK960

increased the amplitude of the excitatory postsynaptic

potentials in CA1 neurons of rat hippocampus and the

effect of FK960 was blocked by the a7-nicotinic acetyl-

choline receptor antagonists methyllycaconitine and a-

bungarotoxin. This finding suggests that a7-nicotinic acet-

ylcholine receptors are involved in the effect of FK960.

Alternatively, Tada et al. [7] have recently shown that

FK960 enhanced glutamate release from cultured hippo-

campal astrocytes and this effect was inhibited by H-89, a

Biochemical Pharmacology 68 (2004) 275–282

0006-2952/$ – see front matter # 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2004.03.023

Abbreviations: FK960, N-(4-acetyl-1-piperazinyl)-p-fluorobenzamide

monohydrate; GDNF, glial cell line-derived neurotrophic factor; BDNF,

brain-derived neurotrophic factor; NGF, nerve growth factor; bFGF, basic

fibroblast growth factor; RT-PCR, reverse transcription-polymerase chain

reaction; PKA, protein kinase A; MAP, mitogen-activated protein; ERK,

extracellular signal-regulated protein kinase; JNK, c-Jun N-terminal

kinase; AP-1, activator protein-1; CREB, cAMP responsive element

binding protein; MEM, minimum essential medium
* Corresponding author. Tel.: þ81-6-6879-8161; fax: þ81-6-6879-8159.

E-mail address: matsuda@phs.osaka-u.ac.jp (T. Matsuda).



protein kinase A (PKA) inhibitor. This suggests the new

idea that FK960 facilitates hippocampal neurotransmission

by targeting astrocytes.

Astrocytes play physiologically and pathologically

important roles in neuronal activities [8]. The cells produce

various neurotrophic factors including nerve growth factor

(NGF), brain-derived neurotrophic factor (BDNF) and

glial cell line-derived neurotrophic factor (GDNF), a

member of the transforming growth factor-b superfamily

[9]. These factors contribute to the growth, development,

and plasticity of selective neuronal populations in the

nervous system [10–12]. Neurotrophic factors are also

involved in memory acquisition processes and the patho-

genesis of psychotic disorders [13,14]. These observations

raise the possibility that neurotrophic factors are involved

in the effect of FK960. However, it is not known whether

the drug affects the production of neurotrophic factors in

astrocytes. We report here that FK960 increases GDNF

production. Furthermore, we examined the intracellular

signal mechanism for the effect of FK960 in increasing

mRNA expression of GDNF. Since we have studied the

role of mitogen-activated protein (MAP) kinases in the

effects of neuroprotective agents such as T-588 [15] and

CV-2619 [16] in cultured astrocytes, we focused on the role

of MAP kinase signal pathway.

2. Materials and methods

2.1. Materials

Drugs were obtained from the following sources:

MMLV reverse transcriptase, random hexanucleotides

and Taq DNA polymerase, Invitrogen (Carlsbad, CA);

RNase inhibitor, Takara (Shiga, Japan); Vistra Green,

Amersham (Buckinghamshire, UK); GDNF ELISA kit,

Promega (Madison, WI); BCA protein assay kit, Pierce

(Rockford, IL); 20-amino-30-methoxyflavone (PD98059),

and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-

pyridyl)1H-imidazole (SB203580), methyllycaconitine,

a-bungarotoxin and staurosporine, Calbiochem (La Jolla,

CA); anti-phospho-ERK1/2 and anti-ERK1/2 rabbit anti-

bodies, Cell Signaling Technology (Beverly, MA); anti-

phospho-p38 rabbit antibody, Biosource International

(Camarillo, CA); anti-p38 and anti-CREB rabbit anti-

bodies, R(þ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-

2,3,4,5-tetrahydro-1H-3-benzazepine (SCH23390), N-[2-

((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfona-

mide (H-89) and curcumin, Sigma–Aldrich Co. (St. Louis,

MO); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),

Tocris Cookson Ltd. (Bristol, UK); dizocilpine (MK-

801), Research Biochemical International (Natick, MA);

anti-c-Jun N-terminal kinase (JNK), anti-phospho-JNK

and anti-c-Fos rabbit antibodies, Santa Cruz Biotechnol-

ogy (Santa Cruz, CA); anti-phospho CREB rabbit anti-

body, Upstate Biotechnology (Lake Placid, NY); enhanced

chemiluminescence detection kit, NEN (Boston, MA).

FK960 was a gift from Fujisawa Pharmaceutical Co.

Ltd. (Osaka, Japan). All other chemicals used were of

the highest purity commercially available.

2.2. Astrocyte culture

All experimental protocols conformed to the Guiding

Principles for the Care and Use of Animals approved by the

Japanese Pharmacological Society. Astrocytes were pre-

pared from cerebrum of 1–2-day-old Wistar rats as

described previously [17,18]. Cells were seeded at

1 � 104 cells/cm2 in 75 cm2 culture flasks and grown in

Eagle’s minimum essential medium (MEM) supplemented

with 10% fetal calf serum. After the primary culture

reached confluence (10–14 days), the culture flasks were

shaken at 250 rpm overnight to remove small process-

bearing cells (mainly oligodendrocyte progenitors and

microglia) on the protoplasmic cell layer. The monolayer

cells were trypsinized, plated onto appropriate size culture

wells and grown for 14–21 days. At this stage, more than

90% of cells had glial fibrillary acidic protein. Astrocytes

were cultured in serum-free MEM for 48 h before treat-

ment with agents.

