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EPATOCYTE GROWTH FACTOR AS AN ENHANCER OF NMDA
URRENTS AND SYNAPTIC PLASTICITY IN THE HIPPOCAMPUS
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okyo 113-0033, Japan

bstract—Hepatocyte growth factor (HGF) promotes the sur-
ival and migration of immature neurons, but its role in the
ature brain has remained elusive. In the hippocampus of

uvenile rats, we found that the HGF receptor c-Met was
xpressed in neurons. Furthermore, it was highly Tyr-
hosphorylated, more so than in the liver under normal
onditions, suggesting that the receptor is activated and
hat HGF may act continuously in the intact brain. Exog-
nously applied HGF enhanced synaptic long-term poten-
iation (LTP) in the CA1 region of hippocampus, but did not
ffect long-term depression. We further found that HGF
ugmented N-methyl-D-aspartate receptor-mediated cur-
ents in both slices and dissociated neurons. This augmen-
ation is likely to underlie the enhancement of LTP. Con-
idering that the expression of both HGF and c-Met are
nown to be induced by ischemic stimuli, this modulation
ould provide a novel understanding of a neuronal regu-

atory systems shared with pathogenic ischemic states.
2004 IBRO. Published by Elsevier Ltd. All rights

eserved.

ey words: hepatocyte growth factor, scatter factor, hip-
ocampus, protein kinase C, N-methyl-D-aspartate, long-term
otentiation.

epatocyte growth factor/scatter factor (HGF) is a 103 kDa
eterodimeric protein (Michalopoulos et al., 1984; Naka-
ura et al., 1984) that is currently recognized as a multi-

unctional signaling molecule stimulating proliferation, mo-
ility and morphogenesis in a variety of cell types (for a
eview, see Maina and Klein, 1999). C-Met is a single
nown receptor for HGF and it is encoded by the c-met
roto-oncogene (Bottaro et al., 1991). It is a tyrosine-
inase type receptor, which is composed of a 50 kDa
-subunit and a glycosylated 145 kDa �-subunit (Gonzat-

ihaces et al., 1988).
Previous studies focused on the roles of HGF in the

eveloping brain, and revealed it to be a neural inducer

Corresponding author. Tel: �81-3-5841-4784; fax: �81-3-5841-4786.
-mail address: maki@mol.f.u-tokyo.ac.jp (M. K. Yamada).
bbreviations: ACSF, artificial cerebrospinal fluid; AMPA, �-amino-3-
ydroxy-5-methylisoxazole-4-propionic acid; AP5, 2-amino-5-phos-
honopentanoic acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione;
EPSPs, field excitatory postsynaptic potentials; HGF, hepatocyte
rowth factor; LTD, long-term depression; LTP, long-term potentiation;
AP-2, microtubule-associated protein-2; NMDA, N-methyl-D-aspar-
wate; PKC, protein kinase C.
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uring embryonic development (Streit et al., 1995), an
xonal chemoattractant (Powell et al., 2003), a neurotro-
hic and neuroprotective survival factor (Ebens et al.,
996; Hamanoue et al., 1996; Honda et al., 1995) and a
otogen for newborn interneurons (Powell et al., 2001). In

he adult brain, HGF and c-met are known to be induced by
schemia, injury and other diseases (Hayashi et al., 1998;
hang et al., 2000; Honda et al., 1995). However, in the
ormal state, the functions of HGF/c-Met in the organized
euronal network, such as in neuronal transmission, have
ot been elucidated.

In situ hybridization (Honda et al., 1995; Jung et al.,
994) and immunohistochemical (Korhonen et al., 2000)
tudies have indicated that the hippocampus is a promi-
ent site for the expressions of HGF and c-Met in the adult
NS. Here, we confirmed that c-Met protein was localized

n hippocampal neurons in adult brain, where it showed a
elatively high degree of Tyr-phosphorylation. Using ELISA
ethod, we also found a considerable amount of HGF
nd/or pro-HGF. These results suggested that HGF/c-Met
ignaling system that is continuously active in intact neu-
ons throughout life. HGF is known to be processed by
roteases, one of which, tissue plasminogen activator, is
eleased in a neuronal activity-dependent manner
Thewke and Seeds, 1999). On this basis, we evaluated
he effects of HGF on two forms of activity-dependent
ynaptic plasticity that are observed in the hippocampus,

ong-term potentiation (LTP) and long-term depression
LTD), both of which are thought to be important for infor-
ation processing in the brain (Bliss and Collingridge,
993). Furthermore, enhancement of N-methyl-D-aspar-

ate (NMDA) receptor functions was also investigated and
s discussed here as a possible mechanism underlying
GF-induced modulation of synaptic plasticity.

