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NMDA Receptor Activation Inhibits a-Secretase and
Promotes Neuronal Amyloid-( Production
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Acute brain injuries have been identified as a risk factor for developing Alzheimer’s disease (AD). Because glutamate plays a pivotal role
in these pathologies, we studied the influence of glutamate receptor activation on amyloid-8 (Af) production in primary cultures of
cortical neurons. We found that sublethal NMDA receptor activation increased the production and secretion of AB. This effect was
preceded by an increased expression of neuronal Kunitz protease inhibitory domain (KPI) containing amyloid-8 precursor protein
(KPI-APP) followed by a shift from a-secretase to 3-secretase-mediated APP processing. This shift is a result of the inhibition of the
a-secretase candidate tumor necrosis factor-a converting enzyme (TACE) when associated with neuronal KPI-APPs. This KPI-APP/
TACE interaction was also present in AD brains. Thus, our findings reveal a cellular mechanism linking NMDA receptor activation to
neuronal AS secretion. These results suggest that even mild deregulation of the glutamatergic neurotransmission may increase A3

production and represent a causal risk factor for developing AD.
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Introduction

Traumatic brain injuries (TBIs) have been identified as an envi-
ronmental risk factor for Alzheimer’s disease (AD) (Heyman et
al., 1984; Mortimer et al., 1991; Guo et al., 2000; Plassman et al.,
2000; Uryu et al., 2002; Fleminger et al., 2003), an age-related
neurodegenerative disease associated with progressive decline of
cognitive function. One of the pathological hallmarks of AD is the
abnormal accumulation of amyloid-B (AB) (a 40—42 amino
acid-long peptide) within vascular walls and in the cerebral pa-
renchyma (Glenner and Wong, 1984; Masters et al., 1985). In-
deed, among patients suffering from head injury, 30% display AB
deposition within 7 d (Roberts et al., 1991; Roses and Saunders,
1995). These findings suggest that acute brain injuries, such as
TBI, may trigger deposition of A3 (Smith et al., 1998, 2003). In
addition, a recent study pointed out the transient upregulation of
B-secretase BACE-1 [B-site amyloid precursor protein (APP)
cleaving enzyme] expression 2472 h after TBI, accompanied by
an elevation of its activity detected 48 h after onset (Blasko et al.,
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2004). Although the overall understanding of the conditions that
govern A3 accumulation into the brain parenchyma has greatly
improved, the molecular mechanism linking acute brain injury
toanincreased AB production remains to be established (Roberts
et al., 1994; Saido et al., 1994; Popa-Wagner et al., 1998).

It is now an accepted fact that, in acute brain injuries, gluta-
mate (the predominant excitatory neurotransmitter in the mam-
malian nervous system) plays a pivotal role (Choi, 1988) in such
a way that acute neuronal injury is thought to result from an
excessive release of excitatory amino acids and the subsequent
overactivation of their postsynaptic receptors. Accordingly, neu-
ronal culture models of glutamate toxicity have been extensively
used to investigate the mechanisms of neuronal injury associated
with these pathologies. The first event in the glutamate induced
neuronal injury is mediated by the activation of ion channel-
linked glutamate receptors, especially NMDA receptors
(NMDARs), probably because of their high-calcium (Ca**) per-
meability (Choi, 1995). The subsequent activation of cytoplasmic
calcium-dependent enzymes has been proposed to mediate the
final step of this deleterious pathway leading to an “excitotoxic”
necrosis. However, despite this intuitive link between acute brain
injuries and necrosis, a growing body of evidence indicates that
TBI and ischemic insults also trigger neuronal apoptosis (Bram-
lett and Dietrich, 2004).

