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Abstract: Using primary cultured cortical neurons from
embryonic rat brains, we elucidated an a-amino-3-hy-
droxy-5-methyl-4-isoxazole propionate (AMPA)/kainic
acid (KA) receptor-mediated neuroprotective mechanism
through actions of nerve growth factor (NGF) in develop-
ing neurons. Neurotoxicity of KA in early days in vitro
neurons was quite low compared with the mature neu-
rons. However, pretreatment with anti-NGF antibody or
TrkA inhibitor AG-879 profoundly raised KA toxicity. Fur-
thermore, KA stimulation resulted in an increase of Trk A
expression and phosphorylation, which was blocked not
only by the AMPA/KA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione and AG-879, but also by the
phospholipase C inhibitor U73122 and the intracellular
calcium chelator BAPTA. A study of polyphosphoinosi-
tide turnover showed that KA-stimulated phospholipase
C (PLC) activity was directly triggered by the AMPA/KA
receptor activity, but not by the activity of TrkA or other
excitatory amino acid receptor subtypes. Sources of KA-
increased intracellular calcium levels were contributed by
both extracellular calcium influx and intracellular calcium
release and were partially sensitive to guanosine 59-O-(2-
thiodiphosphate). These results indicate that in develop-
ing cortical neurons, activation of AMPA/KA receptors by
KA may induce expression, followed by activation of TrkA
via PLC signaling and intracellular calcium elevation and
hence increase reception of NGF on KA-challenged neu-
rons. A G protein-coupled AMPA/KA receptor may be in-
volved in these metabotropic events for neuronal protec-
tion. Key Words: Kainic acid—a-Amino-3-hydroxy-5-
methyl-4-isoxazole propionate/kainic acid receptors—
Neuroprotection—Phospholipase C—Nerve growth
factor—Calcium.
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In the mammalian brain, excitatory amino acids
(EAAs), mainly glutamate and aspartate, function as
neurotransmitters mediating the vast majority of excita-
tory synaptic transmissions and also as neurotrophic fac-
tors for neuronal development (for review, see Mc-
Donald, 1993). In neonatal brains, the ionotropic EAA
receptors NMDA anda-amino-3-hydroxy-5-methyl-4-

isoxazole propionate (AMPA)/kainic acid (KA) recep-
tors display a sequential participation in neuronal exci-
tation (Ben-Ari et al., 1997). When reaching the adult
stage, these ionotropic receptors mainly mediate rapid
synaptic transmissions, and an excessive degree of re-
ceptor activation may lead to neuronal cell death, known
as glutamate excitotoxicity (Olney, 1986). KA in partic-
ular is a potent neurotoxin commonly used to induce
severe seizures and a pattern of hippocampal damage
similar to Ammon’s horn sclerosis in adult rats (Nadler
et al., 1978; Lothman and Collins, 1981). In developing
brains, however, administration of KA failed to produce
neurotoxicity in various experimental systems (Cam-
pochiaro and Coyle, 1978; Albala et al., 1984; Holmes
and Thompson, 1988; Sperber et al., 1991). Instead, low
doses of EAAs appear to exert trophic effects such as
increases in survival and neurite outgrowth of cultured
neurons derived from hippocampus, cerebellum, and spi-
nal cord (Bala´zs and Hack, 1990; Cohen-Cory et al.,
1991). A critical level of EAA receptor activation could
be required for normal development: Underactivation
can retard or disrupt normal development, whereas over-
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excitation can lead to neuronal injury and destruction
(McDonald and Johnston, 1993).

The fact that AMPA/KA receptors are more perme-
able to Ca21 in developing neurons implies that neuro-
trophic activity of the receptor could be mediated by
calcium entry (Hume et al., 1991; Monyer et al., 1991;
Kohler et al., 1993; Pellegrini-Giampietro et al., 1997).
In 1994, we demonstrated that calcium-dependent,
2-amino-4-phosphono-S-butanoic acid (L-AP4)-insensi-
tive polyphosphoinositide (poly-PI) turnover, resulting
from activation of phospholipase C (PLC) to generate
second messenger inositol triphosphate, was elicited by
AMPA and KA specifically in premature cultured neu-
rons (Lee et al., 1994). This information suggests that the
developmental role of the AMPA/KA receptor is based
on its regulation of calcium and inositol trisphosphate,
the major signals regulating electrical excitability and
neurite outgrowth via intercellular diffusion (Kater and
Mills, 1991; Kandler and Katz, 1995).

Neuronal development requires a group of proteins
known as neurotrophic factors in the extracellular envi-
ronment to regulate survival, growth, morphological
plasticity, or synthesis of proteins for differentiated func-
tioning of neurons (Hefti et al., 1993). The neurotrophins
(NTs) are a family of related neurotrophic factors, in-
cluding nerve growth factor (NGF), brain-derived neu-
rotrophic factor, NT-3, and NT-4/5. NGF, which is re-
sponsible for synaptic targeting and nerve regeneration,
binds to its target cells bearing its receptors, namely,
TrkA with high affinity and p75NTR with low affinity, to
autophosphorylate their tyrosine residues (Bothwell,
1991; Barbacid, 1995). Several investigations have
shown that interruption of NGF-mediated signaling in
neonatal animals could result in irreversible degeneration
or mistargeting of developing neurons. Conversely, ex-
ogenous NGF treatment was found to prevent the natu-
rally occurring cell death of developing sympathetic neu-
rons (Johnson et al., 1980; Fagan et al., 1996).