2.3. Measurement of neurotrophic factor mRNA levels

by reverse transcription-polymerase chain reaction

(RT-PCR)

Total RNA was extracted from cultured astrocytes

according to the acid-phenol method followed by repeated

isopropanol precipitation [19]. Briefly, astrocytes growing

in 35 mm dishes were homogenized in 250 ml of 4 M

guanidium thiocyanate, 25 mM sodium citrate (pH 7.0),

0.1 M 2-mercaptoethanol and 0.5% sarcosyl. The homo-

genate was mixed with water-saturated phenol (equal

volume) and chloroform/isoamylalchol ¼ 49:1 (1/50, v/v).

After centrifugation, the upper water phase was mixed with

an equal volume of isopropanol. Isopropanol precipitation

was repeated twice. cDNA was synthesized from 1 mg total

RNA with MMLV reverse transcriptase (200 U), random

hexanucleotides (0.2 mg) and RNase inhibitor (20 U) in

10 ml of a buffer supplied by the enzyme manufacture. The

reverse transcription product was added to PCR mixture

containing 0.2 mM dNTP mix, 5 mM of each oligonucle-

tide primer and 0.5 U Taq DNA polymerase in 15 ml of

buffer supplied by the enzyme manufacture. The following

primer pairs were used. GDNF [20], 50-ATGAAGT-

TATGGGATGTCGT-30 and 50-CAGGGTCAGATACATC-

CACA-30; BDNF, 50-ATGACCATCCTTTTCCTTACTAT-

GGT-30 and 50-TCTTCCCCTTTTAATGGTCAGTGTAC-

30; NGF [21], 50-TGGACCCAAGCTCACCTCA-30 and 50-
GTGGATGAGCGCTTGCTCCT-30; basic fibroblast

growth factor (bFGF) [22], 50-GCCTTCCCACCC GG-

CCACTTCAAGG-30 and 50-GCACACACTCCCTTGAT-

GGACACAA-30; neurotrophin-3 (NT-3) [23] 50-GC-
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TGATCCAGGCGGATATCT-30 and 50-GCTGATCCAG-

GCGGATATCT-30; b-actin, 50-GATGGTGGGTATGGGT-

CAGAAGGA-30 and 50-GCTCATTGCCGATAGTGAT

GACCT-30. The PCR products were separated through

1.5% agarose gel and stained with Vistra Green. The

amplified DNA fragment was visualized by FluroImager

595 (Amersham Bioscience, Sunnyvale, CA) and fluores-

cence intensity was measured with NIH Image 1.6. Pilot

experiments were performed to determine the range of

PCR cycle numbers where the density of amplified PCR

product was proportional to the amount of the applied

reverse transcription product. Expression levels of neuro-

trophic factor mRNAs were normalized by those of b-actin

mRNA. The primer for GDNF mRNA detected two tran-

scripts of GDNF mRNA and total of the two bands is

shown as mRNA level.

2.4. Determination of GDNF by enzyme-linked

immunosorbent assay (ELISA)

Astrocytes in six-well plates were cultured in serum-free

MEM for 48 h. Then, cells were treated with 100 nM

FK960 in 1 ml of serum-free MEM for 6 and 12 h. The

contents of immunoreactive GDNF released into culture

medium were determined using an ELISA kit according to

the supplier’s protocol.

2.5. Immunoblotting of MAP kinases and transcription

factors

Serum-starved cells in 35 mm dishes were incubated

with FK690 and the other agents in the serum-free MEM.

After the treatment, the cells were lysed in 60 ml of ice-cold

homogenate buffer (20 mM Tris–HCl (pH 7.4), 1% SDS,

2 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 20 mg/

ml aprotinin, 10 mM NaF and 2 mM Na3VO4) at 4 8C for

30 min. The lysate was centrifuged at 15,000 � g for

10 min at 4 8C, and aliquots were taken for protein deter-

mination using a BCA protein assay kit. The cell lysate

(20 mg protein) was applied to SDS-PAGE and blotted to

PVDF membranes. For measurement of phosphorylation

of MAP kinases, the blotted membranes were incubated

with an anti-phospho-ERK1/2 rabbit antibody (1:1000), an

anti-phospho-p38 rabbit antibody (1:1000) or an anti-

phospho-JNK rabbit antibody (1:1000) in Tris-buffered

saline containing 0.05% Tween-20 and 2% skimmed

milk. The membranes were subsequently incubated with

a peroxidase-conjugated secondary antibody and the

immunoreactive bands were detected with an enhanced

chemiluminescence detection kit. After detection of the

phospho-proteins, the antibodies were stripped from the

membrane by incubation with 62 mM Tris–HCl (pH 6.8),

2% SDS and 100 mM 2-mercaptoethanol at 50 8C for

30 min. Then, levels of ERK, p38 and JNK on the mem-

branes were measured by re-probing with rabbit antibodies

against ERK1/2 (1:2000), p38 (1:1000) and JNK (1:1000),

respectively. For measurement of transcription factor pro-

teins, the blotted membranes were incubated with rabbit

antibodies against c-Fos (1:800), phospho-CREB (1:1000)

and CREB (1:1000). The immunoreactive bands were

detected as described above.