The genesis of AP peptide is attributable to the processing of a
transmembrane glycoprotein, the APP. APP is encoded by a sin-
gle gene of 18 exons on chromosome 21. Exons 7, 8, and 15 of the
APP gene can be alternatively spliced to produce multiple iso-
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Materials and Methods
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Expression of KPI-APP mRNAs in cultured cortical neurons subjected to NMDA-induced excitotoxicity. a, Transcrip-

France). DMEM, poly-p-lysine, cytosine 3-p-
arabinoside (AraC), horse and fetal calf sera,
proteinase K, sodium citrate, staurosporine
(STP), calcimycin (A23187), 1,2-bis(2-
aminophenoxy)ethane- N, N,N',N’-tetraacetic
acid tetrakis(acetoxy-methyl) ester (BAPTA-
AM),  1,4-dihydro-2,6-dimethyl-4-(3-nitro-
phenyl)-3,5-pyridinedicarboxylic acid 2-meth-
oxyethyl 1-methylethyl ester (nimodipine), J8,
KN-93, anti-microtubule associated protein-
2 (MAP-2), and anti-actin antibodies were

tional expression of APP isoforms in neurons exposed to AMPA (50 wum) in the presence of the AMPA antagonist CNQX (10 gum) for
30 min, 1h, and 3 h. All conditions were performed with MK-801 (10 wm). b, Estimation of neuronal cell death in paradigms
presented in a by determining the activity of LDH released by dying neurons. Statistical analysis was realized by ANOVA followed
by Bonferroni—Dunn’s test (n = 16; p << 0.001). ¢, Transcriptional expression of APP isoforms in neurons exposed to NMDA (50
) in the presence or absence of MK-801 (10 wum) for 30 min, 1h, and 3 h. All conditions were performed with CNQX (10 um). d,
Estimation of neuronal cell death in paradigms presented in . Statistical analysis was realized by ANOVA followed by Bonferroni—
Dunn’stest (n = 16; p << 0.001). e, Dose-dependent increased expression of KPI-APPs mRNAs in neurons exposed to NMDA in the
presence or absence of MK-801 (10 wum) for 24 h. All conditions were performed with CNQX (10 zum). f, Estimation of neuronal cell
death in paradigms presented in e. Note that the 24 h application of 7.5 um NMDA can lead to neuronal death similar to that
observed by treating neurons with 50 .um NMDA for 3 h. Statistical analysis was realized by ANOVA followed by Bonferroni—Dunn’s
test (n = 16; p << 0.001). C, Control.

obtained from Sigma (L’Isle d’Abeau, France).

NMDA, AMPA, 6-cyano-7-nitroquin-

oxaline-2,3-dione (CNQX), kainate, and (+)5-methyl-10,11-dihydro-
5H-dibenzo(a,b)cyclohepten-5,10-imine maleate (MK-801) were from
obtained from Tocris Cookson (Bristol, UK). Laminin was obtained
from Invitrogen (Cergy Pontoise, France).

Semiquantitative reverse transcription-PCR. Total RNAs from primary
cultures of cortical neurons were isolated by using RNAeasy extraction
columns (Qiagen, Courtaboeuf, France). Total RNAs from brain tissue
samples were prepared by a phenol/chloroform extraction method using
the RNAxel extraction kit (Eurobio, Paris, France). One microgram of
total RNA was transcribed into cDNA by using poly-dT oligonucleotides.
For semiquantitative experiments, each PCR amplification was tested to
reach half of the saturation curve, and an aliquot of cDNA libraries was
amplified by PCR with specific oligonucleotides for B-actin (539 bp PCR
product). Similarly, an aliquot of the same cDNA libraries was amplified