Interactions between EAAs and NT-mediated cell sig-
naling in developing brains are complex and largely
remain unclear. AMPA/KA receptors have drawn partic-
ular attention because their activation has been associ-
ated with increased expressions of NT mRNAs (Zafra
et al., 1990; Cohen-Cory et al., 1991). Therefore, this
article presents our studies in elucidating the signaling
mechanism of KA-induced neurotrophic activity in de-
veloping rat cortical neurons. Sequential events occur-
ring on KA stimulation, such as intracellular calcium
elevation, TrkA expression and phosphorylation, in-
volvement of G protein, poly-PI turnover, and neuronal
survival, were investigated.

MATERIALS AND METHODS

Materials
Pregnant female Sprague–Dawley rats were obtained

from the National Institute of Experimental Animal Re-
search (Taipei, Taiwan, Republic of China). Basal medium
Eagle and fetal calf serum were obtained from Life Tech-

nology (Gaithersburg, MD, U.S.A.). KA, 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), (6)-2-amino-5-phosphono-
valeric acid [(6)-AP5], 49,5,7-trihydroxyisoflavone (genistein),
1-[6-[[(17b)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]-
hexyl]-1H-pyrrole-2,5-dione (U73122), and tetrodotoxin
(TTX) were obtained from Research Biochemicals Interna-
tional (Natick, MA, U.S.A.). 3,5-Di-tert-butyl-4-hydroxyben-
zylidenecyanthioacetamide (AG-879) was obtained from
Biomol (Plymouth Meeting, PA, U.S.A.). The Vectastain ABC
kit and the horseradish peroxidase-chemiluminescence western
blotting kit were obtained from Vector Laboratories (Burlin-
game, CA, U.S.A.) and Pierce (Rockford, IL, U.S.A.), respec-
tively. myo-[3H]Inositol and Hybond ECL nitrocellulose mem-
branes were obtained from Amersham Life Science (Little
Chalfont, Bucks, U.K.). Protein A-Sepharose for immunopre-
cipitation was from Pharmacia Biotech (Uppsala, Sweden).
Polyclonal antibodies to NGF and TrkA and monoclonal anti-
bodies to phosphotyrosine were purchased from Chemicon
(Temecula, CA, U.S.A.), Santa Cruz Biotechnology (Santa
Cruz, CA, U.S.A.), and Upstate Biotechnology (Lake Placid,
NY, U.S.A.), respectively. Most reagents applied in the follow-
ing experiments were dissolved in Earle’s balanced saline
solution (EBSS; 117 mM NaCl, 1 mM NaH2PO4, 5.3 mM KCl,
26 mM NaHCO3, 0.8 mM MgSO4, 1.8 mM CaCl2, and 5.6 mM
D-glucose). The stock solution of AG-879 was prepared in
dimethyl sulfoxide at 1 mM. All common reagents were pur-
chased from Sigma (St. Louis, MO, U.S.A.) or Merck (Darm-
stadt, Germany).

Primary culture of cortical neurons
Primary cortical cultures were prepared as described previ-

ously (Lee et al., 1994) with minor modifications. In brief,
cerebral cortex was dissected from fetal rats at embryonic day
16–18. Cortical tissue was mechanically dissociated through a
14-gauge metal needle, washed three times, and finally plated
onto poly-L-lysine-coated culture plates at a density of;1
3 106 cells per 35-mm-diameter culture dish or 53 105 cells
per well of 24-well culture plates with basal medium Eagle
supplemented with sodium bicarbonate (13.1 mM), D-glucose
(13.9 mM), L-glutamine (2.0 mM), and heat-inactivated fetal
calf serum (20%). Cells were initially incubated for 30–45 min
in a humidified incubator with 5% CO2 at 37°C for monolayer
attachment, after which the medium was replaced by serum-
free basal medium Eagle. Cells were thereafter maintained in
5% CO2 at 37°C. Cultures obtained under these conditions
appeared to contain mostly neuronal cells [.85% (Lee et al.,
1994)].

Quantitative assay of neuronal cell death
Neuronal cell death was visualized qualitatively with micro-

scopic observations and then quantified by measuring the ac-
tivity of lactate dehydrogenase (LDH) released from damaged
cells into the extracellular fluid as described previously (Deu-
pree et al., 1996). Cultured neurons were equilibrated with
newly changed basal medium Eagle for 1 h, followed by
enzyme inhibitors or antagonist pretreatment for 20 min and
KA stimulation for 5–15 min or 30–45 min as the brief or
prolonged treatment, respectively. The culture medium of the
treated neurons was harvested 12–16 h after the stimulants
were removed. For the LDH assay, 0.5 ml of medium was
incubated with 0.2 mg ofb-NADH in 2.4 ml of 0.1M phos-
phate buffer for 5–15 min at room temperature. The absorbance
at a wavelength of 340 nm was measured for 3 min immedi-
ately after 0.1M sodium pyruvate was added to the mixture.