2.6. Statistical analysis

Statistical analysis of the experimental data was carried

out by Student’s t-test or one-way ANOVA followed by the

Dunnett’s test, using a software package (Stat View 5.0) for

Apple Macintosh computer. Values of P < 0:05 were

considered to be significant, and results were expressed

as means � S:E.

3. Results

Fig. 1 shows the time course of the effect of FK960 on

mRNAs for several neurotrophic factors in cultured rat

astrocytes. FK960 at 100 nM increased the levels of GDNF

mRNA: the effect was maximum at 6 h after addition of the

drug and gradually reduced thereafter. In agreement with

the previous report [20], the primer used here detected two

transcripts of GDNF mRNA (Fig. 1A). FK960 did not

affect the levels of BDNF, NGF, NT-3, bFGF and b-actin

mRNAs during the treatment for 24 h (Fig. 1A and B).

Fig. 2 shows the dose-response curve for the effect of

FK960 on GDNF mRNA levels in cultured astrocytes. The

significant effect of FK960 on GDNF mRNA levels was

observed at the concentrations above 100 nM. The effect of

FK960 on GDNF was also observed at protein level.

Immunoreactive GDNF in the culture medium increased

at 6 and 12 h after FK960 at 100 nM and the levels were

25–60 pg/mg protein of astrocytes (Fig. 3).

It is known that GDNF production is increased by

activation of dopamine and glutamate (N-methyl-D-aspar-

tic acid (NMDA) and AMPA/kainite types) receptors in

cultured astrocytes and glioma [24,25]. The increases in

GDNF mRNA levels by FK960 were not affected by the

NMDA receptor antagonist MK-801 (1 mM), the AMPA/

kainate receptor antagonist CNQX (1 mM), the dopamine

D1 receptor antagonist SCH23390 (10 nM) and dopamine

D2 receptor antagonist haloperidol (100 nM) (Table 1). In

addition, methyllycaconitine (100 nM) and a-bungaro-

toxin (100 nM), nicotinic acetylcholine receptor antago-

nists, did not attenuate the effect of FK960 on GDNF

production, although they blocked the effect of FK960 on

synaptic transmission [6].

MAP kinases have key roles in the transcriptional

regulation of various genes. FK960 increased active (phos-

phorylated) forms of ERK1/2 in cultured astrocytes,

although it did not affect total levels of ERK1/2

(Fig. 4A). The significant effect of FK960 on phosphory-

lated forms of ERK1/2 was observed at 5 min after the

treatment and the increased level continued up to 30 min
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(Fig. 4B). FK960 did not increase the phosphorylated

forms of p38 and JNK in cultured astrocytes (Fig. 4A

and B). The phosphorylation of ERK1/2 by FK960 was

inhibited by the MAP/ERK kinase inhibitor PD98059

(10 mM) (IC50 ¼ 2–7 mM for MAP/ERK kinase [26])

(Fig. 4C). Treatment with 100 nM FK960 caused a tran-

sient increase in the levels of c-Fos, a subunit of transcrip-

tion factor AP-1, where the maximum effect was shown at

1–3 h and the c-Fos level returned to the basal level at 6 h

(Fig. 5A). The FK960-induced expression of c-Fos was

inhibited by cycloheximide (1 mg/ml, a protein synthesis

inhibitor) and PD98059 (10 mM), but not by the PKA

inhibitor H-89 (1 mM) (IC50 ¼ 0:05 mM for PKA,

0.5 mM for protein kinase G, 31 mM for protein kinase

C, 30 mM for Ca/calmodulin kinase [27]) (Fig. 5B and C).

FK960 increased the levels of phosphorylated form of

CREB, which is required for activation of this transcription

Fig. 1. Effect of FK960 on neurotrophic factor mRNA levels in cultured

astrocytes. Serum-starved astrocytes were treated with 100 nM FK960 for

0.5–24 h. (A) Typical patterns of RT-PCR products for GDNF, BDNF,

NGF, NT-3, bFGF and b-actin are indicated. (B) Time-courses of changes

in neurotrophic factor mRNA levels. Expression levels of neurotrophic

factor mRNAs were normalized by those of b-actin mRNA and shown as

percentage of control. The ratios of neurotrophic factor mRNA/b-actin

mRNA in non-treated astrocytes were as follows: GDNF, 0:162 � 0:035;

BDNF, 0:553 � 0:111; NGF, 0:579 � 0:101; NT-3, 0:860 � 0:033; bFGF,

0:692 � 0:088. Results are means � S:E: mean of 8–10 experiments.
*P < 0:05, **P < 0:01, ***P < 0:001 vs. zero-time (Dunnett’s test).

Fig. 2. Dose–response of the increases in astrocytic GDNF mRNA levels

by FK960. Astrocytes were treated with the indicated concentrations of

FK960 for 6 h. Expression levels of GDNF mRNA were normalized by

those of b-actin mRNA and shown as ratio of GDNF mRNA to that of b-

actin. Results are means � S:E: mean of 9–10 experiments. *P < 0:05,
**P < 0:01 vs. none (Dunnett’s test).

