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MITOGEN-ACTIVATED PROTEIN KINASE IS INVOLVED IN N-METHYL-dASPARTATE RECEPTOR REGULATION OF AMYLOID PRECURSOR PROTEIN
CLEAVAGE
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Abstract—Glutamate is the principal excitatory neurotransmitter in the mammalian brain. Several lines of evidence suggest that
glutamatergic hypoactivity exists in the Alzheimer’s disease brain, where it may contribute to both brain amyloid burden and
cognitive dysfunction. Although metabotropic glutamate receptors have been shown to alter cleavage of the amyloid precursor
protein, little attention has been paid to the role of N-methyl-d-aspartate receptors in this process. We now report that activation of
N-methyl-d-aspartate receptors in transiently transfected human embryonic kidney 293 cells increases production of the soluble
amyloid precursor protein derivative. Moreover, using both pharmacological and gene transfer techniques, we show that this effect
is largely due to activation of the mitogen-activated protein kinase cascade, specifically the pathway leading to activation of
extracellular signal-regulated protein kinase but not other mitogen-activated protein kinases.
These observations further our understanding of the pathways that regulate amyloid precursor protein cleavage, and buttress the
notion that regulation of amyloid precursor protein cleavage is critically dependent upon the mitogen-activated protein kinase
cascade. q 1999 IBRO. Published by Elsevier Science Ltd.
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APP (sAPP). 27,32,33,49,61 These findings are in keeping with
previous data demonstrating that activation of serotonergic or cholinergic G-protein-coupled receptors increases
sAPP production and concomitantly decreases b-amyloid
production. 4,23,33,48,49,60,66
Less attention has been paid to the role of ionotropic glutamate receptors in the regulation of APP cleavage. Among the
ionotropic glutamate receptors, the N-methyl-d-aspartate
(NMDA) receptor is unique in that it is highly permeable to
Ca 21. 40 Because Ca 21-dependent regulation of APP cleavage
has been demonstrated in a variety of cell lines, 4,50–52 we
reasoned that activation of NMDA receptors might result in
altered cleavage of APP. Indeed, stimulation of Ca 21-permeable nicotinic receptors increases sAPP release from
PC12 cells. 26
Ca 21 regulation of sAPP release has been shown to
occur in a PKC-independent manner, 4 possibly via activation of tyrosine kinases, 50 but the signaling pathway
mediating this effect has not been well characterized. The
mitogen-activated protein kinase (MAPK) pathway, involving sequential activation of p21Ras, Raf, mitogen-activated
protein kinase kinase (MEK) and an MAPK family
member known as extracellular signal-regulated protein
kinase (ERK), is a likely candidate as it is activated by
Ca 21, 13,54 regulates APP cleavage in both a PKC-dependent
and -independent manner, 11,22,42 and requires activation of
tyrosine kinases. For these reasons, we hypothesized that (i)
stimulation of NMDA receptors regulates APP processing,
and (ii) ERK is required for NMDA receptor-mediated
regulation of APP cleavage. In order to test these hypotheses,
we transiently transfected human embryonic kidney 293
(HEK 293) cells with NMDA receptors and inhibited the
MAPK pathway using either PD 98059, a selective inhibitor
of MEK1, 1,12,31 or transient expression of a kinase-dead
MEK1 mutant. 57

Several lines of evidence suggest that glutamate plays a role
in the pathophysiology of Alzheimer’s disease. Corticocortical connections and the major projection pathways of the
hippocampus utilize glutamate as a neurotransmitter and
degenerate early in the disease process, 15 and post mortem
analysis reveals that glutamate concentrations are significantly
decreased in the brains of Alzheimer’s disease patients. 24
Because these brain regions accumulate amyloid deposits and
are intimately involved in learning and memory, 45 it has been
suggested that glutamatergic hypoactivity may contribute
both to increased brain amyloid burden and memory dysfunction. 33 Finally, glutamate receptors are heavily implicated in
the molecular mechanisms underlying cognitive function, in
particular long-term potentiation, the premier cellular model
of learning. 5,34 For these reasons, investigating the role of
glutamate receptors in the regulation of amyloid precursor
protein (APP) processing 43 is of significant theoretical and
clinical importance.