EXPERIMENTAL PROCEDURES

mmunochemical staining

our- to 5-week-old Wistar rats were used. With extreme care to
void internalization and degradation of c-Met, rats were anesthe-
ized with ether, and then rapidly perfused with ice-cold phosphate
uffer, followed by 4% paraformaldehyde. Cryo-sections (20 �m

n thickness) were sequentially treated with 0.1% Triton X-100 for
5 min, 1% goat serum for 1 h, a monoclonal antibody to c-Met
1:100 dilution; B-2: sc-8057; Santa Cruz, CA, USA) at 4 °C for
0–16 h, and finally a FITC-conjugated anti-mouse antibody (1:
000 dilution; GE Healthcare Bio-Sciences, Little Chalfont, UK) in
% goat serum for 3 h. Cultured hippocampal neurons prepared
rom embryonic day 18 rats (Yamada et al., 2002) were sequen-
ially treated with ice-cold 4% paraformaldehyde for 30 min, 0.1%
riton X-100 for 15 min and 1% goat serum for 1 h. The neurons

ere then incubated for 10–16 h with antibodies to microtubule-

ved.
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ssociated protein-2 (MAP-2; 1:4000 dilution; mouse monoclonal;
E Healthcare Bio-Sciences) and c-Met (1:200 dilution; m-Met,

abbit SP260: sc-162; Santa Cruz), and subsequently incubated in
exas Red-conjugated anti-mouse IgG (1:1000 dilution; Invitro-
en, CA, USA) and a FITC-conjugated anti-rabbit antibody (1:
000 dilution; GE Healthcare Bio-Sciences) in 1% goat serum at
°C for 3 h. Images were acquired with a laser scanning confocal
icroscope micro-radiance 2000/AG, MRC-1024 system (Bio-
ad, Cambridge, MA, USA) equipped with a TE300 microscope

Nikon, Tokyo, Japan).

reparation of membrane fractions and
mmunoprecipitation

embrane fractions of the hippocampus and liver were rapidly
repared from 20- to 22-day-old rats. All animal experiments
onformed to the Japanese Pharmacological Society guide for the
are and use of laboratory animals and guidelines of The Univer-
ity of Tokyo, with care to minimizing the number of animals and
heir suffering. The tissues were dissected, homogenized in nine
olumes of homogenization buffer (0.32 M sucrose, 10 mM Tris–
Cl [pH 7.5], 1 mM EDTA, 10 �g/ml leupeptin, 10 �g/ml pepstatin
, 2 mM Na3VO4, 2 mM PMSF) at 1000 r.p.m. for 12 strokes. The
omogenates were centrifuged at 1500�g for 10 min, and the
upernatants were re-centrifuged at 17,500�g for 10 min. The
esulting pellets were re-suspended in immunoprecipitation buffer
10 mM Tris–HCl [pH 7.5], 1 mM EDTA, 10 �g/ml leupeptin,
0 �g/ml pepstatin A, 2 mM PMSF, 2 mM sodium vanadate,
50 mM NaCl, 0.5% Triton X-100) and used as membrane frac-
ions. The vanadate has been reported as an effective inhibitor for
rotein tyrosine phosphatases in hepatocyte lysate with IC50 val-
es of 50 and 20 �M, respectively (Pugazhenthi et al., 1996). The
rotein concentrations of these fractions were determined by the
radford method.

For immunoprecipitation, each membrane fraction (8–10 mg
rotein in 1 ml) was pre-incubated with protein A-Sepharose
eads (4 �g; Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 3 h,
entrifuged at 800�g for 10 min to dissociate protein from the
eads and the supernatant was re-centrifuged at 10,000�g for 20
in to remove insoluble materials. The supernatant was rotated
vernight at 4 °C with a rabbit anti-c-Met antibody (SP260; 3 �g)
nd protein A-Sepharose beads (4 �g) and was washed three
imes with immunoprecipitation buffer. The bound proteins were
xtracted and analyzed by immunoblotting using another antibody
or c-Met (B-2). De-glycosylation was performed according to the
anufacturer’s instructions (Takara Bio, Tokyo, Japan). Briefly,
0 �l (5 U) glycopeptidase F and 2.5 �l 1 M Tris–HCl (pH 8.6)
ere added directly to the immunoprecipitates and incubated for
1 h at 37 °C.