J. Neurochem., Vol. 74, No. 6, 2000

2402 Y.-H. LEE ET AL.



The unit activity of LDH was defined as the decrease ofA340 in
one min, multiplied by 1,000, in 1 ml of sample.

Western blot analysis of TrkA
Cultured neurons with designated treatment were harvested

with ice-cold homogenizing buffer (50 mM Tris-HCl contain-
ing 1 mM EDTA, 1 mM sodium orthovanadate, trypsin inhib-
itor, 0.5 mM phenylmethylsulfonyl fluoride, and 10mg/ml
leupeptin, pH 7.4). Cells were sonicated and centrifuged at
100,000g for 30 min to obtain the crude membrane fraction in
the pellet. To determine factors that affect TrkA expression, 20
mg of the pellet protein was separated onto 7% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, transferred to a Hy-
bond ECL nitrocellulose membrane, probed with the anti-TrkA
antibody and biotin-labeled anti-mouse IgG, and visualized by
horseradish peroxidase-reactive chemiluminescence. To quan-
tify phosphorylated TrkA further, 30mg of membrane protein
was lysed in lysis buffer [homogenizing buffer plus 0.5%
Igepal CA-630 (Sigma)] and incubated with 20ml of washed
protein A and 5mg of anti-phosphotyrosine for 12 h at 4°C.
After incubation, the immune complexes were washed three
times with lysis buffer and twice with homogenizing buffer.
Tyrosine-phosphorylated proteins were then eluted from
Sepharose beads by adding 30ml of 23 Laemmli’s sample
buffer, boiled for 5 min, and collected in the supernatant after
centrifugation. TrkA was then detected in the eluted proteins by
western blot analysis using anti-TrkA antibody. The relative
density of the protein band in the western blot was further
analyzed using the Digital Science Electrophoresis Documen-
tation and Analysis System (Eastman Kodak Co., Rochester,
NY, U.S.A.).

Poly-PI turnover analysis
Poly-PI turnover in cultured neurons was determined by

prelabeling cells with 1mCi of myo-[3H]inositol/106 cells for
6 h in 5% CO2 at 37°C, followed by three washes for 10 min
each with EBSS containing 10 mM LiCl and agonist stimula-
tion for 45 min with a final volume of 0.6 ml. All incubations
described above were in 5% CO2 at 37°C. The stimulation was
terminated by 4 volumes of chloroform/methanol (2:1 vol/vol)
to extract phosphatidylinositol (PI) and inositol phosphates
(IPn). The aqueous phase of the mixture, which contained
labeled IPn, was eluted from the AG1-X8 (Bio-Rad) anion
exchange column by 400 mM sodium formate in 100 mM
formic acid. The organic phase contains labeled PI, which was
air-dried and directly counted for radioactivity with a scintil-

lation counter. Levels of poly-PI turnover were expressed as the
[3H]IPn/[3H]PI ratio, which normalizes variations in incorpo-
ration of [3H]inositol in cultures.

Measurement of intracellular Ca21 concentration
([Ca21]i)

[Ca21]i was measured in cortical neurons cultured on cov-
erslips with the calcium-sensitive dye fura-2/AM as described
by Yang et al. (1994). Cells were incubated with 1 ml of basal
medium Eagle’s containing 5mM fura-2/AM for 45 min at
37°C. At the end of the loading period, the coverslip was
washed twice with physiological buffer solution containing 125
mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2, 0.5 mM
NaH2PO4, 5 mM NaHCO3, 10 mM HEPES, and 10 mM glu-
cose, pH 7.4. Cells were incubated in physiological buffer
solution for another 30 min to complete dye deesterification.
The coverslip was inserted at a 45° angle to the excitation beam
into a quartz cuvette and placed in the thermostatted holder of
an SLM 8000C spectrofluorometer. Fluorescence of Ca21-
bound and unbound fura-2 was measured by rapidly alternating
the dual excitation wavelengths between 340 and 380 nm and
electronically separating the resultant fluorescence signals at an
emission wavelength of 510 nm. The values of the ratio (R) of
the fluorescence at the two wavelengths were computed and
used to calculate changes in [Ca21]i. Ratios of maximal (Rmax)
and minimal (Rmin) fluorescence of fura-2 were determined by
addition of ionomycin (10 mM) in the presence of physiolog-

FIG. 1. EAA neurotoxicity in developing cortical neurons. Cul-
tured cortical neurons at various DIVs were stimulated by 500
mM KA (F) or NMDA (E) for 5–15 min, and the degree of cell
death was quantified by LDH release analysis. Data are ex-
pressed as percent increase of LDH release over the basal level
of culture in each DIV and are mean 6 SEM (bars) values (n 5 4).