Glutamate is the principal excitatory neurotransmitter
in the mammalian brain. Glutamate acts upon both ionotropic receptors, which mediate transmembrane ion fluxes,
and G-protein-coupled receptors, which initiate cascades
leading to activation of intracellular effectors. 46,56 Glutamatergic G-protein-coupled receptors linked to the phospholipase C/protein kinase C (PKC) signaling system
regulate release of the soluble N-terminal ectodomain of
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Abbreviations: APP, amyloid precursor protein; APV, d,l-2-amino-5-phosphonovalerate; ERK, extracellular signal-regulated protein kinase; HEK,
human embryonic kidney; JNK/SAPK, c-Jun N-terminal kinase stressactivated protein kinase; MAPK, mitogen-activated protein kinase;
MEK, mitogen-activated protein kinase kinase; NMDA, N-methyl-daspartate; PKC, protein kinase C; sAPP, soluble ectodomain of APP.
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EXPERIMENTAL PROCEDURES

Cell culture and transfections
HEK 293 cells were cultured in minimal essential medium supplemented with 10% fetal calf serum, as described previously. 42 Fully
functional NMDA receptors having a high Ca 21 conductance are
formed by the expression of the two NMDA receptor subunits NR1
and NR2A. 53 Therefore, HEK 293 cells were transiently transfected
with pCMV695 (an expression vector for APP695 58), pCDNANR1 and
pCDNANR2A (expression vectors for the NMDA receptor subunits),
and either pCDNAK97A (an expression vector for kinase-inactive
MEK) or vector expressing bacterial b-galactosidase (Clontech
Laboratories) using a high-efficiency calcium phosphate transfection
protocol. 7 Average transfection efficiency was assessed by staining for
b-galactosidase according to the method of Raymond et al. 53 At the
end of the 12-h incubation with the DNA-containing solution, cells
were washed and 2 × 10 6 cells were replated on to poly-d-lysineprecoated 60-mm dishes in complete media. d,l-2-Amino-5-phosphonovalerate (APV; 1 mM) was added to the media to prevent excitotoxicity due to chronic activation of NMDA receptor channels by low
levels of aspartate, glutamate and glycine in the serum-containing
media. 53 Approximately 16 h before stimulation, cells were exposed
to culture media containing 1 mM APV and 10% charcoal-inactivated
calf serum. At the end of this period, HEK 293 cells were exposed to
drugs in Ringer’s solution containing (in mM): 140 NaCl, 5.4 KCl, 1.4
CaCl2, 1.2 NaH2PO4, 21 glucose and 26 NaHCO3. Media for control
cultures contained 1 mM APV and 1 mM Mg 21 to ensure that NMDA
receptors were completely inactive following overexpression, 53 while
stimulated cultures contained the NMDA receptor co-agonists NMDA
(100 mM) and glycine (50 mM). PD 98059 was diluted from a 10 mM
stock made up in dimethyl sulfoxide.
Quantification of the secreted form of amyloid precursor protein in
culture media
Following drug exposure, media were centrifuged for 10 min at
16 000 × g to remove cellular debris. Media were subsequently
desalted and concentrated by centrifugation in the presence of protease
inhibitors (17 mg/ml phenylmethanesulfonyl fluoride, 2 mg/ml leupeptin, 10 mg/ml aprotinin and 2 mg/ml pepstatin) according to the method
of Mills and Reiner. 41 APP was detected by western blot analysis using
an anti-APP N-terminal antibody (anti-PreA4 monoclonal antibody;
Boehringer Mannheim) or WO-2, a monoclonal antibody generated
against the first 16 amino acids of the N-terminal region of b-amyloid
(anti-1–16), as described previously. 42 The anti-PreA4 monoclonal
antibody (22C11) detects secreted APP and amyloid precursor-like
protein, while WO-2 is selective for sAPP. Densitometric measurements for each trial were taken from the same blot: each trial represents
a separate transfection and cell plating. Following densitometric analysis, ANOVA followed by Fisher’s post hoc analysis was used to determine the significance of observed differences. All of the data were
scaled to the average of the control and have been expressed as
mean ^ S.E.M.