with specific oligonucleotides for APP isoforms APP.,,, APP,.,, and
APP, (242,222, and 401 bp, respectively, of PCR product). Conditions
of amplification were 30 s at 95°C, 30 s at 58°C, and 1 min at 72°C for 25
or 30-35 cycles, corresponding to the 50% of the saturation curve of the
PCR products obtained for B-actin and APP isoforms, respectively. APP
primers were designed to flank the alternatively spliced exons (exons 7
and 8) to detect the expression of the three major APP isoforms found in
the brain. Oligonucleotide sequences used are as follows: B-actin sense,
5" GTG GGC CGC TCT AGG CAC AA 3'; gene location 25-45 bp and
antisense 5" CTC TTT GAT GTC ACG CAC GAT TTC 3'; 564540 bp.
APP,5 oligonucleotides are as follows: sense 5° GCA CTA ACT TGC
ACG ACT ATG GCA TGC TGC TGC CCT G 3'; 500-536 bp and anti-
sense 5" GCT GGC TGC CGT CGT GGG AAC TCG GAC TAC CTC
CTC CAC A 3';860—1104. APP, oligonucleotides are as follows: sense
5" CTA CCA CTG AGT CTG TGG AG 3'; 848—868 bp and antisense 5’
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GCT GGC TGC CGT CGT GGG AAA CAC GCT GCC ACA CAC CGC
C3';1028-1104. APP.,, primers are as follows: sense 5 CTA CCA CTG
AGT CTG TGG AG 3'; 848—868 bp and antisense 5' CTT GAG TAA
ACT TTG GGA TGA CAC GCT GCC ACA CAC CGC C 3';1028-1068.
These sequences were designed from the rat APP cDNA sequences cor-
responding to GenBank accession numbers X14066 and X07648. BDNF
oligonucleotides are as follows: sense 5" TGT GCG GAC CCA TGG GAC
TC3'; genelocation 75-94 bp and antisense 5' TGT CACACA CGCTCA
GCT CC 3’5 381-4000 bp. These sequences were designed from the
mouse BDNF ¢cDNA sequences corresponding to GenBank accession
number AY011461. Amplification was performed in an Eppendorf ther-
mocycler (Eppendorf Scientific, Westbury, NY) with the Promega PCR
kit.

All PCR products for APP.,,, APP_;,, and APP,, displayed the ex-
pected size and the specificity of the PCR products amplified was con-
firmed by digestion with restriction enzymes (Alul for APP,,, and
APP,5; and Rsal for APP5,).

Finally, agarose gels were acquired with a CCD camera, and two-
dimension densitometry analysis was determined by using the Opti-
Quant software (Packard Bioscience, Meriden, CT)

Primary cell cultures. Mouse cortical cultures of neurons were prepared
from 14- to 15-d-old embryos as described previously (Rose et al., 1993).
After 3 d in vitro (DIV), neurons were treated with 10 um AraC to inhibit
proliferation of non-neuronal cells. All of the experiments were per-
formed on pure neuronal cultures (>98% of microtubule associated
protein-2 immunoreactive cells) after 12—-14 DIV.

Exposure of glutamatergic agonists. AMPA treatment was performed in
the presence of the noncompetitive NMDA receptor antagonist MK-801
(10 um) to inhibit secondary NMDA receptor activation. Addition of the
AMPA receptor (AMPAR) antagonist CNQX (10 uM) was used to block
AMPA receptor during NMDA treatment (7.5 for 24 h and 50 um for 3 h
exposure). These conditions induced <25% of neuronal cell death as
estimated by lactated dehydrogenate (LDH) activity.

NMDA 7.5uM

Expression of KPI-APP isoforms in cultured cortical neurons subjected to NMDA receptor activation. KPI-APP expres-
sion in neurons after a sublethal exposure of 7.5 pm NMDA for 24 h. Neurons were stained with an antibody raised against the
neuronal marker MAP-2 (red), and KPI-APP protein expression was determined by using the polyclonal R7 antiserum against the
KPI domain of APP (green). KPI-APPs appeared colocalized (yellow) to neuronal plasma membrane when images were overlaid.
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Serum  deprivation- and  staurosporine-
induced apoptosis. At 7 DIV, near pure neuronal
cultures were transferred during 24 h into
serum-free DMEM in the presence of MK-801
(10 uMm) to block secondary excitotoxic injury.
Cycloheximide (1 pg/ml), a protein synthesis
inhibitor, was used to confirm the features of
cell death. Neuronal cell death was estimated by
counting dying neurons stained with 0.4%
trypan-blue dye.

STP (200 nm) was added for 6 or 12 h in pure
neuronal cultures at 13-14 DIV in serum-free
DMEM supplemented with 10 um glycine. MK-
801 was added to prevent secondary NMDA re-
ceptor activation.

