Printed in Great Britain. All rights reserved

Neuroscienc&/ol. 94, No. 4, pp. 1333-1338, 1999
Copyright© 1999 IBRO. Published by Elsevier Science Ltd

Pergamon
Pll: S0306-4522(99)00381-4 0306-4522/99 $20.00+0.00

MITOGEN-ACTIVATED PROTEIN KINASE IS INVOLVED IN N-METHYL-b-
ASPARTATE RECEPTOR REGULATION OF AMYLOID PRECURSOR PROTEIN
CLEAVAGE

J. MILLS and P. B. REINER*

Kinsmen Laboratory of Neurological Research, Graduate Program in Neuroscience, University of British Columbia, 2255 Westbrook Mall,
Vancouver, British Columbia, Canada, V6T 123

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 roléNeimethyl-p-aspartate receptors in this process. We now report that activation of
N-methylp-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© 1999 IBRO. Published by Elsevier Science Ltd.
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Several lines of evidence suggest that glutamate plays a roleAPP (sAPPY’32334961These findings are in keeping with
in the pathophysiology of Alzheimer’s disease. Corticocorti- previous data demonstrating that activation of seroton-
cal connections and the major projection pathways of the ergic or cholinergic G-protein-coupled receptors increases
hippocampus utilize glutamate as a neurotransmitter andsAPP production and concomitantly decreageamyloid
degenerate early in the disease procésmd post mortem  production??23:3348,49,60,66
analysis reveals that glutamate concentrations are significantly Less attention has been paid to the role of ionotropic gluta-
decreased in the brains of Alzheimer's disease patf#énts. mate receptors in the regulation of APP cleavage. Among the
Because these brain regions accumulate amyloid deposits andbnotropic glutamate receptors, thd-methylp-aspartate
are intimately involved in learning and memd®jit has been (NMDA) receptor is unique in that it is highly permeable to
suggested that glutamatergic hypoactivity may contribute Ca?*.*° Because C# -dependent regulation of APP cleavage
both to increased brain amyloid burden and memory dysfunc- has been demonstrated in a variety of cell life%s>2 we
tion.® Finally, glutamate receptors are heavily implicated in reasoned that activation of NMDA receptors might result in
the molecular mechanisms underlying cognitive function, in altered cleavage of APP. Indeed, stimulation of?Cper-
particular long-term potentiation, the premier cellular model meable nicotinic receptors increases SAPP release from
of learning®3* For these reasons, investigating the role of PC12 cells?®
glutamate receptors in the regulation of amyloid precursor Ca&" regulation of sAPP release has been shown to
protein (APP) processirtgis of significant theoretical and  occur in a PKC-independent manrfepossibly via acti-
clinical importance. vation of tyrosine kinase¥, but the signaling pathway
Glutamate is the principal excitatory neurotransmitter mediating this effect has not been well characterized. The
in the mammalian brain. Glutamate acts upon both iono- mitogen-activated protein kinase (MAPK) pathway, involv-
tropic receptors, which mediate transmembrane ion fluxes, ing sequential activation of p21Ras, Raf, mitogen-activated
and G-protein-coupled receptors, which initiate cascadesprotein kinase kinase (MEK) and an MAPK family
leading to activation of intracellular effectot&®® Gluta- member known as extracellular signal-regulated protein
matergic G-protein-coupled receptors linked to the phos- kinase (ERK), is a likely candidate as it is activated by
pholipase C/protein kinase C (PKC) signaling system Ca*,*%regulates APP cleavage in both a PKC-dependent
regulate release of the soluble N-terminal ectodomain of and -independent mann&?22 and requires activation of
tyrosine kinases. For these reasons, we hypothesized that (i)
" : _ stimulation of NMDA receptors regulates APP processing,
To whom comespondence should be addressed. Fel:604-822-7948:  and (ji) ERK is required for NMDA receptor-mediated
E-mail addresspbr@unixg.ubc.ca (P. B. Reiner) regulation of APP cleavage. In order to test these hypotheses,
AbbreviationsAPP, amyloid precursor protein; APY,L-2-amino-5-phos- we transiently transfected human embryonic kidney 293
phonovalerate; E_RK_, extracellular signal-regulated p(otein_kinase; HEK, (HEK 293) cells with NMDA receptors and inhibited the
human embryonic kidney; JNK/SAPK, c-Jun N-terminal kinase stress- \apk pathway using either PD 98059, a selective inhibitor
activated protein kinase; MAPK, mitogen-activated protein kinase; 11231 . S .
MEK, mitogen-activated protein kinase kinase; NMDN;methyln- of MEKZ,%** or transient expression of a kinase-dead
aspartate; PKC, protein kinase C; SAPP, soluble ectodomain of APP.  MEK1 mutant®’
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EXPERIMENTAL PROCEDURES