Western blots of mitogen-activated protein kinases, N-methyl-d-aspartate and cellular amyloid precursor protein
Cells were lysed in an extraction buffer containing 1% Nonidet P-40,
1% sodium deoxycholate, 4 mM p-nitrophenylphosphate and 1 mM
sodium vanadate, and the lysate was briefly tip sonicated on ice. Cellular protein (25 mg) was separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis on 12.5% low bis (acrylamide : bis
ratio 118.5:1) mini gels for western blots of ERK, MEK, c-Jun Nterminal kinase stress-activated protein kinases (JNK/SAPKs), p38/
HOG1, APP or NR1. Following gel electrophoresis, proteins were
transferred electrophoretically to a nitrocellulose membrane and
probed using an antibody specific for phosphorylated ERK (1:1000;
phospho-MAPK; New England Biolabs), MEK (1:25,000; Mek1-NT,
UBI), phosphorylated p38/HOG1 (1:500; phospho-p38, New England
Biolabs), phosphorylated JNK/SAPK (1:1000; phospho-JNK/SAPK,
New England Biolabs), APP (1:200; anti-PreA4 monoclonal antibody,
Boehringer Mannheim) or NR1 (1:500; anti-rat NR1, CT, Upstate
Biotechnology). Western blots of cell lysates, taken from the same
trials from which secreted sAPP was measured, were run in parallel
and are representative of three to five separate trials. Representative
western blots of secreted samples and cellular samples do not always
correspond to the exact same trial.

RESULTS

Kinase-inactive mitogen-activated protein kinase kinase
antagonizes N-methyl-d-aspartate receptor stimulation of
soluble amyloid precursor protein release
Overexpression of the K97A MEK mutant has proven to be
a powerful tool for studying the role of the MAPK signaling
pathway in various cellular processes. This kinase-inactive
mutant, when overexpressed, acts in a “dominant negative”
fashion, inhibiting stimulation of endogenous MEK and its
downstream substrate ERK. 57 Stimulation of sAPP was
measured in HEK 293 cells transiently expressing the
NMDA receptor and APP695, together with either the dominant negative MEK mutant or vector expressing b-galactosidase. Two sAPPs were recognized by either 22C11 or WO-2
(Fig. 2A), indicating that they result from a-secretase cleavage and are most likely due to variable post-translational
modification. 59 Densitometric analysis revealed that levels
of sAPP in the culture media during a 15-min exposure period
increased significantly in the presence of 100 mM NMDA as
detected by either 22C11 or WO-2 (1.00 ^ 0.10 and
1.98 ^ 0.20 or 1.00 ^ 0.18 and 1.81 ^ 0.34, respectively;
n  5, P , 0.05; Fig. 1A). This increase was significantly
inhibited in the presence of the kinase-dead MEK1 mutant
K97A as compared with vector alone (22C11: 1.98 ^ 0.20
and 1.15 ^ 0.21; WO-2: 1.81 ^ 0.34 and 1.09 ^ 0.15; n  5,
P , 0.05; Fig. 1A). Constitutive release of sAPP from HEK
293 cells transfected with cDNA expression constructs encoding b-galactosidase or K97A were not significantly different
from one another. Transfection efficiency, as measured by bgalactosidase staining, was 66 ^ 4 (n  4).

N-Methyl-d-aspartate receptor stimulation increases extracellular signal-regulated protein kinase phosphorylation but
not other family members: antagonism by a kinase-inactive
mutant
NMDA receptor stimulation of ERK activity has been
shown previously to be inconsistent. 2,14,62,67 To ensure that
NMDA receptor stimulation increased ERK activation, 6 we
utilized a phospho-specific ERK antibody to probe cell lysates
from each trial via western blot analysis. Immunoreactivity of
phospho-ERK1 and phospho-ERK2 were both increased by
NMDA receptor stimulation, and this increase was inhibited
by K97A overexpression (Fig. 1B). Basal levels of phosphoERK activity also appeared to be increased by expression of
the NMDA receptor (this change in ERK activity is unlikely
to be caused by activation of NMDA receptors by release of
endogenous glutamate, as the control experiments were
carried out in the presence of the NMDA antagonists APV
and Mg 21). Overexpression of the K97A mutant was
confirmed using a rabbit polyclonal antibody raised against
the N-terminal of MEK1 (Upstate Biotechnology; Fig. 1B).
Cellular expression levels of either APP695 or the NMDA
receptor were not affected by overexpression of the dominant
negative MEK1 mutant (Fig. 1B).