FIG. 2. Effect of TrkA inhibitors and anti-NGF on KA toxicity in
developing cortical neurons. A: Cultured cortical neurons at 4
DIV were pretreated with 10 mM genistein (GE) or 10 mM AG-879
(AG) for 30 min, followed by 500 mM KA stimulation for 15 min or
an equal volume of EBSS as the control (CTL). B: Neurons at 4
DIV were pretreated with anti-NGF antibody (aNGF; 4 mg/ml),
followed by brief (15-min) or prolonged (30-min) 500 mM KA
stimulation. *p , 0.05, compared with their respective CTL; 1p
, 0.05, compared with the respective KA stimulation group.
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ical buffer solution containing 5 mM Ca21 and by adding 5 mM
EGTA at pH 8 in Ca21-free physiological buffer solution,
respectively. The [Ca21]i was obtained from the following
equation: [Ca21]i 5 KD 3 b 3 (R 2 Rmin)/(Rmax 2 R), in
which KD 5 224 nM andb 5 6.9352 were assumed.

RESULTS

Neurotoxicity of KA in cortical neurons
during development

At first, to know how cultured neurons at various
developing stages would respond to KA, neurons at
selected days in vitro (DIVs) were tested for their sus-
ceptibilities to 500mM KA stimulation. In parallel, stim-
ulation with NMDA, known as the most excitotoxic
EAA, was also conducted for comparison. Using LDH
release assay to quantify cell death, it was found that
neurotoxicity of both EAA agonists was low in the 2–10
DIV period and increased thereafter (Fig. 1). During the
2–10 DIV period, the toxicity of both KA and NMDA
was relatively low. When cultured neurons reached mat-
uration, significant neurotoxicity appeared slightly ear-
lier in the NMDA group (at 12 DIV) than in the KA
group (at 14 DIV). This result indicates that EAAs at
high concentration are indeed not as excitotoxic to de-
veloping neurons as to well-developed neurons. One of
the reasons for this phenomenon could be due to a
neuroprotective mechanism triggered by EAA stimula-
tion to survive EAA-challenged neurons. The following
studies were hence conducted based on this hypothesis.

Effects of tyrosine kinase inhibitors and anti-NGF
on neuroprotective effect of KA in
developing neurons

Neurotrophic factors, such as NGF, are known to be
neuroprotective via activation of the TrkA receptor. We
therefore examined its involvement in AMPA/KA recep-

tor functions by pretreating 4–6 DIV cultured neurons
with anti-NGF antibody or TrkA inhibitors. KA-stimu-
lated neurons were first pretreated with 10mM genistein,
a general tyrosine kinase inhibitor, at a maximal concen-
tration to be nontoxic to neurons but yet effective at
inhibiting tyrosine kinase activity. LDH release of 4 DIV
neurons was slightly more than with KA stimulation
alone (Fig. 2A). Second, pretreatment with 10mM AG-
879, a specific inhibitor for TrkA autophosphorylation
with an IC50 of 10 mM (Levitzki and Gazit, 1995), gave
a profound increase of KA toxicity. The same effect was
observed when extracellular NGF was neutralized by
anti-NGF antibody during both brief (15-min) and pro-
longed (30-min) KA stimulation, in which KA neurotox-
icity was markedly revealed (Fig. 2B). This microscopic
observation also showed that 4 DIV cortical neurons
subjected to KA stimulation alone survived and were as
healthy as the vehicle-treated neurons 16 h after treat-
ment (Fig. 3A and B). However, KA-stimulated cortical
neurons pretreated with AG-879 and anti-NGF showed
severe neuronal loss and shrinkage of neurites (Fig. 3C
and D). These results indicate that the activation of
AMPA/KA receptors by KA, while exerting its neuro-
toxic effect, may also induce a NGF-mediated TrkA
activation to protect developing cortical neurons.

Involvement of the NMDA receptor in KA-induced
neuroprotective effect

The KA stimulation may result in an increase of ex-
tracellular glutamate content to activate further other
glutamate receptor subtypes such as the NMDA receptor,
which could be the source of the neuroprotective activity
of KA. To examine this possibility, the NMDA receptor
antagonist (6)-AP5 was applied onto the cultured neu-
ron before the KA stimulation with both brief and pro-
longed duration. Figure 4 shows that (6)-AP5 strongly

FIG. 3. Phase-contrast photomicrographs of
cortical neurons 16 h after 15-min exposure to
(A) EBSS or (B) 500 mM KA alone or pretreated
with (C) anti-NGF antibody (4 mg/ml) or (D) AG-
879 (10 mM ). Bar 5 50 mm.
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affected prolonged KA stimulation-induced cell death
but not brief KA stimulation-maintained cell survival.
Judging from this result, it is conceivable that the NMDA
receptor activity during KA stimulation mainly con-
tributes to excitotoxicity but not to the neuronal protec-
tion.