KCl-induced depolarizations. KCl applica-
tions (50 mm) were performed for either 3 or
24 h by incubating 14-d-old (14 DIV) neuronal
cultures in the presence of MK-801 (10 um) and
CNQX (10 pm) into serum-free DMEM sup-
plemented with glycine (10 um). The L-type
Ca?"-channel antagonist, nimodipine (1 um),
was used to inhibit the depolarizations induced
by KCL

Calcium signaling. Primary cultures of neu-
rons (14 DIV) were pretreated (1 h) with the
membrane-permeant  calcium chelator
BAPTA-AM (10 um) before NMDA or KCl ap-
plications. Exposures with the L-type Ca*"
channel inhibitor nimodipine (1 um) were per-
formed for 3 or 24 h, respectively, in the pres-
ence or absence of NMDA or KCL

Western blotting and immunoprecipitation. At
the indicated times, cells were harvested in a
lysis solution containing 50 mm Tris-HCI, pH
7.6, 1% NP-40 (Sigma), 150 mMm NaCl, and 2
mM EDTA, with 1 mm phenylmethylsulfonyl
fluoride (PMSF) in the presence of a protease inhibitor mixture (Sigma).
Cell lysates were centrifuged for 10 min at 12,000 rpm, supernatants were
isolated, and corresponding pellets were resuspended with the proteases
inhibitor-containing lysis buffer to extract membrane-bound proteins.
Plasma membranes were solubilized in lysis buffer (50 mm Tris-HCl, pH
7.4, 150 mMm NaCl, 0.5% Triton X-100, 1 mm EGTA, 0.1% SDS, 1%
deoxycholate, 1 mm PMSF) in the presence of protease inhibitors
(Sigma). Once resuspended, membrane lysates were subjected to centrif-
ugation, and the soluble fraction was removed for electrophoresis anal-
ysis. Equally, conditioned media were harvested in the presence of 1 mm
PMSF and protease inhibitor mixture to be finally concentrated 10-fold
using a vacuum system and desalted using Microcon columns (Amicon,
Millipore, Beverly, MA). Protein amounts were determined by the Brad-
ford protein assay (BCA Protein Assay; Pierce, Rockford, IL) and nor-
malized to 20-250 ug of protein per sample. Electrophoreses were done
on 8% SDS-polyacrylamide Tris-glycine gels or 16.5% Tris-tricine gels
containing 8 M urea. Thereafter, gels were transferred to a polyvinylidene
difluoride (PVDF) membrane (polyscreen membrane; PerkinElmer,
Paris, France), and membranes were blocked in nonfat milk containing
3% bovine serum albumin and probed with the appropriate antiserum.
Blots were finally developed with an enhanced chemiluminescence West-
ern blotting detection system (Western Lightning Chemiluminescence
Reagent Plus; PerkinElmer).

For immunoprecipitations, aliquots (500 ug) of protein extracts were
diluted to 500 wl with dilution buffer and incubated with appropriate
antibody. The mixture was incubated overnight at 4°C and mixed with 40
ul of protein G-Sepharose, Fast Flow (Amersham Biosciences, Little
Chalfont, UK) for 1 h. The beads were washed twice in Buffer A and twice
with Buffer B and then proteins were eluted in 40 ul of loading SDS-
PAGE buffer by boiling. Proteins were fractioned on 6% Tris-glycine
SDS-PAGE gels or 18% Tris-Tricine SDS-PAGE gels and transferred
onto PVDF membrane.
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Fluorescent immunocytochemistry. To detect
membrane-bound KPI-APP proteins, murine
cortical neurons were washed with PBS and in-

Neurons
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Neurons
24h

cubated with the R7 antiserum for 1 h at 37°C
in serum-free DMEM onto living cells. Cells
were then gently washed and fixed with ice-cold
4% PFA and incubated for 1 h with the Alexa
Fluor 488-conjugated antibody (Invitrogen,
Leiden, The Netherlands).

Once KPI-APPs were revealed, neurons were
incubated overnight with the MAP-2 antibody.
Cells were then washed and incubated for 1 h
with the appropriate secondary biotin-
conjugated antibody. Antibody—antigen com-
plexes were revealed with streptavidin Alexa
Fluor 555 conjugate (Invitrogen).