The mammalian MAPK family members have been
expanded to include JNK/SAPK10,30 and p38/HOG1. 21 Moreover, activation of JNK/SAPK or p38/HOG1 has been shown
to occur following receptor-mediated rises in intracellular
Ca 21 in several cell types. 25,29,44,55,64 Notably, activation of
JNK/SAPK or p38/HOG1 did not appear to be increased by
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Fig. 1. The kinase-dead MEK mutant K97A inhibits NMDA receptor stimulation of sAPP secretion and ERK activation in HEK 293 cells. (A) Top:
densitometric analysis of sAPP released during a 15-min exposure to
NMDA in untransfected cells (Mock) or cells overexpressing the NMDA
receptor and APP695, together with either the MEK mutant (K97A) or bgalactosidase (Vector). Data are mean ^ S.E.M. and represent five experiments using either 22C11 (solid columns) or WO-2 (hatched columns).
*P , 0.05, different from all other treatment groups. Bottom: representative
western blots of sAPP that were run in parallel and probed with either
22C11 or WO-2. (B) Representative western blots of cell lysates (25 mg)
run in parallel and probed using phospho-specific antibodies for various
kinases or antibodies for either APP or the NMDA receptor subunit NR1.
Phospho-specific antibodies included those for ERK, JNK/SAPK or p38/
HOG1: ERK was the only MAPK whose phosphorylation state was
increased by a 15-min exposure to NMDA (100 mM).
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Fig. 2. PD 98059 antagonizes NMDA receptor stimulation of sAPP release
and ERK activation in HEK 293 cells. (A) Top: densitometric analysis of
sAPP released during a 15-min exposure to 100 mM NMDA with or without
50 mM PD 98059 (PD). Data are mean ^ S.E.M. and represent three experiments for 22C11. *P , 0.05, different from all other treatment groups.
Bottom: representative western blots of the effect of NMDA on basal sAPP
release alone or in the presence of PD 98059. Western blots, run in parallel,
were probed using either 22C11 (upper) or WO-2 (lower). (B) Cell lysates
(25 mg) were run in parallel and western blots were probed using a phosphospecific antibody for ERK, an antibody for APP or the NR1 subunit. The
increased phosphorylation state of ERK observed during a 15-min exposure to
NMDA (100 mM) was antagonized in the presence of 50 mM PD 98059.

NMDA receptor stimulation, even though the same lysates
contained elevated ERK activity (Fig. 1B).
Pharmacological inhibition of mitogen-activated protein
kinase kinase antagonizes N-methyl-d-aspartate receptor
stimulation of amyloid precursor protein release
Inhibition of NMDA receptor stimulation of ERK using the
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MEK1 antagonist PD 98059 complemented the results
obtained using the kinase-dead MEK mutant. Specifically,
NMDA receptor stimulation of sAPP release was antagonized
in the presence of 50 mM PD 98059 (3.49 ^ 0.48 and
1.62 ^ 0.42; n  3, P , 0.05; Fig. 2A). Constitutive sAPP
release in the presence of this same concentration of PD
98059 did not differ from vehicle alone. Western blots of
the cell lysate from each trial, probed using a phospho-specific MAPK antibody, indicate that ERK1 and ERK2 were both
increased by NMDA receptor stimulation, and this increase
was antagonized in the presence of 50 mM PD 98059 (Fig.
2B). These changes were not due to altered cellular expression levels of either APP695 or the NMDA receptor, as seen in
western blots run in parallel (Fig. 2B).
DISCUSSION

We provide evidence that NMDA receptor stimulation
promotes a-secretase processing of APP and that the
MAPK pathway is involved in this regulation. Specifically,
pharmacological and molecular inhibition of MEK1 antagonized NMDA receptor stimulation of both sAPP release and
ERK activity. These results extend an earlier study from our
laboratory showing that MAPK is necessary for PKC and
growth factor regulation of APP catabolism. 42 Our findings
indicate that the MAPK pathway also underlies NMDA
receptor regulation of APP processing and complements a
recent finding indicating that MAPK is involved in muscarinic receptor-mediated release of sAPP. 22
Regulation of APP processing by the neurotransmitter
glutamate has been observed in cell lines, primary neuronal
cultures and rat brain slices. 27,32,33,49,61 These studies have
emphasized the role of the metabotropic glutamate receptor
in regulating sAPP production, and when examined, have
found that the NMDA receptor was not involved. 32,33,61
However, these experiments were carried out using concentrations of Mg 21 that would be expected to result in voltagedependent blockade of NMDA receptors. Moreover, in the
presence of 0.2 mM Mg 21, NMDA receptor stimulation of
primary rat cortical cultures does not increase MAPK activity, 14 consistent with our observation that the effects of
NMDA receptor stimulation upon sAPP production are
MAPK dependent.