Fig. 3. Effect of FK960 on GDNF release from cultured astrocytes. Cells

in six-well plates were incubated in 1 ml of serum-free MEM with (closed

column) or without (open column) 100 nM FK960 for 6 and 12 h. Then,

concentrations of immunoreactive GDNF in the medium were measured by

an ELISA kit. Results are means � S:E: mean of six experiments.
*P < 0:05 vs. none (Student’s t-test).

Table 1

Effects of some receptor antagonists on the FK960-induced increase in

GDNF mRNA in cultured astrocytes

GDNF mRNA (a.u.)

None 0.179 � 0.033 (21)

FK960 (100 nM) 0.732 � 0.079*** (21)

FK960 þ MK-801 (1 mM) 0.655 � 0.240** (3)

FK960 þ CNQX (1 mM) 0.910 � 0.089*** (3)

FK960 þ SCH23390 (10 nM) 0.656 � 0.183** (6)

FK960 þ haloperidol (100 nM) 0.607 � 0.064*** (6)

FK960 þ methyllycaconitine (100 nM) 0.666 � 0.204** (6)

FK960 þ a-bungarotoxin (100 nM) 0.689 � 0.170** (6)

Cultured astrocytes were treated with 100 nM FK960 for 6 h. The receptor

antagonists were included in the medium 30 min before addition of

100 nM FK960. The expression levels of GDNF mRNA were normalized

by those of b-actin mRNA. Results are means � S:E: mean and the

numbers of experiments are in the parentheses.
** P < 0:01 vs. none (Student’s t-test).
*** P < 0:001 vs. none (Student’s t-test).
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factor, without affecting total levels of CREB protein

(Fig. 5A). The phoshorylation of CREB by FK960 was

inhibited by PD98059 and H-89 (Fig. 5B and C).

Cycloheximide (1 mg/ml) and actinomycin D, transcrip-

tion inhibitors, completely prevented FK960-induced

increase in astrocytic GDNF mRNA levels (Table 2).

The effect of FK960 was partially inhibited by PD98059

at 10 mM: further inhibition was not observed even at

100 mM (data not shown). The p38 inhibitor SB203580

(20 mM), the protein kinase C inhibitor staurosporine

(10 mM) and the intracellular Ca2þ chelator BAPTA/AM

(10 mM) had no effects on FK960-induced increase in

GDNF mRNA. The FK960-induced astrocytic GDNF

expression was partially inhibited by H-89 at 1 mM: further

inhibition was not observed even at 50 mM. In contrast,

KT5720 (2 mM), a specific inhibitor of PKA (Ki ¼ 50 nM

for PKA [28]), did not affect FK960-induced increase in

GDNF mRNA. Dexamethason (1 mM) and pyrrolidine

dithiocarbamate (100 mM) (IC50 ¼ 10–100 mM for NF-

kB-DNA complex formation [29]) did not affect the

increase in GDNF expression in cultured astrocytes.

Fig. 4. Effect of FK960 on the phosphorylation of ERK1/2, p38 and JNK.

(A) Astrocytes were treated with 100 nM FK960 for the time indicated.

Cell lysate was applied to SDS-PAGE followed by immunoblot analysis

with antibody against the phosphorylated form of ERK1/2, p38 or JNK

(top blots). Subsequently, the blots were re-probed with anti-ERK1/2, p38

and JNK antibodies to confirm that equal amount of proteins were loaded

in each lane (bottom blots). (B) Densitometric determination of

immunoreactive bands for the phosphorylated forms of ERK1/2, p38 and

JNK were carried out as described in Methods. Results are means � S:E:

mean of five experiments. *P < 0:05, **P < 0:01, ***P < 0:0001 vs. non-

treated cells (Dunnett’s test). (C) Effects of PD98059 on the FK960-

induced phosphorylation of ERK. Before treatment with FK960, cultured

astrocytes were pre-incubated with 10 mM PD98059 for 20 min. FK960

(100 nM) was added to the assay medium and cells were further treated for

10 min. The result is a representative of three experiments.

Fig. 5. Effect of FK960 on the levels of c-Fos, phosphorylated-CREB and

total-CREB. (A) Astrocytes were treated with 100 nM FK960 for 0.5–6 h.

Cell lysate was applied to SDS-PAGE followed by immunoblot analysis

with antibodies against c-Fos, phosphorylated CREB and CREB. The

result is a representative of four experiments. (B) Effects of PD98059, H-89

and cycloheximide (CHX) on the c-Fos expression and CREB phosphor-

ylation by FK960. PD98056 (10 mM), H-89 (1 mM) and cycloheximide

(1 mg/ml) were included in the assay medium 30 min before addition of

100 nM FK960. Then, astrocytes were incubated for 2 h. The result is a

representative of four experiments. (C) Quantification of c-Fos and

phosphorylated CREB proteins. Densities of immunoreactive bands for

c-Fos and phospho-CREB were determined as described in Section 2.

Results are means � S:E:M: of 4 experiments. *P < 0:05, **P < 0:01,
***P < 0:001 vs. none, #P < 0:05, ##P < 0:01 vs. FK960 (Student’s t-test).
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Curcumin (1 mM) (IC50 ¼ 6:9 nM for AP-1/DNA complex

formation [30]) inhibited partially the FK960-induced

GDNF mRNA expression. We confirmed that the inhibitors

at the concentrations used here had no effect on the basal

expression levels of astrocytic GDNF mRNA (data not

shown).