mmunoblotting

embrane fractions or immunoprecipitates were boiled for 5
in in sample buffer (10% glycerol, 2% SDS, 5% 2-mercapto-
thanol, 0.005% Bromophenol Blue in Tris–HCl, pH 6.8) and
ubjected to 5% SDS-PAGE. After electroblotting, the blots
ere immersed in 5% skimmed milk/PBS (137 mM NaCl,
.7 mM KCl, 1.5 mM KH2PO4, and 8.1 mM Na2HPO4) supple-
ented with 0.1% Tween 20 for 1 h, and then reacted with a
onoclonal anti-c-Met antibody (1:250) for 10 –16 h at 4 °C.
fter several washes, the blots were incubated with HRP-
onjugated anti-mouse IgG (1:1000 dilution) for 1 h, and then

mmersed in ECL-plus reagents (GE Healthcare Bio-Sciences)
nd exposed to films. For labeling with an anti-phosphotyrosine
ntibody (1:500 dilution; PY20; Transduction Laboratories,
exington, KY, USA), 5% BSA in TBS-T solution (10 mM Tris–
Cl, 100 mM NaCl, 0.1% Tween 20) was used.

For blotting of NR1, cultured hippocampal neurons were sol-

bilized in a solution containing 2% Triton X-100, 25 mM NaF, s
00 nM calyculin A, 2 mM Na3VO4 and protease inhibitors.
he supernatants were collected and probed with an anti-
hospho(Ser896/897)-NR1 antibody (1:250 dilution; Upstate Bio-
echnology Inc., Lake Placid, NY, USA) and an anti-NR1 antibody
1:500 dilution; Chemicon International Inc., Temecula, CA, USA).

solution of 2% BSA was used for blocking. An inhibitor of protein
inase C, calphostin C, was obtained from Sigma-Aldrich. The
-ray films were scanned and the signal intensities were analyzed
sing the Scion Image software (Scion Corp., http://
ww.scioncorp.com).

lectrophysiology

ransverse slices of the hippocampus (400 �m) were rapidly
repared from male Wistar rats (3–5 weeks-old), and stored for at

east 1 h in a chamber containing artificial cerebrospinal fluid
ACSF; 124 mM NaCl, 26 mM NaHCO3, 10 mM glucose, 5 mM
Cl, 1.3 mM MgSO4, 1.24 mM KH2PO4 and 2.4 mM CaCl2), which
as aerated and circulated with a gas mixture of 95% O2/5% CO2

t 35 °C. Bipolar tungsten stimulating electrodes were positioned
n the stratum radiatum, and the field excitatory postsynaptic
otentials (fEPSPs) from the stratum radiatum were recorded
xtracellularly. The stimulus intensity was adjusted to obtain a
EPSP slope of about one-half the maximum response. Test stim-
lations (50 �s duration) were applied at intervals of 30 s. ACSF
as continuously perfused, and substituted with ACSF containing
rugs for the indicated times. The maximal slopes of the fEPSPs
ere collected for data analysis.

For recordings of cultured neurons, we used cells prepared
rom embryonic day 18 embryos after 10–12 days in vitro. Gluta-
ate receptors-mediated currents at holding potentials of �55 mV
ere recorded with a patch pipette filled with the following intra-
ellular solution (140 mM CsMeSO3, 1 mM MgCl2, 0.5 mM CaCl2,
mM EGTA, 10 mM HEPES and 4 mM Mg-ATP; adjusted to pH

.3 with CsOH or HCl). For recording of NMDA-mediated currents,
-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was added to the
erfusion solutions (140 mM NaCl, 2 mM KCl, 2 mM CaCl2,
.24 mM KH2PO4, 10 mM glucose and 10 mM HEPES; adjusted
o pH 7.3 with NaOH or HCl with or without 1.3 mM MgSO4;
upplemented with 1 �g/ml BSA and 1 �M tetrodotoxin). HGF
recombinant human HGF; a gift from Mitsubishi Pharma Co.,
saka, Japan) was included in the perfusion solution for the

ndicated duration in Fig. 4B. �-Amino-3-hydroxy-5-methylisox-
zole-4-propionic acid (AMPA) or NMDA was applied through a
hin tube settled near the cells for 3 or 10 s, respectively (Baba et
l., 2002). The peaks of the currents were measured; however,
he same tendency was observed in the plateau phase of the
MDA currents.