Given that the NMDA receptor is a ligand-regulated Ca 21
channel, 40 it is likely that NMDA receptor-dependent changes
in sAPP production are due to changes in intracellular Ca 21.
Indeed, Ca 21-dependent regulation of APP processing has
been amply demonstrated, 4,51,52 although the results are somewhat contradictory. For example, blocking Ca 21 re-uptake
with thapsigargin has varied effects on sAPP release, 4,48 and
increasing intracellular Ca 21 with inositol 1,4,5-trisphosphate,

A23187 or caffeine produces differing effects upon b-amyloid
release. However, the present data are congruent with an
earlier study indicating that stimulation of nicotinic receptors,
which also function as ligand-gated Ca 21 channels, regulates
APP processing. 26
MAPKs are central transducers of a wide variety of cellular
signals, including those mediated by neurotransmitters and
Ca 21. 8,19,35 Several different MAPK pathways are now
known to exist, including ERKs, JNK/SAPK10,30 and p38/
HOG1. 21 Traditionally, these kinases have been categorized
as those activated during differentiation (ERKs) or those activated by stress (JNK/SAPK and p38/HOG1). 9,63 While selective activation of MAPKs by extracellular signals does not
always occur, our data clearly demonstrate that NMDA receptor activation selectively activates ERK, arguing for a discrete
mechanism of NMDA receptor regulation of ERK in these
cells. The mechanism may be mediated by a rise in intracellular Ca 21, which has been shown to activate the small
guanine nucleotide-binding protein p21Ras, in turn leading
to activation of the MAPK cascade. 13,54 However, because
we have not formally demonstrated that Ca 21 is required for
the effects we have observed, it remains possible that NMDA
receptors may directly couple to signaling proteins upstream
of ERK activation, 20,47 thereby altering APP cleavage. Distinguishing between these possibilities remains a challenge for
future studies.
CONCLUSIONS

The biological activities of sAPP have been shown to
include promotion of neuronal cell survival, adhesive interactions, neurite outgrowth, synaptogenesis and synaptic plasticity. 37,39 sAPP has been shown to regulate intraneuronal
Ca 21, an effect which may underlie some of its purported
physiological roles. In particular, sAPP decreases influx
of Ca 21 via NMDA receptor-gated channels and voltageoperated calcium channels. 3,16–18,28,36,38 Thus, NMDA receptor
regulation of sAPP release may provide a negative feedback
mechanism for decreasing NMDA receptor-mediated Ca 21
influx. 16 Given the potential role played by the NMDA receptor and APP in synaptic plasticity and cognitive function, 65
such a hypothesis is of particular relevance to the pathophysiology of Alzheimer’s disease.
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10. Dérijard B., Hibi M., Wu I.-H., Barrett T., Su B., Deng T., Karin M. and Davis R. J. (1994) JNK1: a protein kinase stimulated by UV light and Ha-Ras that
binds and phosphorylates the c-Jun activation domain. Cell 76, 1025–1037.
11. Desdouits-Magnen J., Desdouits F., Takeda S., Syu L.-J., Saltiel A. R., Buxbaum J. D., Czernik A. J., Nairn A. C. and Greengard P. (1998) Regulation of
secretion of Alzheimer amyloid precursor protein by the mitogen-activated protein kinase cascade. J. Neurochem. 70, 524–530.
12. Dudley D. T., Pang L., Decker S. J., Bridges A. J. and Saltiel A. R. (1995) A synthetic inhibitor of the mitogen-activated protein kinase cascade. Proc.
natn. Acad. Sci. U.S.A. 92, 7686–7689.
13. Farnsworth C. L., Freshney N. W., Rosen L. B., Ghosh A., Greenberg M. E. and Feig L. A. (1995) Calcium activation of ras mediated by neuronal
exchange factor Ras-GRF. Nature 376, 524–527.
14. Fiore R. S., Murphy T. H., Sanghera J. S., Pelech S. L. and Baraban J. M. (1993) Activation of p42 mitogen-activated protein kinase by glutamate receptor
stimulation in rat primary cortical cultures. J. Neurochem. 61, 1626–1633.
15. Francis P. T., Sims N. R., Procter A. W. and Bowen D. M. (1993) Cortical pyramidal neurone loss may cause glutamatergic hypoactivity and cognitive
impairment in Alzheimer’s disease: investigative and therapeutic perspectives. J. Neurochem. 60, 1589–1604.