Cell culture and transfections

HEK 293 cells were cultured in minimal essential medium supple-
mented with 10% fetal calf serum, as described previotisKully
functional NMDA receptors having a high €aconductance are
formed by the expression of the two NMDA receptor subunits NR1
and NR2AS23 Therefore, HEK 293 cells were transiently transfected
with pCMV695 (an expression vector for AREP®), pPCDNANR1 and
PCDNANR2A (expression vectors for the NMDA receptor subunits),
and either pCDNAK97A (an expression vector for kinase-inactive
MEK) or vector expressing bacterigB-galactosidase (Clontech
Laboratories) using a high-efficiency calcium phosphate transfection
protocol! Average transfection efficiency was assessed by staining for
B-galactosidase according to the method of Raymenél.>* At the
end of the 12-h incubation with the DNA-containing solution, cells
were washed and 210° cells were replated on to polyysine-
precoated 60-mm dishes in complete media-2-Amino-5-phospho-
novalerate (APV; 1 mM) was added to the media to prevent excito-
toxicity due to chronic activation of NMDA receptor channels by low
levels of aspartate, glutamate and glycine in the serum-containing
media5® 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 NacCl, 5.4 KCl, 1.4
CaCl, 1.2 NaHBPOQ,, 21 glucose and 26 NaHGOMedia for control
cultures contained 1 mM APV and 1 mM Mgto ensure that NMDA
receptors were completely inactive following overexpresstomhile
stimulated cultures contained the NMDA receptor co-agonists NMDA
(100 p.M) and glycine (5QuM). 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 000xg to remove cellular debris. Media were subsequently

desalted and concentrated by centrifugation in the presence of proteas

inhibitors (17w.g/ml phenylmethanesulfonyl fluoride,.i&y/ml leupep-

tin, 10 wg/ml aprotinin and 2.g/ml pepstatin) according to the method
of Mills and Reiner** 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 regio@-@amyloid
(anti-1-16), as described previouskyThe anti-PreA4 monoclonal
antibody (22C11) detects secreted APP and amyloid precursor-like
protein, while WO-2 is selective for sAPP. Densitometric measure-

ments for each trial were taken from the same blot: each trial represents

a separate transfection and cell plating. Following densitometric analy-
sis, ANOVA followed by Fisher’s post hoc analysis was used to deter-
mine the significance of observed differences. All of the data were

B. Reiner
RESULTS

Kinase-inactive mitogen-activated protein kinase kinase
antagonizesN-methylp-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.Stimulation of sAPP was
measured in HEK 293 cells transiently expressing the
NMDA receptor and APRs, together with either the domi-
nant negative MEK mutant or vector expressgalactosi-
dase. Two sAPPs were recognized by either 22C11 or WO-2
(Fig. 2A), indicating that they result from-secretase cleav-
age and are most likely due to variable post-translational
modification®® Densitometric analysis revealed that levels
of sAPP in the culture media during a 15-min exposure period
increased significantly in the presence of (M NMDA as
detected by either 22C11 or WO-2 (1.8®.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: 1:98.20
and 1.15+0.21; WO-2: 1.8% 0.34 and 1.0% 0.15;n=5,
P < 0.05; Fig. 1A). Constitutive release of sAPP from HEK
293 cells transfected with cDNA expression constructs encod-
ing B-galactosidase or K97A were not significantly different
from one another. Transfection efficiency, as measure@-by
galactosidase staining, was 66} (h=4).

N-Methylnp-aspartate receptor stimulation increases extra-

cellular 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 inconsisteht26" To ensure that
NMDA receptor stimulation increased ERK activatibmye
utilized a phospho-specific ERK antibody to probe cell lysates

scaled to the average of the control and have been expressed agom each trial via western blot analysis. Immunoreactivity of

meant S.E.M.