Antibodies. The monoclonal mouse antibody
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APP was used to identify either membrane-
bound protein or soluble derivatives. The fol-
lowing other primary antibodies/antisera were
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used: 6E10 and 4G8 against AB1-17 and AB17—
24, respectively (Signet Laboratories, Dedham,
MA), polyclonal antiserum against APPyqy_;,¢
(Chemicon, Temecula, CA), R7 (1:1000)
against KPI-APP proteins, R1736 (1:1000)
against SAPPa (Haass et al., 1992), 192wt (1:
500) against sAPP3, FCA3542 (Barelli et al.,
1997), APPCter-C17 (1:5000) against APP C
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terminus (Sergeant et al., 2002), s.c.-6416 (1:
1000) against the C terminus of tumor necrosis
factor-a converting enzyme (TACE; Santa
Cruz Biotechnology, Santa Cruz, CA), and an-
tibodies raised against MAP-2 (1:200), actin (1:
250), and KPI-APP,,, 5,5 (1:100), respectively
(Sigma). Rabbit polyclonal antisera R1742
(Bussiere et al., 2002), R600 (Behrouz et al.,
1989), and APPCter-C17 are kind gifts from
Nicolas Sergeant, Luc Buée, and André Dela-
courte. Both R1742 an R600 were tested against
synthetic AB,_,,and AB,_,, peptides (Sigma) to
determine their specificities (data not shown).

AP fluorometric ELISAs. AP peptides present
in the conditioned culture media were captured
with an antibody raised against the N-terminal
domain of AB(8-17) and revealed with a sec-
ondary antibody raised against the C-terminal
extremity (40 or 42-end) of AB (BioSource,
Nivelles, Belgium). Recombinant rodent synthetic ABs (Calbiochem, La
Jolla, CA, San Diego) were used for the calibration curves for each ELISA
performed.

TACE activity assay. TACE activity was determined by using the
a-secretase activity kit and recombinant human TACE (R&D Systems,
Minneapolis, MN). The experimental procedure was performed as de-
scribed by the manufacturer.

Diffuse head injury model. All procedures were performed in strict
compliance with French regulations (D2001-486) and with the EC reg-
ulations 96 (Official Journal of European Community L358 12/18/1986)
on animal care and use.

The model of diffuse head injury was elaborated as described previ-
ously (Hellal et al., 2003). Briefly, Swiss mice weighing 2628 g (Janvier,
France) were anesthetized under 2% halothane balanced with air and
oxygen. Closed head trauma was induced by a 50 g weight dropped along
a stainless-steel string. This experimental paradigm creates a pattern of
diffuse degeneration into the brain accompanied with a deficit of the
functional outcome (Hellal et al., 2003). At the indicated time, mice
presenting a significant deficit of the functional outcome were deeply
anesthetized with isoflurane and killed, and their brains were immedi-

Target gene/B-actin ratio (% of control)

Figure 3.

total APP/actin relative expression

+ + MK801

(alcium-dependent KPI-APP expression in neurons after NMDA receptor activation. a, Reverse transcription-PCR
analysis of APP mRNAs expression after NMDA receptor stimulation in the presence or absence of the membrane-permeant
calcium chelator BAPTA-AM (10 wum). b, Relative expression of APP,,o, AP, APP 445, and BDNF mRNAs compared with B-actin
in neurons subjected to application of either 7.5 um NMDA or 50 mm KCl for 24 h estimated by densitometry (n = 12). Statistical
analysis was realized by ANOVA followed by Bonferroni—Dunn’s test (n = 12; p << 0.001). Dark bars, Sham-wash control; gray
bars, NMDA-treated neurons; light gray bars, KCl-induced depolarized neurons; hatched bars, (co-)application of nimodipine (1
um). ¢, Western blot analyses of KPI-APP proteins (top) and full-length APP (bottom) in murine-cultured neurons after NMDA or
KCl applications for 24 h. Blots were rehybridized with an actin antibody to estimate the total amount of proteins loaded. d,
Relative expression of total APP compared with actin from experiments presented in c estimated by densitometry. Results are the
mean of three experiments (n = 3). Dark bars, Sham-wash control; dark gray bars, NMDA-treated neurons; light gray bars,
MK-801-treated neurons; bold-hatched bars, KCl-exposed neurons; hatched bars, coapplication of nimodipine (1 m). C, Control;
MW, molecular weight; Nimo., nimodipine.

ately removed and briefly rinsed in chilled saline. Tissue samples were
taken vertically from the fresh brain at the site of lesion using a 4-mm-
diameter punch and were used for Western blot analysis.