RESULTS

ocalization and Tyr-phosphorylation of c-Met in the
ippocampus

o confirm the presence of the HGF/c-Met signaling sys-
em in the mature hippocampus, the immunohistological
ocalization of c-Met protein in young adult rats was initially
tudied. Positive signals with an anti-c-Met antibody were
vident throughout the hippocampal formation (Fig. 1A).
ntense staining was found in the stratum radiatum, stra-
um pyramidale and stratum oriens, and relatively weak
ignals were found in the stratum lucidum and alveus
ippocampi, which are mainly the axonal pathway (Fig. 1B,
). The staining of the stratum pyramidale was uneven and
ot all of the somata appeared to be stained. This staining

n the somata may reflect an uneven level of c-Met expres-

ion among pyramidal cells. These patterns of c-Met ex-
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ression are mostly consistent with previous reports using
polyclonal antibody (Korhonen et al., 2000) and in situ

ybridization (Jung et al., 1994). When the localization was
urther analyzed in dissociated neurons of the hippocam-
us, positive signals for c-Met were observed in neurites
hat were also positive for MAP-2, a marker for neuronal
endrites (Fig. 1D, E). These results suggest that c-Met is
lso expressed in the dendrites of pyramidal cells.

We further characterized c-Met protein expression in
he hippocampus by immunoblotting analysis of mem-
rane proteins with an anti-c-Met antibody. A single band
as detected, which was 5–10 kDa smaller in molecular
eight than the c-Met band in the liver (140–150 kDa). The
maller protein in the hippocampus was found to be c-Met
ith shorter, or less, N-linked polysaccharides than those

ound in the liver, since the bands detected by the anti-c-
et antibody in the hippocampus and liver became the

ame molecular weight after treatment of the immunopre-

ig. 1. Localization and phosphorylation of c-Met (the HGF receptor)
n the hippocampus. (A–C) Immunoreactivity for c-Met is detected
hroughout the hippocampus (A), the CA3 area (B) and the CA1 area
C) of a young adult rat (4–5 weeks-old), i.e., the stratum pyramidale
sp), stratum radiatum (sr), stratum lacunosum-moleculare (slm) and
tratum oriens (so), except for the stratum lucidum (sl), dentate sub-
ranular zone of dentate gyrus (DG) and alveus hippocampi (al). (D, E)
mmunocytochemical localization of c-Met in cultured hippocampal
eurons at 10 days in vitro. Neurons in the same visual field stained
ith anti-c-Met (D) or anti-MAP-2 (E), a neuronal dendritic marker, are
hown. (F) Equal aliquots of proteins immunoprecipitated by an anti-
-Met antibody from hippocampus (Hippo) and liver (Liver) extracts
ere detected with anti-c-Met (upper panel) or anti-phosphotyrosine

lower panel) antibodies. The ratio of tyrosine-phosphorylation of c-
et, an index for the activated receptor, is higher in the hippocampus.
he same result was obtained in four independent experiments.
ipitates with endo-N-glycosidase (data not shown). b
When the immunoprecipitates were detected by immu-
oblotting with anti-c-Met (Fig. 1F, upper panel) or anti-
hosphotyrosine (Fig. 1F, lower panel) antibodies, the ratio
f the signal intensity for phosphotyrosine to that for c-Met,
n index for the activated receptor, was higher in the
ippocampus than in the liver (Fig. 1F) in four independent
xperiments.

GF content in the hippocampus

e next measured the HGF content by ELISA using a
at HGF EIA kit (Institute of Immunology, Tokyo, Japan).
he HGF, including pro-HGF, in the hippocampus was
.4�0.6 ng/mg of total protein. The accurate concentra-

ion of HGF in the extracellular milieu was hard to esti-
ate from this value, but the total content simply divided
y the total volume of the hippocampus was
.26�0.03 �g/ml, which far exceeds the concentrations

hat have been used in many experiments. Although the
ecretion and maturation of HGF should be considered
urther to elucidate the precise mode of action, our
ndings confirmed the presence of HGF in the intact
ippocampus.