Western blots of mitogen-activated protein kinadesethylp-aspar-
tate and cellular amyloid precursor protein

Cells were lysed in an extraction buffer containing 1% Nonidet P-40,
1% sodium deoxycholate, 4 mig-nitrophenylphosphate and 1 mM

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 phospho-
ERK activity also appeared to be increased by expression of
the NMDA receptor (this change in ERK activity is unlikely

sodium vanadate, and the lysate was briefly tip sonicated on ice. Cellu-t0 be caused by activation of NMDA receptors by release of
lar protein (25ug) was separated by sodium dodecyl sulfate—poly- endogenous glutamate, as the control experiments were
acrylamide gel electrophoresis on 12.5% low bis (acrylamide : bis carried out in the presence of the NMDA antagonists APV
ratio 118.5:1) mini gels for western blots of ERK, MEK, c-Jun N- and Mgz+) Overexpression of the K97A mutant was

terminal kinase stress-activated protein kinases (JNK/SAPKSs), p38/ . . : . . -
HOG1, APP or NRL. Following gel electrophoresis, proteins were confirmed using a rabbit polyclonal antibody raised against

transferred electrophoretically to a nitrocellulose membrane and the N-terminal of MEK1 (Upstate Biotechnology; Fig. 1B).
pLobeorI] uilﬂnAgpaKn Nantlbgdylspgcg!clf%r ;)hﬁsérﬁ\faylzageo% OEFI<VIK I(é:}\IOTOO: Cellular expression levels of either ARPor the NMDA
pnospho- ; NEW Engiand B101abs), -29,000; Mek-N1,  “raceptor were not affected by overexpression of the dominant
UBI), phosphorylated p38/HOG1 (1:500; phospho-p38, New England negative MEK1 mutant (Fig. 1B).

Biolabs), phosphorylated JNK/SAPK (1:1000; phospho-JNK/SAPK, . .
New England Biolabs), APP (1:200; anti-PreA4 monoclonal antibody, ~ The mammalian MAPK family members have been

Boehringer Mannheim) or NR1 (1:500; anti-rat NR1, CT, Upstate expanded to include INK/SAPK® and p38/HOG £ More-
Biotechnology). Western blots of cell lysates, taken from the same gyer, activation of INK/SAPK or p38/HOG1 has been shown

trials from which secreted sAPP was measured, were run in parallel ; _ ; : PN
and are representative of three to five separate trials. R(—:‘presentativéO occur following receptor-mediated rises in intracellular

western blots of secreted samples and cellular samples do not alwayscazJr in several cell type§§’_29'44'55'64Notably, aCtivation of
correspond to the exact same trial. JNK/SAPK or p38/HOG1 did not appear to be increased by
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and ERK activation in HEK 293 cells. (A) Top: densitometric analysis of

SAPP released during a 15-min exposure to LIONMDA with or without
50 uM PD 98059 (PD). Data are meanS.E.M. and represent three experi-
ments for 22C11. P<0.05, different from all other treatment groups.
Bottom: representative western blots of the effect of NMDA on basal sAPP
Fig. 1. The kinase-dead MEK mutant K97A inhibits NMDA receptor stimu-  release alone or in the presence of PD 98059. Western blots, run in parallel,
lation of SAPP secretion and ERK activation in HEK 293 cells. (A) Top: Were probed using either 22C11 (upper) or WO-2 (lower). (B) Cell lysates
densitometric analysis of sAPP released during a 15-min exposure to (25u1g) were run in parallel and western blots were probed using a phospho-
NMDA in untransfected cells (Mock) or cells overexpressing the NMDA  specific antibody for ERK, an antibody for APP or the NR1 subunit. The
receptor and APRs, together with either the MEK mutant (K97A) @- increased phosphorylation state of ERK observed during a 15-min exposure to
galactosidase (Vector). Data are mea8.E.M. and represent five experi- NMDA (100 M) was antagonized in the presence ofy8@ PD 98059.
ments using either 22C11 (solid columns) or WO-2 (hatched columns).
*P < 0.05, different from all other treatment groups. Bottom: representative NMDA receptor stimulation, even though the same lysates
western blots of sAPP that were run in parallel and probed with either contained elevated ERK activity (Fig. 1B).
22C11 or WO-2. (B) Representative western blots of cell lysategud5
run in parallel and probed using phospho-specific antibodies for various

kinases or antibodies for either APP or the NMDA receptor subunit NR1. Pharmacolog|ca| inhibition of m|togen_actlvated prote|n