Human brain tissues. The brain tissues used in this study were provided
by the Institute for Brain Aging and Dementia Tissue Repository. Neu-
ropathological analyses were performed to determine amyloid plaque
burden and tauopathology in the tissue samples. Researchers performing
the biochemical analysis of cortical brain extracts were blinded.

Statistical analysis. Results are expressed as mean * SD (SD). Statisti-
cal analyses were performed with StatView (Abacus, Berkeley, CA) by
one-way ANOVA followed by Bonferroni—-Dunn’s test or Student’s ¢ test.

Results

NMDA exposure induces the neuronal expression of KPI-APPs
After acute brain injuries, a shift in APP mRNA expression occurs
altering the balance of generated transcripts from APP,5 toward
KPI-containing APP (Abe et al., 1991; Kim et al., 1998). The
mechanism that sustains this effect remains unresolved but could
be connected to the deleterious pathways activated by such in-
sults. To determine the cellular and molecular mechanisms trig-
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Figure4.  NMDA receptor stimulation leads to an inhibition of SAPP« release and an increased A3 production. a, Immunopre-

cipitations of SAPPc or sSAPP3 and total sAPPs in conditioned media of cultured neurons treated with NMDA (7.5 wm) for 24 h.
sAPPa was revealed with the R1736 antiserum, SAPP3 with the 192 antiserum, and sAPPs with the 22C11 antibody after
capturing all APP isoforms with the 22C11 antibody. sAPPx/total SAPP ratios were estimated by densitometry. Open bars, sSAPP«;
filled bars, sSAPP3. Results are the mean of four experiments performed in triplicate. Statistical analysis was realized by ANOVA
followed by Bonferroni—~Dunn'’s test (n = 12;*p < 0.001to control; *p << 0.02to NMDA). b, Western blot analysis of extracellular
A in neurons after NMDA application for 24 h by using antisera raised against either the C-terminal extremity of AS3,, (R1742)
(top) or AB;_4 (R600) (bottom). p3 levels and A3 levels were estimated by densitometry. Open bars, p3; filled bars, A 3. Results
are the mean of four experiments performed in triplicate. Statistical analysis was realized by ANOVA followed by Bonferroni—
Dunn’stest (n = 12;*p << 0.001 to control; *p << 0.001to NMDA). ¢, Quantitative determination of A3 production by ELISA from
the same extracts used in b. d, Western blot analysis of intracellular A3 in neurons after NMDA application for 24 h by using R600
antiserum. Actin levels are shown in the bottom blot. IP22C11, Immunoprecipitated with 22C11; MW, molecular weight.
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optosis: a gradual shrinkage of the neuro-
nal cell body, a nuclear condensation, and
appearance of DNA fragmentation. The
addition of cycloheximide (1 ug/ml), a
protein synthesis inhibitor, abolished
neuronal cell death. These paradigms in-
duced ~40-50% of neuronal cell death
after 24 h. Neither serum deprivation nor
staurosporine-induced apoptosis resulted
in a modification in the pattern of APP
mRNA expression (data not shown).
Morphologically distinct from apopto-
sis, excitotoxicity is a process character-
ized by a prominent and early cell swell-
ing. To test the possibility that this
neuronal cell death mechanism could alter
the transcription of APP, cultured neu-
rons were exposed to excitotoxic para-
digms. To induce excitotoxicity, we incu-
bated cortical neurons with glutamatergic
agonists: NMDA (50 um) and AMPA (50
uM) for 30 min, 1 h, and 3 h. These treat-
ments resulted in <20% of neuronal cell
death at 3 h (Fig. 1). Although AMPA ap-
plication (in the presence of MK-801, a
non competitive NMDA antagonist to
avoid secondary NMDAR activation) did
not modify the pattern of APP mRNA ex-
pression (Fig. 1la), NMDA exposure in-
duced the neuronal expression of KPI-
APP transcripts and simultaneously a
decrease in APP4y; mRNA expression as
early as 30 min after NMDA exposure
(Fig. 1¢). This effect was abolished by the
coapplication of the NMDAR antagonist,
MK-801, at 10 um. Confirming the previ-
ous findings, this increased neuronal KPI-
APP/APPyy; mRNA ratio was also in-
duced by lower doses of NMDA (from 5 to
12.5 um) applied for 24 h (Fig. le). Esti-
mated posttreatment assessment of neu-
ronal death revealed that alow concentra-
tion of NMDA (7.5 uMm) for 24 h induced
neuronal expression of mRNA KPI-APPs
without significantly affecting neuronal
survival (Fig. 1f). Consequently, double
immunocytochemical  analysis  per-
formed with the R7 polyclonal anti-
serum raised against the KPI domain of
APP (Refolo et al., 1989) and with an
antibody raised against the neuronal