16. Furukawa K. and Mattson M. P. (1998) Secreted amyloid precursor protein a selectively suppresses N-methyl-d-aspartate currents in hippocampal
neurons: involvement of cyclic GMP. Neuroscience 83, 429–438.
17. Furukawa K., Barger S. W., Blalock E. M. and Mattson M. P. (1996) Activation of K 1 channels and suppression of neuronal activity by secreted bamyloid precursor protein. Nature 379, 74–78.
18. Furukawa K., Sopher B., Rydel R. E., Begley J. G., Martin G. M. and Mattson M. P. (1996) Increased activity-regulating and neuroprotective efficacy of
a-secretase-derived secreted APP is conferred by a C-terminal heparin-binding domain. J. Neurochem. 67, 1882–1896.
19. Graves J. D., Campbell J. S. and Krebs E. G. (1995) Protein serine/threonine kinases of the MAPK cascade. Ann. N. Y. Acad. Sci. 766, 320–343.
20. Gurd J. W. and Bissoon N. (1997) The N-methyl-d-aspartate receptor subunits NR2A and NR2B bind to the SH2 domains of phospholipase C-g.
J. Neurochem. 69, 623–630.
21. Han J., Lee J.-D., Bibbs L. and Ulevitch R. J. (1994) An MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells. Science 265,
808–811.
22. Haring R., Fisher A., Marciano D., Pittel Z., Kloog Y., Zuckerman A., Eshhar N. and Heldman E. (1998) Mitogen-activated protein kinase-dependent and
protein kinase C-dependent pathways link the m1 muscarinic receptor to b-amyloid precursor protein secretion. J. Neurochem. 71, 2094–2103.
23. Hung A. Y., Haass C., Nitsch R. M., Qiu W. Q., Citron M., Wurtman R. J., Growdon J. H. and Selkoe D. J. (1993) Activation of protein kinase C inhibits
cellular production of the amyloid b-protein. J. biol. Chem. 268, 22,959–22,962.
24. Hyman B. T., Van Hoesen G. W. and Damasio A. R. (1987) Alzheimer’s disease: glutamate depletion in the hippocampal perforant pathway zone. Ann.
Neurol. 22, 37–40.
25. Kawasaki H., Morooka T., Shimohama S., Kimura J., Hirano T., Gotoh Y. and Nishida E. (1997) Activation and involvement of p38 mitogen-activated
protein kinase in glutamate-induced apoptosis in rat cerebellar granule cells. J. biol. Chem. 272, 18,518–18,521.
26. Kim S.-H., Kim Y.-K., Jeong S.-J., Haass C., Kim Y.-H. and Suh Y.-H. (1997) Enhanced release of secreted form of Alzheimer’s amyloid precursor
protein from PC12 cells by nicotine. Molec. Pharmac. 52, 430–436.
27. Kirazov L., Loffler T., Schliebs R. and Bigl V. (1997) Glutamate-stimulated secretion of amyloid precursor protein from cortical rat brain slices.
Neurochem. Int. 30, 557–563.
28. Koizumi S., Ishiguro M., Ohsawa I., Morimoto T., Takamura T., Inoue K. and Kohsaka S. (1998) The effect of a secreted form of b-amyloid-precursor
protein on intracellular Ca 21 increase in rat cultured hippocampal neurones. Br. J. Pharmac. 123, 1483–1489.
29. Kramer R. M., Roberts E. F., Strifler B. A. and Johnstone E. M. (1995) Thrombin induces activation of p38 MAP kinase in human platelets. J. biol. Chem.
270, 27,395–27,398.
30. Kyriakis J. M., Banerjee P., Nikolakaki E., Dai T., Rubie E. A., Ahmad M. F., Avruch J. and Woodgett J. R. (1994) The stress-activated protein kinase
subfamily of c-jun kinases. Nature 369, 156–160.
31. Lazar D. F., Wiese R. J., Brady M. J., Mastick C. C., Waters S. B., Yamauchi K., Pessin J. E., Cuatrecasas P. and Saltiel A. R. (1995) Mitogen-activated
protein kinase kinase inhibition does not block the stimulation of glucose utilization by insulin. J. biol. Chem. 270, 20,801–20,807.
32. Lee R. K. K. and Wurtman R. J. (1997) Metabotropic glutamate receptors increase amyloid precursor protein processing in astrocytes: inhibition by
cyclic AMP. J. Neurochem. 68, 1830–1835.