Phospho-specific antibodies included those for ERK, JNK/SAPK or p38/ : : _ ~
HOG1: ERK was the only MAPK whose phosphorylation state was kmase _kmase anta_gonlzelsl methylp .aSpartate receptor
increased by a 15-min exposure to NMDA (10D1). 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,

J. Mills and P.

B. Reiner

A23187 or caffeine produces differing effects ug»amyloid
release. However, the present data are congruent with an

NMDA receptor stimulation of SAPP release was antagonized earlier study indicating that stimulation of nicotinic receptors,

in the presence of 5@M PD 98059 (3.4%:0.48 and
1.62+0.42; n=3, P<0.05; Fig. 2A). Constitutive sAPP

which also function as ligand-gated €achannels, regulates
APP processing®

release in the presence of this same concentration of PD MAPKSs are central transducers of a wide variety of cellular

98059 did not differ from vehicle alone. Western blots of

the cell lysate from each trial, probed using a phospho-speci-

fic MAPK antibody, indicate that ERK1 and ERK2 were both
increased by NMDA receptor stimulation, and this increase
was antagonized in the presence of @@ PD 98059 (Fig.

signals, including those mediated by neurotransmitters and
Catt.819% gseveral different MAPK pathways are now
known to exist, including ERKs, JNK/SAPR®® and p38/
HOG12! Traditionally, these kinases have been categorized
as those activated during differentiation (ERKSs) or those acti-

2B). These changes were not due to altered cellular expres-vated by stress (JNK/SAPK and p38/HOG#£§While selec-

sion levels of either AP§gs 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 antagon-
ized 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 catabolisthOur 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 muscari-
nic receptor-mediated release of SAPP.
Regulation of APP processing by the neurotransmitter

tive activation of MAPKs by extracellular signals does not
always occur, our data clearly demonstrate that NMDA recep-
tor 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 intracel-
lular C&", which has been shown to activate the small
guanine nucleotide-binding protein p21Ras, in turn leading
to activation of the MAPK cascad&>* However, because
we have not formally demonstrated that?Cas required for

the effects we have observed, it remains possible that NMDA
receptors may directly couple to signaling proteins upstream
of ERK activation?*47thereby altering APP cleavage. Distin-
guishing between these possibilities remains a challenge for
future studies.

CONCLUSIONS

The biological activities of sAPP have been shown to

glutamate has been observed in cell lines, primary neuronalinclude promotion of neuronal cell survival, adhesive inter-

cultures and rat brain slic@$32334961These studies have

actions, neurite outgrowth, synaptogenesis and synaptic plas-

emphasized the role of the metabotropic glutamate receptorticity.”3° SAPP has been shown to regulate intraneuronal
in regulating sAPP production, and when examined, have C&*, an effect which may underlie some of its purported

found that the NMDA receptor was not involvéfss!

physiological roles. In particular, SAPP decreases influx

However, these experiments were carried out using concen-of Ca* via NMDA receptor-gated channels and voltage-

trations of Mg™* that would be expected to result in voltage-
dependent blockade of NMDA receptors. Moreover, in the
presence of 0.2 mM Mg, NMDA receptor stimulation of
primary rat cortical cultures does not increase MAPK activ-
ity,’* 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
channet¥it is likely that NMDA receptor-dependent changes
in SAPP production are due to changes in intracellulad*Ca
Indeed, C&"-dependent regulation of APP processing has
been amply demonstratéd!-52although the results are some-
what contradictory. For example, blocking €are-uptake
with thapsigargin has varied effects on SAPP reléd8and
increasing intracellular C& with inositol 1,4,5-trisphosphate,

operated calcium channeld®-18.28.3639hys, NMDA receptor
regulation of SAPP release may provide a negative feedback
mechanism for decreasing NMDA receptor-mediated*Ca
influx.1® Given the potential role played by the NMDA recep-
tor and APP in synaptic plasticity and cognitive functfSn,
such a hypothesis is of particular relevance to the patho-
physiology of Alzheimer’s disease.
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