ffects of HGF on neurotransmission and synaptic
lasticity

e next investigated the effects of exogenously applied
GF on neurotransmission and synaptic plasticity in
chaffer collateral/commissural fiber-CA1 synapses mea-
ured as fEPSP that were evoked in the stratum radiatum.
e recorded in CA1 region of the hippocampal slices that
ere obtained from young adult rats. HGF had no effect on

he baseline synaptic transmission (Fig. 2A) or paired-
ulse facilitation (Fig. 2B). In contrast, LTP elicited by
etanic stimulation (100 Hz for 1 s) was significantly en-
anced in the presence of 10 ng/ml HGF (Fig. 2C). On the
ther hand, HGF did not affect LTD induced by low-
requency stimulation (1 Hz for 15 min; Fig. 2D). Fig. 2E
resents a summary of the effects on the synaptic re-
ponses induced after various frequencies of stimulation
rom 0.33–100 Hz. HGF selectively enhanced the potenti-
tion of synaptic plasticity elicited by the stimulations at
0 Hz and 100 Hz.

ffects of HGF on NMDA currents

eeking a key to the mechanism underlying the effects,
e examined consecutive fEPSPs evoked by a brief

epetitive stimulation (five pulses at 100 Hz). Although
0 ng/ml HGF had no effect on the first two or three

EPSPs in the train, it enhanced the subsequent fEPSPs
Fig. 3A). In contrast to the first phase of fEPSP elicited
y the train, which was mainly mediated by AMPA-type
lutamate receptors, part of late phase of fEPSPs was
-amino-5-phosphonopentanoic acid (AP5)-sensitive
nd therefore mediated by NMDA receptors (data not
hown). Then, we induced the NMDA responses as
EPSPs in the Mg2�-free solution containing CNQX, a

2�
locker of the AMPA receptors, since Mg in a normal
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olution blocks NMDA receptor, as long as neurons are not
epolarized. As anticipated, the responses were enhanced
y 10 ng/ml HGF (Fig. 3B), indicating the possibility that HGF
nhanced LTP by modulating NMDA receptors. When tetanic
timulation (100 Hz for 1 s) was delivered in the presence of
5 �M d-AP5, an antagonist of NMDA receptors, HGF ac-
ompanying the stimuli failed to induce LTP (Fig. 3C), sug-
esting that the enhancement of LTP is not due to the addi-
ion of direct potentiation of the AMPA-mediated currents in
he long term.

ig. 2. HGF enhances LTP induction. (A) Bath application of 10 ng/m
ecordings at times �5 (1) and 20 (2) are shown in the inset. (B) Paired-p
fter perfusing 10 ng/ml of HGF for 15 min, tetanic stimulation at 100 Hz
timulation. Representative fEPSP recordings before (1) and 10 min after
in) induces LTD and this is not affected by 10 ng/ml of HGF. (E) Summ
fter stimulations at different frequencies (0.33 Hz for 60 min, 1 Hz for 15 m

n the presence of HGF. * P�0.05 vs. Control, Tukey’s test. The data re
We further investigated the currents induced by di- 1
ect application of AMPA or NMDA using whole-cell
ode patch-clamp recordings on cultured hippocampal
eurons, where immunoreactive signals for c-Met were

ound (Fig. 1D). A brief micro-perfusion of HGF onto
eurons enhanced NMDA (50 �M)-induced currents in a
oncentration-dependent manner (10 ng/ml to 1 �g/ml;
ig. 4B), but did not affect AMPA-induced inward cur-

ents recorded in normal Mg2� solution (Fig. 4A). A
ignificant augmenting effect of 100 ng/ml of HGF was
bserved at various concentrations of NMDA (10 �M to

has no effect on basal synaptic transmission. Representative fEPSP
tation is not significantly affected in the presence of 10 ng/ml of HGF. (C)
as conducted. HGF was also applied for another 5 min after the tetanic
us (2) are shown in the inset. (D) Low-frequency stimulation (1 Hz for 15
responses in the absence or presence of HGF on the synaptic plasticity
for 90 s, 30 Hz for 30 s and 100 Hz for 1 s). LTP is selectively enhanced
e mean�S.E.M. of eight to nine slices each.
l of HGF
ulse facili
for 1 s w
the tetan

ary of the
in, 10 Hz

present th
50 �M; Fig. 4C).
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rotein kinase C (PKC)-dependent phosphorylation
f the NMDA receptor

ince HGF has been shown to activate PKC in neurons
Machide et al., 1998), we tried to detect PKC-dependent

ig. 3. (A) Effects of HGF on consecutive fEPSPs evoked by brief
epetitive stimulations (5 pulses at 100 Hz). Although the first two or
hree fEPSPs in the train are unchanged 10 min after application of
0 ng/ml HGF, subsequent fEPSPs are significantly augmented. (B)