4. Discussion

In this study, we found that FK960 stimulated selectively

the expression of GDNF mRNA in cultured rat astrocytes

and this effect was accompanied by an increase in GDNF

production. Previous studies showed that the pharmacolo-

gical effect of FK960 might be mediated by somatostatin

[1,3,5] or nicotinic acetylcholine receptors [6]. In addition,

GDNF production is modulated by activation of glutamate

and dopamine receptors in cultured astrocytes [24,25]. In

the circumstances, we first examined whether these recep-

tors are involved in the effect of FK960 on GDNF mRNA

in cultured astrocytes, although the drug has been shown no

appreciable affinities for these receptors. The present study

shows that FK960-induced increase in GDNF mRNA

expression is not blocked by antagonists of nicotinic

acetylcholine, glutamate and dopamine receptors. These

observations suggest that the effect of FK960 on GDNF

mRNA is not mediated by the specific receptors in astro-

cytes. Although somatostatin receptors are present in

astrocytes [31], it is also unlikely that the somatostatin

system is involved in FK960-induced increase in GDNF

mRNA. We observed that the somatostatin synthesis inhi-

bitor cysteamine at 100 mM did not affect the FK960-

induced increase in GDNF mRNA (data not shown). In

addition, somatostatin and its mRNA are not detectable in

cortical astrocytes [32]. Thus, the mechanism by which

FK960 increases GDNF mRNA in astrocytes appears to be

different from those pointed out previously.

The present study examined the intracellular signals that

are responsible for FK960-induced increase in GDNF

mRNA in cultured astrocytes. FK960 increased phosphor-

ylation of ERK in cultured astrocytes. The effect of FK960

on MAP kinase family was specific for ERK: the drug did

not affect phosphorylation of p38 and JNK. Furthermore,

FK960 increased c-Fos protein and phosphorylation of

CREB, and these effects were inhibited by the MAP/

ERK kinase inhibitor PD98059. These observations sug-

gest that FK960 increases c-Fos expression and CREB

phosphorylation through activation of ERK1/2. The role of

ERK signal pathway in c-fos expression and CREB phos-

phorylation was also observed in endothelin B receptor

signaling in cultured astrocytes [33]. We also found that H-

89, a PKA inhibitor, inhibited FK960-induced increase in

GDNF mRNA and phosphorylation of CREB in cultured

astrocytes. However, we found that KT5720, other PKA

inhibitor, did not affect FK960-induced increase in CREB

phosphorylation and FK960 did not affect cAMP produc-

tion in cultured astrocytes (data not shown). These results

suggest that H-89 inhibits CREB phosphorylation in a

PKA-independent mechanism in cultured astrocytes. In

contrast, the recent studies show that the inhibitory effect

of H-89 on ERK is dependent on cAMP or PKA [34,35].

Then, it was unlikely that H-89 inhibited CREB phosphor-

ylation via ERK signal, although we did not examine the

effect of FK960 on ERK.

The present study shows the transcriptional regulation of

FK960-induced increase in GDNF mRNA in cultured

astrocytes. FK960-induced increase in GDNF mRNA

was inhibited by actinomycin D, cycloheximide,

PD98059, H-89 and curcumin. The inhibitions by actino-

mycin D and cycloheximide were complete, but those of

others were partial. PD98059 inhibited both the c-Fos

expression and CREB phosphorylation. Cycloheximide

inhibited the c-Fos expression but not CREB phosphoryla-

tion and H-89 inhibited the CREB phosphorylation but not

c-Fos expression. These observations suggest that FK960-

induced increase in GDNF mRNA is mediated by activa-

tion of c-Fos and CREB and the ERK signal plays a key

role in both the c-Fos expression and CREB phosphoryla-

tion. In agreement with this idea, endothelin-1 that causes

c-Fos expression and CREB phosphorylation increases

GDNF levels and the effect is inhibited by PD98059

[36]. There is evidence that NF-kB can regulate expression

[37,38]. But, we observed that dexamethason and pyrro-

lidine dithiocarbamate, which inhibited the NF-kB-

mediated increase in astrocytic GDNF expression [36],

did not affect FK960-induced increase in GDNF mRNA. It

Table 2

Effects of various signal transduction inhibitors on the FK960-induced

increase in GDNF mRNA in cultured astrocytes

GDNF mRNA (a.u.)

None 0.171 � 0.024 (36)

FK960 (100 nM) 0.836 � 0.048*** (36)

FK960 þ actinomycin D (10 mg/ml) 0.151 � 0.041a (8)

FK960 þ cycloheximide (1 mg/ml) 0.111 � 0.055a (8)

FK960 þ PD98059 (10 mM) 0.402 � 0.090*,b (8)

FK960 þ SB203580 (20 mM) 0.840 � 0.114*** (8)

FK960 þ BAPTA/AM (10 mM) 0.733 � 0.093*** (8)

FK960 þ staurosporine (10 mM) 0.708 � 0.099*** (8)

FK960 þ H-89 (1 mM) 0.460 � 0.093**,b (8)

FK960 þ KT5720 (2 mM) 0.905 � 0.056*** (6)

FK960 þ curcumin (1 mM) 0.306 � 0.113a (8)

FK960 þ dexamethason (1 mM) 0.698 � 0.130*** (8)

FK960 þ pyrrolidine dithiocarbamate (100 mM) 0.789 � 0.133*** (8)

Cultured astrocytes were treated with 100 nM FK960 for 6 h. The

inhibitors, except for dexamethason, were included in the medium 30 min

before addition of 100 nM FK960. Dexamethason was included in the

medium 24 h before addition of FK960. The expression levels of GDNF

mRNA were normalized by those of b-actin mRNA. Results are

means � S:E: mean and the numbers of experiments are in the parentheses.
* P < 0:05 vs. none.
** P < 0:01 vs. none.
*** P < 0:001 vs. none.
a P < 0:001 vs. 100 nM FK960 (Student’s t-test).
b P < 0:01 vs. 100 nM FK960 (Student’s t-test).
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is unlikely that NF-kB plays a role in the effect of FK960

on GDNF expression.