33. Lee R. K. K., Wurtman R. J., Cox A. J. and Nitsch R. M. (1995) Amyloid precursor protein processing is stimulated by metabotropic glutamate receptors.
Proc. natn. Acad. Sci. U.S.A. 92, 8083–8087.
34. Lopez-Garcia J. C. (1998) Two different forms of long-term potentiation in the hippocampus. Neurobiology 6, 75–98.
35. Malarkey K., Belham C. M., Paul A., Graham A., McLees A., Scott P. H. and Plevin R. (1995) The regulation of tyrosine kinase signalling pathways by
growth factor and G-protein-coupled receptors. Biochem. J. 309, 361–375.
36. Mattson M. P. (1994) Secreted forms of b-amyloid precursor protein modulate dendrite outgrowth and calcium responses to glutamate in cultured
embryonic hippocampal neurons. J. Neurobiol. 25, 439–450.
37. Mattson M. P. (1997) Cellular actions of b-amyloid precursor protein and its soluble and fibrillogenic derivatives. Physiol. Rev. 77, 1081–1132.
38. Mattson M. P., Cheng B., Culwell A. R., Esch F. S., Lieberburg I. and Rydel R. E. (1993) Evidence for excitoprotective and intraneuronal calciumregulating roles for secreted forms of the b-amyloid precursor protein. Neuron 10, 243–254.
39. Mattson M. P., Barger S. W., Furukawa K., Bruce A. J., Wyss-Coray T., Mark R. J. and Mucke L. (1997) Cellular signaling roles of TGFb, TNFa and
bAPP in brain injury responses and Alzheimer’s disease. Brain Res. Rev. 23, 47–61.
40. McBain C. J. and Mayer M. L. (1994) N-Methyl-d-aspartic acid receptor structure and function. Physiol. Rev. 74, 723–760.
41. Mills J. and Reiner P. B. (1996) Phorbol esters but not the cholinergic agonist oxotreomorine-M and carbachol increase release of the amyloid precursor
protein in cultured rat cortical neurons. J. Neurochem. 67, 1511–1518.
42. Mills J., Charest D. L., Lam F., Beyreuther K., Ida N., Pelech S. L. and Reiner P. B. (1997) Regulation of amyloid precursor protein catabolism involves
the mitogen-activated protein kinase signal transduction pathway. J. Neurosci. 17, 9415–9422.
43. Mills J. and Reiner P. B. (1999) Regulation of amyloid precursor protein cleavage. J. Neurochem. 72, 443–460.
44. Mitchell F. M., Russell M. and Johnson G. L. (1995) Differential calcium dependence in the activation of c-Jun kinase and mitogen-activated protein
kinase by muscarinic acetylcholine receptors in rat 1a cells. Biochem. J. 309, 381–384.
45. Morrison J. H. and Hof P. R. (1997) Life and death of neurons in the aging brain. Science 278, 412–419.
46. Nakanishi S. (1992) Molecular diversity of glutamate receptors and implications for brain function. Science 258, 597–603.
47. Niethammer M., Kim E. and Sheng M. (1996) Interaction between the C terminus of NMDA receptor subunits and multiple members of the PDS-95
family of membrane-associated guanylate kinases. J. Neurosci. 16, 2157–2163.
48. Nitsch R. M., Deng M., Growdon J. H. and Wurtman R. J. (1996) Serotonin 5-HT2a and 5-HT2c receptors stimulate amyloid precursor protein
ectodomain secretion. J. biol. Chem. 271, 4188–4194.
49. Nitsch R. M., Deng A., Wurtman R. J. and Growdon J. H. (1997) Metabotropic glutamate receptor subtype mGluR1a stimulates the secretion of the
amyloid b-protein precursor ectodomain. J. Neurochem. 69, 704–712.
50. Petryniak M. A., Wurtman R. J. and Slack B. E. (1996) Elevated intracellular calcium concentration increases secretory processing of the amyloid
precursor protein by a tyrosine phosphorylation-dependent mechanism. Biochem. J. 320, 957–963.

1338

J. Mills and P. B. Reiner

51. Querfurth H. W. and Selkoe D. J. (1994) Calcium ionophore increases amyloid b peptide production by cultured cells. Biochemistry 33, 4550–4561.