KA-induced TrkA expression and phosphorylation
is calcium- and PLC-dependent

Because the signaling pathway of NGF is initiated by
tyrosine phosphorylation of TrkA and/or p75NTR, we first
examined whether the KA stimulation can induce ex-
pression and activation of TrkA in developing cortical
neurons. At first, KA stimulation was found to stimulate
both TrkA expression and TrkA phosphorylation in the
first 5-min period (Fig. 5A). However, the degree of
TrkA phosphorylation seems to be much greater than the
TrkA up-regulation as the stimulation duration ap-
proaches 30 min. Figure 5B quantified the intensity of
the detected TrkA and phosphorylated TrkA in Fig. 5A,
indicating that KA stimulation initially increased TrkA
expression and equivalent TrkA phosphorylation and
subsequently induced massive TrkA phosphorylation.
Because the 30-min KA stimulation exerted a maximal
effect on TrkA phosphorylation, we then used this stim-
ulation duration to examine the mechanism involved.

Regarding the induction of TrkA expression, Fig. 5C
shows that the KA-induced TrkA expression was sensitive
to the PLC inhibitor U73122 and the intracellular cal-

FIG. 4. Effect of NMDA receptor antagonist on KA neurotoxicity.
Neurons at 4 DIV were pretreated with (6)-AP5 (500 mM ) for 10
min, followed by brief (15-min) or prolonged (30-min) 500 mM KA
stimulation. *p , 0.05, compared with their respective controls.
1p , 0.05, compared with the respective KA stimulation group.

FIG. 5. KA-induced TrkA expression and phosphorylation in developing cortical neurons. A: TrkA and phospho-TrkA (pTrkA), which was
immunoprecipitated with the anti-phosphotyrosine antibody and western-blotted with the anti-TrkA antibody, were detected in neurons
after 5, 10, and 30 min of 500 mM KA stimulation. C, EBSS-treated group. The position of TrkA (140 kDa) is indicated. B: Densitometric
analysis. C: 4 DIV neurons were pretreated with EBSS (C), BAPTA (B; 4 mM ), AG-879 (AG; 10 mM ), or U73122 (U; 10 mM ) for 30 min
or (6)-AP5 (500 mM ) or CNQX (500 mM ) for 10 min, followed by 500 mM KA stimulation for 30 min. Membrane protein of neurons was
western-blotted with the anti-TrkA antibody as indicated by an arrow. D: Cultured cortical neurons were pretreated with B (4 mM ),
anti-NGF antibody (aNGF; 4 mg/ml), or U (10 mM ) for 30 min, followed by 500 mM KA stimulation for 30 min. Membrane protein of
neurons was immunoprecipitated with the anti-phosphotyrosine antibody and western-blotted with the anti-TrkA antibody as indicated
by an arrow.
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cium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-
tetraacetic acid (BAPTA). KA failed to induce TrkA ex-
pression when neurons were pretreated with AG-879,
suggesting that TrkA expression may depend on its own
activation. KA-induced TrkA expression was completely
abolished by the AMPA/KA receptor antagonist CNQX
but not affected by the NMDA receptor antagonist (6)-
AP5. These results ensure that the neurotrophic effect of
KA is specifically via AMPA/KA receptors and not via
the NMDA receptor. On the other hand, tyrosine phos-
phorylation of TrkA was examined by immunoprecipi-
tating crude membrane protein of cultured neurons with
anti-phosphotyrosine antibody and western-blotted with
the anti-TrkA antibody. Figure 5D shows that KA pro-
foundly increased tyrosine phosphorylation of TrkA and
that BAPTA, the PLC inhibitor U73122, and the anti-
NGF antibody reduced this effect. These results suggest
that the induction of TrkA phosphorylation by KA is via
increase of intracellular calcium, possibly contributed by
the PLC activity.

KA-induced poly-PI turnover in developing neurons
As the PLC activity is involved in the KA-induced

TrkA expression and activation in developing neurons,
we further examined the level of poly-PI turnover on KA
stimulation. Indeed, Fig. 6A shows that 500mM KA
increased poly-PI turnover approximately onefold above
the control level. This effect was only blocked by the
AMPA/KA receptor antagonist CNQX but not by the
NMDA receptor antagonist (6)-AP5 or by the metabo-
tropic glutamate receptor antagonist (6)-a-methyl-(4-
carboxyphenyl)glycine (MCPG). A voltage-gated so-
dium channel blocker, TTX, generally used to block
quantal release of neurotransmitters, also had no inhibi-
tion of the KA-induced PI response at a concentration of
10 mM, which is effective for blocking glutamate or
dopamine release in the culture system used here (data
not shown). These results suggest that KA-induced
poly-PI turnover is mediated directly by the activation of
AMPA/KA receptors, but not by other EAA receptors or
other neurotransmitter systems. Furthermore, the KA-
induced poly-PI response was inhibited by 10mM
U73122 and 4 mM BAPTA, reflecting the involvement
of calcium-dependent PLC activation (Fig. 6B). Lastly,
application of NGF onto 4 DIV neurons without KA
stimulation showed no significant induction of poly-PI
turnover (Fig. 6C), suggesting that this effect does not
come from activation of the NGF receptor. Anti-NGF
antibody and AG-879 also had no effect on KA-induced
poly-PI turnover, supporting the hypothesis that the NGF
receptor activation is the result, but not the cause, of
KA-triggered PLC activation.