GDNF was initially isolated as a potent neurotrophic

factor for cultured dopaminergic neurons from the devel-

oping substantial nigra [39]. This neurotrophic factor

protects neurons in forebrain ischemia of animal models

and promotes survival and axonal re-generation of a wide

variety of neuronal populations in nerve injury models

[12,40–43]. With respect to cognitive function, exogenous

GDNF enhances synaptic efficiency and transmitter release

[44,45] and the study using GDNF heterogymous mutant

mice shows that endogenous GDNF plays an important

role in cognitive abilities [46]. Furthermore, astrocytic

GDNF production has been proposed to explain neuropro-

tective effects of deprenyl [47], melatonin [47], apomor-

phine [48], Vitamin D3 [49] and riluzol [50] and the

therapeutic effect of antidepressants [51]. In this study,

we observed that FK960 increased GDNF levels in cul-

tured astrocytes. The levels (20 pg/ml medium or 25–

60 pg/mg protein of astrocytes) are similar to those in

the previous studies [47–50] and corresponding to those in

rat brain (data not shown). Then, it is likely that GDNF

may be involved in the cognitive-enhancing effect of the

drug, although it is not known whether the increased levels

are enough to alter synaptic transmission.

In conclusion, we have found that FK960 selectively

increases GDNF mRNA in cultured astrocytes. Although

the exact mechanism for the selective increase in GDNF

mRNA is not known, the present study suggests that the

increase in GDNF mRNA is mediated by c-Fos and CREB,

which are regulated by an ERK signal. It is possible that

FK960, like T-588 [15], directly or indirectly interacts with

intracellular signal proteins to stimulate ERK signal.

Further studies are required to clarify how FK960 affects

the ERK signal in astrocytes.

Acknowledgments

This work was supported by grants from the Japan

Society for the Promotion of Science and the Mochida

Memorial Foundation for Medical and Pharmaceutical

Research.

References

[1] Yamazaki M, Matsuoka N, Maeda N, Ohkubo Y, Yamaguchi I. FK960

N-(4-acetyl-1-piperazinyl)-p-fluorobenzamide monohydrate amelio-

rates the memory deficits in rats through a novel mechanism of action.

J Pharmacol Exp Ther 1996;279:1157–73.

[2] Matsuoka N, Aigner TG. FK960 [N-(4-acetyl-1-piperazinyl)-p-fluor-

obenzamide monohydrate], a novel potential antidementia drug, im-

proves visual recognition memory in rhesus monkeys: comparison

with physostigmine. J Pharmacol Exp Ther 1997;280:1201–9.

[3] Matsuoka N, Satoh M. FK960, a novel potential anti-dementia drug,

augments long-term potentiation in mossy fiber-CA3 pathway of

guinea-pig hippocampal slices. Brain Res 1998;794:248–54.

[4] Moriguchi A, Nakano K, Yamaguchi I, Sano K, Noda K, Hashimoto

M, et al. FK960, a potential anti-dementia drug, increases synaptic

density in the hippocampal CA3 region of aged rats. Brain Res

2002;958:381–9.

[5] Inoue T, Wang F, Moriguchi A, Shirakawa K, Matsuoka N, Goto T.

FK960, a novel potential anti-dementia drug, enhances high Kþ-

evoked release of somatostatin from rat hippocampal slices. Brain

Res 2001;892:111–7.

[6] Hodgkiss JP, Kelly JS. Effect of FK960, a putative cognitive enhancer,

on synaptic transmission in CA1 neurons of rat hippocampus. J

Pharmacol Exp Ther 2001;297:620–8.

[7] Tada H, Uchino M, Nagai K, Nomura T, Kondoh T, Saito N, et al. The

anti-dementia drug FK960 stimulates glial glutamate release via a

PKA pathway. Mol Brain Res 2002;109:63–8.

[8] McCarthy KD, Salm AK. Pharmacologically-distinct subsets of astro-

glia can be identified by their calcium response to neuroligands.

Neuroscience 1991;41:325–33.

[9] Ridet JL, Malhotra SK, Privat A, Gage FH. Reactive astrocytes:

cellular and molecular cues to biological function. Trends Neurosci

1997;20:570–7.

[10] Schinder AF, Poo M. The neurotrophin hypothesis for synaptic

palasticitiy. Trends Neurosci 2000;23:639–45.

[11] Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal develop-

ment and function. Annu Rev Neurosci 2001;24:677–736.

[12] Airaksinen MS, Saarma M. The GDNF family: signalling, biological

functions and therapeutic value. Nat Rev Neurosci 2002;3:383–

94.