EPSPs in Schaffer collateral/commissural fiber-CA1 pyramidal cell
ynapses were recorded in Mg2�-free solution containing 10 �M
NQX to observe NMDA receptor-mediated currents; 10 ng/ml HGF
nhances the currents, which are completely abolished by perfusion of
5 �M d-AP5, an antagonist of the NMDA receptor (n	8). Represen-
ative recordings at �2 (1), 20 (2) and 40 min (3) are shown in the
nset. (C) In the presence of 15 �M d-AP5, HGF elicits no difference in
he fEPSP after tetanic stimulation (100 Hz for 1 s, at time 0, 109�4%,
	5).
hosphorylation of the NMDA receptor. An antibody for the d
ajor phosphorylation sites, Ser896/897, of NR1, an es-
ential subtype of the NMDA receptor, was used for im-
unoblotting, and the level of phosphorylation was found

o be increased in neurons treated with HGF (Fig. 5A, B).
re-treatment with a PKC inhibitor, calphostin C (100 nM),
revented the increase, suggesting that the phosphoryla-
ion is PKC-dependent and that is likely to be activated by
GF (Fig. 5B). In contrast, an adenylate cyclase inhibitor,
Q22536 (100 �M), failed to abolish the phosphorylation

123�8.6).

DISCUSSION

ur findings in this study have provided multiple lines of
vidence revealing functional presence of HGF/c-Met sig-
aling system in the CA1 region of the hippocampus. We
ave shown that a high level of HGF is found in the young
dult rat hippocampus, and that brain c-Met is more highly
yr-phosphorylated than liver c-Met. Furthermore, immu-
ohistochemical and immunocytochemical analyses re-
ealed that c-Met was localized predominantly in the den-
rites of neurons. In the CA1 region of hippocampal slices,
xogenously applied HGF enhanced LTP. In addition, we
ound that HGF augmented NMDA-induced inward cur-
ents in hippocampal slices and neurons. These findings
ndicate that HGF/c-Met signaling system is functionally
mportant in both the developmental process of the brain
nd the modulation of synaptic plasticity in the mature
NS.

In the experiment of the endogenous phosphorylation
f c-Met, we left the animals on the laboratory bench for at

east 1 h, occasionally fed snack foods, before killing.
lthough further precise experiments on the correlation
etween the phosphorylation and environmental factors
eed to be carried out, the level of change in the c-Met
hosphorylation might reflect the extent of the experience
f animals in the novel environment.

In this paper, we demonstrated that the direct target of
he HGF is not the AMPA-type receptors. Since the main
ediator of the fEPSP of Shaffer-CA1 synapses in the
resence of Mg2� is the AMPA receptors, if HGF directly
nhanced the activity of AMPA receptors, the first re-
ponse shown in inset of Fig. 3A and the slopes of fEPSP
hown in Fig. 3C would be affected. In addition to the
bove, we measured the effect of HGF on AMPA-evoked
urrents and observed no changes in the response as
hown in Fig. 4A.

The AMPA receptors are known to be modulated in the
rocess of LTP formation. It is well-established fact that the
nhancement of AMPA-current is the downstream event of
he NMDA current induced by high frequency stimulation
Malinow and Malenka, 2002). In fact, we could not entirely
xplain that the effect on the NMDA receptor is the sole
nd necessary mechanism for the enhancement of LTP

nduced by HGF. While multiple mechanisms underlie the
odulation of LTP, our work demonstrates that HGF-

nduced potentiation of NMDA current is one of them.
Our results in Fig. 4C, showing a leftward shift of the
ose-response curve of the NMDA-induced currents. We
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o not believe that HGF is capable of direct binding to
MDA receptors. Rather, the quantitative changes in the
onductance of NMDA currents, open probability, and/or
umber of working molecules on the plasma membrane
re more probable. Although the sites of NR1 analyzed in
ig. 5 in terms of PKC-phosphorylation do not mediate the
ctivation of the NMDA receptor per se (Zheng et al., 1999;
isatsune et al., 1997), the PKC-mediated phosphoryla-

ion of NR2A or NR2B, another component of the receptor,
an enhance the NMDA currents (Mori et al., 1993). This
robably occurs via trafficking of the receptor, since PKC-
ctivation has been reported to transfer NR1/NR2A, a type
f NMDA receptor complex that might be dominant in
ynapses, to the cell surface (Lan et al., 2001). Since HGF

s known to activate PKC in neurons (Machide et al., 1998),
t is possible that HGF mobilizes NMDA receptor mole-
ules and enhances the current via PKC activation.