52. Querfurth H. W., Jiang J., Geiger J. D. and Selkoe D. J. (1997) Caffeine stimulates amyloid b-peptide release from b-amyloid precursor proteintransfected HEK293 cells. J. Neurochem. 69, 1580–1591.
53. Raymond L. M., Moshaver A., Tingley W. G., Shalaby I. and Huganir R. L. (1996) Glutamate receptor ion channel properties predict vulnerability to
cytotoxicity in a transfected nonneuronal cell line. Molec. cell. Neurosci. 7, 102–115.
54. Rosen L. B., Ginty D. D., Weber M. J. and Greenberg M. E. (1994) Membrane depolarization and calcium influx stimulate MEK and MAP kinase via
activation of ras. Neuron 12, 1207–1221.
55. Schwarzschild M. A., Cole R. L. and Hyman S. E. (1997) Glutamate, but not dopamine, stimulates stress-activated protein kinase and AP-1-mediated
transcription in striatal neurons. J. Neurosci. 17, 3455–3466.
56. Seeburg P. H. (1993) The molecular biology of mammalian glutamate receptor channels. Trends Neurosci. 16, 359–365.
57. Seger R., Seger D., Reszka A. A., Munar E. S., Eldar-Finkelman H., Dobrowolska G., Jensen A. M., Campbell J. S., Fischer E. H. and Krebs E. G. (1994)
Overexpression of mitogen-activated protein kinase kinase (MAPKK) and its mutants in NIH 3T3 cells. J. biol. Chem. 269, 25,699–25,709.
58. Selkoe D. J., Podlisny M. B., Joachin C. A., Vickers E. A., Lee G., Fritz L. C. and Oltersdorf T. (1988) b-Amyloid precursor protein of Alzheimer’s
disease occurs as 110- to 135-kilodalton membrane-associated proteins in neural and nonneuronal tissues. Proc. natn. Acad. Sci. U.S.A. 85, 7341–7345.
59. Simons M., DeStrooper B., Multhaup G., Tienari P. J., Dotti C. G. and Beyreuther K. (1996) Amyloidogenic processing of the human amyloid precursor
protein in primary cultures of rat hippocampal neurons. J. Neurosci. 16, 899–908.
60. Slack B. E., Breu J., Petryniak M. A., Srivastava K. and Wurtman R. J. (1995) Tyrosine phosphorylation of amyloid precursor protein secretion by the M3
muscarinic acetylcholine receptor. J. biol. Chem. 270, 8337–8344.
61. Ulus I. H. and Wurtman R. J. (1997) Metabotropic glutamate receptor agonists increase release of soluble amyloid precursor protein derivatives from rat
brain cortical and hippocampal slices. J. Pharmac. exp. Ther. 281, 149–154.
62. Wang Y. and Durkin J. P. (1995) a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, but not N-methyl-d-aspartate, activates mitogen-activated
protein kinase through G-protein bg subunits in rat cortical neurons. J. biol. Chem. 270, 22,783–22,787.
63. Waskiewicz A. J. and Cooper J. A. (1995) Mitogen and stress response pathways: MAP kinase cascades and phosphatase regulation in mammals and
yeast. Curr. Opin. Cell Biol. 7, 798–805.
64. Watanabe G., Pena P., Albanese C., Wilsbacher L. D., Young J. B. and Pestell R. G. (1997) Adrenocorticotropin induction of stress-activated protein
kinase in the adrenal cortex in vivo. J. biol. Chem. 272, 20,063–20,069.
65. Wheal H. V., Chen Y., Mitchell J., Schachner M., Maerz W., Wieland H., Rossum D. V. and Kirsch J. (1998) Molecular mechanisms that underlie
structural and functional changes at the postsynaptic membrane during synaptic plasticity. Prog. Neurobiol. 55, 611–640.
66. Wolf B. A., Wertkin A. M., Jolly Y. C., Yasuda R. P., Wolfe B. B., Konrad R. J., Manning D., Ravi S., Williamson J. R. and Lee V. M.-Y. (1995)
Muscarinic regulation of Alzheimer’s disease amyloid precursor protein secretion and amyloid b-protein production in human neuronal NT2N cells.
J. biol. Chem. 270, 4916–4922.
67. Xia Z., Dudek H., Miranti C. K. and Greenberg M. E. (1996) Calcium influx via the NMDA receptor induces immediate early gene transcription by an
MAP kinase/ERK-dependent mechanism. J. Neurosci. 16, 5425–5436.
(Accepted 14 July 1999)