[13] Jankowsky JL, Patterson PH. Cytokine and growth factor involvement

in long-term potentiation. Mol Cell Neurosci 1999;14:273–86.

[14] Pierce RC, Bari AA. The role of neurotrophic factors in psychosti-

mulant-induced behavioral and neuronal plasticity. Rev Neurosci

2001;12:95–110.

[15] Takuma K, Fujita T, Kimura Y, Tanabe M, Yamamuro A, Lee E, et al.

T-588 inhibits astrocyte apoptosis via mitogen-activated protein ki-

nase signal pathway. Eur J Parmacol 2000;399:1–8.

[16] Takuma K, Yoshida T, Lee E, Mori K, Kishi T, Baba A, et al. CV-2619

protects cultured astrocytes against reperfusion injury via nerve

growth factor production. Eur J Parmacol 2000;406:333–9.

[17] Koyama Y, Yoshioka Y, Hashimoto H, Matsuda T, Baba A. Endothe-

lins increase tyrosine phosphorylation of astrocytic focal adhesion

kinase and paxillin accompanied by their association with cytoskeletal

components. Neuroscience 2000;101:219–27.

[18] Takuma K, Lee E, Enomoto R, Mori K, Baba A, Matsuda T. Ibudilast

attenuates astrocyte apoptosis via cyclic GMP signaling pathway in an

in vitro reperfusion model. Br J Pharmacol 2001;133:841–8.

[19] Hosoi R, Matsuda T, Asano S, Nakamura H, Hashimoto H, Takuma K,

et al. Isoform-specific up-regulation by ouabain of Naþ, Kþ-ATPase in

cultured rat astrocytes. J Neurochem 1997;69:2189–96.

[20] Appel E, Kolman O, Kazimirsky G, Blumberg PM, Brodie C. Reg-

ulation of GDNF expression in cultured astrocytes by inflammatory

stimuli. NeuroReport 1997;8:3309–12.

[21] Nemoto K, Fukamachi K, Nemoto F, Miyata S, Hamada M, Nakamura

Y, et al. Gene expression of neurotrophins and their receptors in

cultured rat vascular smooth muscle cells. Biochem Biophys Res

Commun 1998;245:284–8.

[22] Zaheer A, Zhong W, Uc EY, Moser DR, Lim R. Expression of mRNAs

of multiple growth factors and receptors by astrocytes and glioma

cells: detection with reverse transcription-polymerase chain reaction.

Cell Mol Neurobiol 1995;15:221–37.

[23] Marz P, Heese K, Dimitriades-Schmutz B, Rose-John S, Otten U. Role

of interleukin-6 and soluble IL-6 receptor in region-specific induction

of astrocytic differentiation and neurotrophin expression. Glia

1999;26:191–200.

[24] Ho A, Gore AC, Weickert CS, Blum M. Glutamate regulation of

GDNF gene expression in the striatum and primary striatal astrocytes.

NeuroReport 1995;6:1454–8.

Y. Koyama et al. / Biochemical Pharmacology 68 (2004) 275–282 281



[25] Kinor N, Geffen R, Golomb E, Zinman T, Yadid G. Dopamine

increases glial cell line-derived neurotrophic factor in human fetal

astrocytes. Glia 2001;33:143–50.

[26] Alessi DR, Cuenda A, Cohen P, Dudley DT, Saltiel AR. PD 098059 is

a specific inhibitor of the activation of mitogen-activated protein

kinase kinase in vitro and in vivo. J Biol Chem 1995;270:27489–

94.

[27] Chijiwa T, Mishima A, Hagiwara M, Sato M, Hayashi K, Inoue T, et al.

Inhibition of forskolin-induced neurite outgrowth and protein phos-

phorylation by a newly synthesized selective inhibitor of cyclic AMP-

dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-iso-

quinoinesulfonamide (H-89), of PC12D phenochromocytoma cells. J

Biol Chem 1990;265:5267–72.

[28] Kase H, Iwahashi K, Nakanishi S, Matsuda Y, Yamada K, Takahashi

M, et al. K-252 compounds, novel and potent inhibitors of protein

kinase C and cyclic nucleotide-dependent protein kinases. Biochem

Biophys Res Commun 1987;142:436–40.

[29] Schreck R, Meier B, Mannel DN, Droge W, Baeuerle PA. Dithiocar-

bamates as potent inhibitors of nueclra factor kappa B activation in

intact cells. J Exp Med 1992;175:1181–94.

[30] Park S, Lee DK, Yang CH. Inhibition of fos–jun–DNA complex

formation by dihydroguaiaretic acid and in vitro cytotoxic effects

on cancer cells. Cancer Lett 1988;127:23–8.

[31] Feindt J, Becker I, Blomer U, Hugo HH, Mehdorn HM, Krisch B, et al.

Expression of somatostatin receptor subtypes in cultured astrocytes

and gliomas. J Neurochem 1995;65:1997–2005.

[32] Shinoda H, Marini AM, Cosi C, Schwartz JP. Brain region and gene

specificity of neuropeptide gene expression in cultured astrocytes.

Science 1989;245:415–7.

[33] Schinelli S, Zanassi P, Paolillo M, Wang H, Feliciello A, Gallo V.