Here, we propose that HGF-enhanced LTP is medi-
ted, at least in part, by changes in the NMDA receptor
ystem, which is necessary for LTP induction in the CA1
egion of the hippocampus. However, it seems inconsis-
ent that HGF failed to affect LTD, which would also require
MDA receptor activation. This may be due to a difference

n the subtypes of the NR2 subunit since it has been
uggested that NR2A and/or NR2B work for LTP while
R2C and/or NR2D work for LTD (Hrabetova et al., 2000).

f the effect of HGF on the NMDA receptor is mediated
ainly by PKC, the selectivity for LTP is consistent with the

electivity of the PKC-induced phosphorylation of NR2A
nd NR2B, and not of NR2C and NR2D (Mori et al., 1993;

ig. 5. Effects of HGF on the phosphorylation of the NR1 subunit of
he NMDA receptor. Hippocampal neurons were treated with HGF for
0 min. (A) Representative results for immunoblotting of phospho-NR1
phosphoserine896/897-NR1) and NR1 in the absence (control) or
resence of 10 ng/ml HGF. (B) The relative ratios of the phospho-
R1/NR1 immunoreactivities expressed as a percentage of control
ultures. HGF increases the phosphorylation of NR1 in a concentra-
ion-dependent manner (black columns), and this is blocked by the
ddition of a PKC-inhibitor, calphostin C (100 nM, gray column).
P�0.05 vs. Control, Tukey’s test following ANOVA (n	5).
ig. 4. HGF-induced potentiation of NMDA-induced inward currents in
ultured hippocampal neurons. (A) HGF has no effects on AMPA-
nduced inward currents recorded in normal Mg2� solution. The data
epresent the means�S.E.M. of four neurons. (B and C) Currents
licited by brief micro-perfusions of NMDA were recorded from cells
lamped at �55 mV in Mg2�-free solutions with CNQX and TTX.
epresentative NMDA (50 �M)-evoked currents in the absence or
resence of 100 ng/ml HGF are shown in the inset. The peak ampli-
udes of the responses were measured as the NMDA-induced cur-
ents. (B) HGF augments the currents in a concentration-dependent
anner. The data represent the mean�S.E.M. of six to 10 neurons per
oint. (C) NMDA concentration-response curves in the absence (open
ircles) or presence (closed circles) of 100 ng/ml HGF. The differences
re significant for each concentration of NMDA (P�0.01 with HGF vs.
ithout HGF, ANOVA, Tukey’s test). The data represent the
iao et al., 2001).
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In contrast to HGF, BDNF, which acts on a different but
imilar tyrosine-kinase type receptor to c-Met, attenuates
TD via PLC (Ikegaya et al., 2002). It may prove interest-

ng to analyze the differences in the downstream molecular
rofiles of ligands of other tyrosine-kinase receptors that
ave similar but different effects on plasticity in relation to
he stimulus frequency.

Characterizing downstream intracellular effecters of an
xtracellular signaling molecule is important in order to link

he molecule to a higher physiological and pathological
henomenon. In the case of HGF, it has been known to
ctivate PKC in neurons (Machide et al., 1998), and, at the
ame time, this activation has been demonstrated in isch-
mia as well as in plasticity. In the ischemic state, there
ave been many reports showing PKC-mediated phos-
horylation and/or activation of the NMDA receptor (Bickler
t al., 2004; Cheung et al., 2001; Hammond et al., 1994).

t has also been suggested that HGF is expressed and
ctivated under ischemic conditions (Hayashi et al., 1998;
onda et al., 1995; Zhang et al., 2000).

Persistent neural activity that has been observed in
ome of the working neurons in vivo (Egorov et al., 2002)
an also cause a local ischemia-like state in firing neurons.
hus, it is possible that the over-activated neurons secrete
GF in the ischemic state, and HGF may then enhance
TP, which would affect subsequent neuronal activity. LTP
ay therefore be a common mechanism that is shared by
ormal synaptic plasticity and neuronal responses to isch-
mia. HGF, which has been shown to be induced in isch-
mia, might be a key molecule linking normal neuronal
unction and ischemic responses.
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