KA-induced [Ca21]i increase in developing neurons
Because KA-mediated neurotrophic activities in the

above studies were found to be calcium-dependent, we
also investigated factors contributing to the KA-medi-
ated [Ca21]i increase using fluorescence spectrophotom-
etry. In 4 DIV cortical neurons, application of 500mM

KA markedly raised [Ca21]i in 45 s. The KA-increased
[Ca21]i, while being completely blocked by CNQX, was
only slightly reduced (;30%) by (6)-AP5 (Fig. 7A and
B). This result indicates that KA increased [Ca21]i
mainly via primary activation of AMPA/KA receptors
and not by a secondary activation of the NMDA receptor.
In fact, a lack of synaptic maturation in early developing
neurons makes it impossible for KA to activate the
NMDA receptor by stimulating glutamate release. In
addition, pathways involved in the net elevation of KA-
increased [Ca21]i also include the voltage-gated calcium
channel (blocked by 10mM nifedipine), intracellular
calcium release (reduced by 10mM dantrolene), and PLC
activity (partially reduced by 20 and 50mM U73122)
(Fig. 7C and D). The potencies of these inhibitors in

FIG. 6. KA-induced poly-PI turnover in developing cortical neu-
rons. Cultured cortical neurons at 4 DIV were allowed to incor-
porate myo-[3H]inositol for 6 h, followed by a 20-min pretreat-
ment with the following reagents before a 45-min stimulation
with KA (500 mM ). CTL, control. A: EAA antagonists CNQX,
(6)-AP5, and MCPG (500 mM ). A sodium channel blocker, TTX (1
mM ), was also tested. B: Intracellular calcium chelator BAPTA (4
mM ) and PLC inhibitor U73122 (U; 10 mM ). C: NGF (100 ng/ml),
anti-NGF antibody (aNGF; 4 mg/ml), and TrkA inhibitor AG-879
(AG; 10 mM ). IPn/PI represents the level of poly-PI turnover as
described in Materials and Methods. Data are mean 6 SEM
(bars) values (n 5 4). *p , 0.05, compared with CTL; 1p , 0.05,
compared with the KA-stimulated group.
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FIG. 7. Sources of KA-stimulated [Ca21]i increase. The cortical neurons on glass coverslips were loaded with 5 mM fura-2, and
fluorescent detection of intracellular calcium was carried out for 600 s in each experiment in a dual excitation wavelength spectropho-
tometer. A and B: 4 DIV neurons were preincubated with the AMPA/KA receptor antagonist CNQX (500 mM ) or the NMDA receptor
antagonist (6)-AP5 (500 mM ) at 37°C for 10 min, and KA (final concentration 500 mM) was added at the time as indicated (arrow) and
incubated with cells for 600 s. In A, trace 1, KA stimulation only; trace 2, (6)-AP5 1 KA; trace 3, CNQX 1 KA. C and D: Neurons were
preincubated with the voltage-sensitive calcium channel blocker nifedipine (Nif), the intracellular calcium release blocker dantrolene
(Dant), or the PLC inhibitor U73122 at 37°C for 30 min, and KA was added at the time as indicated (arrow) and incubated with cells for
600 s. In C, trace 1, KA stimulation alone; trace 2, Dant 1 KA; trace 3, U73122 1 KA; trace 4, Nif 1 KA. E–G: Neurons were preincubated
with genistein (Gen) at 10 or 25 mM, AG-879 (AG) at 1 or 10 mM, or anti-NGF antibody (a-NGF; 4 mg/ml) at 37°C for 30 min, and KA was
added at the time as indicated (arrow) and incubated with cells for 600 s. In E, trace 1, KA stimulation alone; trace 2, Gen (10 mM ) 1 KA;
trace 3, Gen (25 mM ) 1 KA. In F, trace 1, KA stimulation alone; trace 2, a-NGF 1 KA; trace 3, AG (1 mM ) 1 KA; trace 4, AG (10 mM )
1 KA. A, C, E, and F showed representative profiles, and B, D, and G showed mean 6 SEM (bars) values (n 5 5) of the peak values
of [Ca21]i changes for each experimental conditions. ,p , 0.05, ,,p , 0.005, compared with the KA group.
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inhibiting KA-induced [Ca21]i are in the order nifedipine
5 U73122 . dantrolene, implying that KA-induced
voltage-gated calcium channel opening could be a pre-
requisite for triggering PLC activity and intracellular
calcium release. Furthermore, applications of genistein,
AG-879, and anti-NGF significantly reduced KA-in-
creased [Ca21]i in the neuronal population (Fig. 7E–G)
suggesting that KA-induced tyrosine phosphorylation
and TrkA activation also account in part for the KA-
increased [Ca21]i.