Stimulation of endothelin B receptors in astrocytes induces cAMP

response element-binding protein phosphorylation and c-fos expres-

sion via multiple mitogen-activated protein kinase signaling pathways.

J Neurosci 2001;21:8842–53.

[34] Klinger M, Kudlacek O, Seidel MG, Freissmuth M, Sexl V. MAP

kinase stimulation by cAMP does not require RAP1 but SRC family

kinases. J Biol Chem 2002;277:32490–7.

[35] Germack R, Dickenson JM. Characterization of ERK1/2 signalling

pathways induced by adenosine receptor subtypes in newborn rat

cardiomyocytes. Br J Pharmacol 2004;141:329–39.

[36] Koyama Y, Tsujikawa K, Matsuda T, Baba A. Endothelin-1 stimulates

glial cell line-derived neurotrophoc factor (GDNF) expression in

cultured rat astrocytes. Biochem Biophys Res Commun 2003;303:

1101–5.

[37] Baecker PA, Lee WH, Verity AN, Eglen RM, Johnson RM. Char-

acterization of a promoter for the human glial cell line-derived

neurotrophic factor gene. Mol Brain Res 1999;69:209–22.

[38] Tanaka M, Ito S, Kiuchi K. Novel alternative promoters of mouse glial

cell line-derived neurotrophic factor gene. Biochim Biophys Acta

2000;1494:63–74.

[39] Lin LFH, Doherty DH, Lile JD, Bektesh S, Collins F. GDNF: a glial

cell line-derived neurotrophic factor for midbrain dopaminergic neu-

rons. Science 1993;260:1130–2.

[40] Tomac A, Lindqvist E, Lin LF, Ogren SO, Young D, Hoffer BJ, et al.

Protection and repair of the nigrostriatal dopaminergic system by

GDNF in vivo. Nature 1995;373:335–9.

[41] Wang Y, Lin SZ, Chiou AL, Williams LR, Hoffer BJ. Glial cell line-

derived neurotrophic factor protects against ischemia-induced injury

in the cerebral cortex. J Neurosci 1997;17:4341–8.

[42] Kitagawa H, Hayashi T, Mitsumoto Y, Koga N, Itoyama Y, Abe K.

Reduction of ischemic brain injury by topical application of glial cell

line-derived neurotrophic factor after permanent middle cerebral

artery occlusion in rats. Stroke 1998;29:1417–22.

[43] Miyazaki H, Ono T, Okuma Y, Nagashima K, Nomura Y. Glial cell line-

derivedneurotrophicfactor modulates ischemia-inducedtyrosinehydro-

xylase expression in rat hippocampus. Eur J Neurosci 2000;12:2032–8.

[44] Wang CY, Yang F, He X, Chow A, Du J, Russell JT, et al. Ca2þ binding

protein frequenin mediates GDNF-induced potentiation of Ca2þ

channels and transmitter release. Neuron 2001;32:99–112.

[45] Malcangio M, Getting SJ, Grist J, Cunningham JR, Bradbury EJ,

Charbel-Issa P, et al. A novel control mechanism based on GDNF

modulation of somatostatin release from sensory neurons. FASEB J

2002;16:730–2.

[46] Gerlai R, McNamara A, Choi-Lundberg DL, Armanini M, Ross J,

Powell-Braxton L, et al. Impaired water maze learning performance

without altered dopaminergic function in mice heterozygous for the

GDNF mutation. Eur J Neurosci 2001;14:1153–63.

[47] Tang YP, Ma YL, Chao CC, Chen KY, Lee EH. Enhanced glial cell

line-derived neurotrophic factor mRNA expression upon (�)-deprenyl

and melatonin treatments. J Neurosci Res 1998;53:593–604.

[48] Ohta M, Mizuta I, Ohta K, Nishimura M, Mizuta E, Hayashi K, et al.

Apomorphine up-regulates NGF and GDNF synthesis in cultured

mouse astrocytes. Biochem Biophys Res Commun 2000;272:18–22.

[49] Wang JY, Wu JN, Cherng TL, Hoffer BJ, Chen HH, Borlongan CV,

et al. Vitamin D3 attenuates 6-hydroxydopamine-induced neurotoxi-

city in rats. Brain Res 2001;904:67–75.

[50] Mizuta I, Ohta M, Ohta K, Nishimura M, Mizuta E, Kuno S. Riluzole

stimulates nerve growth factor, brain-derived neurotrophic factor and

glial cell line-derived neurotrophic factor synthesis in cultured mouse

astrocytes. Neurosci Lett 2001;310:117–20.

[51] Hisaoka K, Nishida A, Koda T, Miyata M, Zensho H, Morinobu S, et al.

Antidepressant drug treatments induce glial cell line-derived neuro-

trophic factor (GDNF) synthesis and release in rat C6 glioblastoma

cells. J Neurochem 2001;79:25–34.

282 Y. Koyama et al. / Biochemical Pharmacology 68 (2004) 275–282


	Increase by FK960, a novel cognitive enhancer, in glial cell line-derived neurotrophic factor production in cultured rat astrocytes
	Introduction
	Materials and methods
	Materials
	Astrocyte culture
	Measurement of neurotrophic factor mRNA levels by reverse transcription-polymerase chain reaction (RT-PCR)
	Determination of GDNF by enzyme-linked immunosorbent assay (ELISA)
	Immunoblotting of MAP kinases and transcription factors
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