Involvement of G protein in KA-induced
metabotropic activities in developing neurons

KA-induced neurotrophic activities seems to involve a
metabotropic activity directly mediated by AMPA/KA
receptors. Therefore, we further examined whether the
KA-induced metabotropic activity is coupled to G pro-
teins. Guanosine 59-O-(2-thiodiphosphate) (GDPbS), a
nonhydrolyzable GDP analogue used to inactivate G
proteins even in intact cells (Sim et al., 1995; Centemeri
et al., 1997), was applied to the poly-PI turnover and
[Ca21]i studies. Figure 8shows that the KA-stimulated
[Ca21]i increase and poly-PI turnover increase were both
reduced significantly by 1 mM GDPbS, a concentration
that had no effect on the calcium ionophore A23187-
increased poly-PI turnover (data not shown). These re-
sults strongly suggest that a G protein-coupled
AMPA/KA receptor could be present in developing neu-
rons to mediate neurotrophic functions.

DISCUSSION

In this article, many observations suggest that KA
appears to be neuroprotective to developing cortical neu-
rons by stimulating NGF-mediated neurotrophic activi-
ties, including anti-NGF-sensitive neuronal survival and
increased expression and phosphorylation of the TrkA
receptor. KA-induced PLC activity and [Ca21]i increase
were found to be the intracellular signals necessary for
triggering neurotrophic events.

Specificity of KA stimulation
KA at 500mM used in this study could cause not only

activation of the AMPA/KA receptor, but also stimula-
tion of nonvesicular release of glutamate (Szatkowski
et al., 1990). The latter event may further activate the
NMDA receptor. However, the activity of the NMDA
receptor was found not to contribute to the neurotrophic
effect of KA because of the following observations: (a)
Figure 4 shows that (6)-AP5 cannot reduce neuronal
survival and, in fact, protect neurons under prolonged
KA stimulation. (b) Figure 5C shows that (6)-AP5 can-
not reduce KA-induced TrkA expression. (c) Figure 6A
shows that (6)-AP5 cannot reduce KA-induced poly-PI
turnover. Therefore, the NMDA receptor activated on
KA stimulation is neurotoxic but not neurotrophic.

AMPA/KA receptors versus NGF–TrkA activity
A high concentration of EAAs, especially KA, is be-

lieved to be neurotoxic owing to its overactivation of

EAA receptors and inhibition of EAA transporter
(Hoehn and White, 1990), which leads to massive depo-
larization of CNS neurons. However, our study demon-
strated that KA at 500mM was in fact neuroprotective
and able to induce significant levels of TrkA expression
and phosphorylation. This finding coincides with the
study showing that KA can increase the NGF mRNA
level in developing neurons (Zafra et al., 1990). TrkA is
known as one of the early responsive gene products,
which can be rapidly and transiently induced by envi-
ronmental factors. In this study, TrkA expression was
also found to be increased rapidly in the first 5 min of KA
stimulation, which provides more receptors for NGF to
bind. Therefore, AMPA/KA receptors may play a crucial
role during neuronal development, in which cell viability
should be precisely controlled for differentiation and
maturation. This finding also explains why the neurotro-
phic activity of EAA receptors is more prominent in the
CNS at the developing stage or the injury repair stage

FIG. 8. Effect of GDPbS on KA-increased [Ca21]i and poly-PI
turnover in developing cortical neurons. Cortical neurons at 4
DIV were preincubated with 1 mM GDPbS, followed by 500 mM
KA stimulation for either 600 s for the [Ca21]i study (A and B) or
45 min for the poly-PI turnover study (C). ,p , 0.05, compared
with the control group; ,,p , 0.05, compared with the KA group.
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because neurons under these two circumstances show a
high requirement for neurotrophic activities for survival.
In developing cortical neurons, neurotrophic and signal-
ing events elicited by KA were also proved to be spe-
cifically mediated by AMPA/KA receptors but not by
cross-reacting with the NMDA receptor. This finding is
important for differentiating the role of each EAA recep-
tor subtype in neuronal development. Furthermore, as the
constitutive release of NGF from cultured neurons is
known to be highly important for maintaining their own
viability, it is conceivable that AMPA/KA receptors may
mediate NGF release in developing neurons for both
basal survival and protections from neurotoxic insults.

PLC versus TrkA receptor in AMPA/KA receptor-
mediated neurotrophic functions

The intracellular signaling involved in AMPA/KA re-
ceptor-mediated neurotrophic function appears to be trig-
gered by PLC. In fact, some NTs were found to increase
poly-PI turnover via their PLC-coupled receptors. It has
been reported that brain-derived neurotrophic factor and
NT-3, but not NGF, activate TrkB and TrkC receptors,
respectively, to induce poly-PI turnover (Widmer et al.,
1993; Marsh and Palfrey, 1996). Cultured cortical neu-
rons used in this study were also found to give no PI
response when treated with NGF at a neuroprotective
concentration. The tyrosine kinase inhibitor genistein
and a TrkA inhibitor had no effect on the KA-induced PI
response, providing confirmation that the PLC signaling
pathway is upstream, not downstream, of the NGF–TrkA
activity. It should be noted that excessive activation of
PLC by prolonged KA stimulation still led to cell death
of 4 DIV neurons (authors’ unpublished data). Therefore,
the PLC activity may in fact regulate neuronal survival
by a two-stage action: an initial stage for triggering the
NGF–TrkA signaling to protect neurons and a late stage
for a massive increase of [Ca21]i to kill neurons.

Role of calcium in AMPA/KA receptor-mediated
neurotrophic function

In this study, roles of intracellular calcium in KA-
mediated neurotrophic functions were elucidated, includ-
ing initiation of PLC activity, activation of TrkA possi-
bly by stimulating NGF release, and its participation in
the neurotrophic function of TrkA. That multiple sources
of [Ca21]i can be elicited by KA also indicates that
AMPA/KA receptors may play a crucial role in manip-
ulating calcium homeostasis in developing CNS. It is
interesting to know that activation of TrkA seems to
increase [Ca21]i further in neurons. TrkA has been dem-
onstrated to increase calcium uptake and intracellular
calcium accumulation in other cell types such as human
3T3 cells and C6-2B glioma cells (De Bernardi et al.,
1996; Jiang et al., 1997). Although how the increase of
[Ca21]i by TrkA protects neurons remains unclear, it has
been suggested that depolarization may also increase
neuronal survival by making neurons more responsive to
neurotrophic factors (Meyer-Franke et al., 1995) or by
enhancing de novo synthesis of these factors (Ghosh

et al., 1994). In addition, calcium-dependent, paxilline-
sensitive potassium channels (BK channels) have been
found to be key effectors for the NT-regulated neuronal
activity (Holm et al., 1997). However, it should be noted
that genistein, while inhibiting the KA-increased [Ca21]i,
had little effect on cell death, suggesting that the survival
event could be specifically mediated by TrkA. This phe-
nomenon implies that at least part of the genistein-
reduced [Ca21]i is not essential for the neurotrophic
activity of the AMPA/KA receptor.

Metabotropic activities of AMPA/KA receptors in
developing cortical neurons

One of the most striking findings in this study is the
effect of GDPbS on KA-induced [Ca21]i elevation and
poly-PI turnover. This information suggests that KA may
act, at least in part, through a G protein-coupled metabo-
tropic receptor to exert its neurotrophic functions. Cal-
cium-dependent metabotropic activities induced by KA
or AMPA were found not only in developing cortical
neurons, but also in other developing neural cells such as
oligodendrocyte progenitor cells (Lee et al., 1994; Liu
et al., 1997). An immunolocalization study has also
indicated that the AMPA receptor may exist at the nonsyn-
aptic region to regulate neuronal maturation in developing
cerebellar cortex (Ripellino et al., 1998). Moreover, Rodri-
guez-Moreno and Lerma (1998) reported data for the pres-
ence of a G protein-coupled presynaptic KA receptor in

FIG. 9. Signaling mechanism of AMPA/KA receptor (R)-medi-
ated neurotrophic activities in developing cortical neurons. Step
1: KA activates both ionotropic (I) and metabotropic (M)
AMPA/KA Rs in developing cortical neurons. Step 2: Activation
of I receptor opens the voltage-gated calcium channel (VGCC)
and leads to calcium influx to activate calcium-dependent PLC,
whereas activation of M receptor activates G protein-linked PLC.
Step 3: Activated PLC catalyzes poly-PI turnover and in turn
increases inositol trisphosphate (IP3)-gated calcium release from
endoplasmic reticulum (ER) into cytoplasm. Step 4: Elevated
[Ca21]i induces both TrkA expression and NGF release to up-
regulate the NGF–TrkA signaling, which in turn protects KA-
challenged neurons.
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hippocampal neurons, which is linked to the PLC signaling
pathway like the metabotropic AMPA/KA receptor we
found here in developing cortical neurons. Although the
metabotropic AMPA/KA receptor presented here may
function differently from the presynaptic KA receptor,
which was found to down-regulate the inhibitory
postsynaptic current via inhibition of GABA release, it is
conceivable that these two receptors may be the same
receptor with differential functions in different develop-
mental stages. Molecular cloning and structural determi-
nation are hence needed to prove the existence of the
metabotropic AMPA/KA receptor to support this hy-
pothesis.

Conclusions
On the basis of results obtained from this study, a

molecular mechanism regarding the signal transduction
pathway of AMPA/KA receptor-mediated neurotrophic
activity is proposed as shown in Fig. 9. When developing
neurons are stimulated by KA or endogenous glutamate,
both ionotropic and metabotropic AMPA/KA receptors
are activated (step 1). Activation of the ionotropic recep-
tor opens voltage-gated calcium channels to allow more
calcium flux in to activate calcium-dependent PLC,
whereas the metabotropic receptor activates G protein-
linked PLC (step 2). Activation of PLC leads to an
increase of poly-PI turnover, in which inositol trisphos-
phate is generated and acts on intracellular calcium
stores to release more calcium into the cytoplasm (step
3). Both TrkA expression and autocrine/paracrine actions
of NGF are induced in a calcium-dependent manner in
KA-challenged neurons, which result in TrkA activation
to protect neurons from KA neurotoxicity (step 4). In
conclusion, AMPA/KA receptors, with their ionotropic
and metabotropic activities, may play a protective role in
the survival of cortical neurons through neural develop-
ment.
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