gering this upregulation of KPI-APP, we exposed primary cul-
tures of murine cortical neurons (containing <2% of glial cells)
to different experimental paradigms promoting apoptosis or
necrosis.

Although acute neuronal injury is thought to result from an
excessive release of excitatory amino acids and the subsequent
activation of their postsynaptic receptors, various clues have
emerged suggesting that apoptotis may also exert a significant
role in traumatic neuronal injury (Linnik et al., 1993; MacManus
etal., 1993; Schulz et al., 1999). In primary cortical cultures, both
serum deprivation (7 DIV) and application of the protein kinase
inhibitor staurosporine (14 DIV) induced typical features of ap-

marker MAP-2 demonstrated that a 24 h exposure to 7.5 uM
NMDA induced KPI-APP immunoreactivity at the neuronal
plasma membrane (Fig. 2).

Based on these findings, NMDA-mediated excitotoxic but not
apoptotic experimental paradigms were able to mimic the alter-
ation of APP transcripts previously reported after acute brain
injuries.

Calcium influx through NMDA receptors induces membrane
expression of KPI-APP

Because massive calcium (Ca*") influx through the NMDARs
has been shown extensively to be a critical event in excitotoxic
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neuronal death (MacDermottetal., 1986), @
we tested the possibility that the increase
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Neurons

in the KPI-APP/APP,; ratio observed in

Media of neurons

neurons exposed to NMDA was mediated
by an increase in intracellular Ca**
concentration.

First, we pretreated neuronal cultures
with the membrane-permeant Ca** che-
lator BAPTA-AM (10 puM) 1 h before
NMDA treatment. In these conditions, the
NMDA-dependent increase in neuronal
APP,,, and APP,;; mRNA expression
(Fig. 3a) was fully blocked by intracellular
Ca’* chelation, implying a calcium-
dependent control of KPI-APPs mRNA
expression in neurons.

To determine whether this response
was selectively triggered by NMDAR acti- b
vation, we studied whether calcium entry
through voltage-sensitive calcium chan-
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result in a similar modification of APP
transcription. As demonstrated previously
(Tao et al., 1998; West et al., 2001), KCl
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uM), whereas the application of NMDA
did not affect BDNF mRNA neuronal ex-
pression (Fig. 3b). In contrast, KCI-
induced depolarizations failed to modify
the neuronal pattern of APP mRNA ex-
pression (Fig. 3b).

At a protein level, immunoblotting
analysis with the R7 antiserum raised
against the KPI domain of APP confirmed
that neurons do not express a detectable
amount of KPI-APPs in control condi-
tions (Fig. 3¢). However, 7.5 um NMDA
exposure resulted in a marked increase
in KPI-APP, whereas treatment with KCI did not modify neu-
ronal KPI-APP expression. Accordingly, expression of full-
length APPs was determined by using the antibody 22Cl1,
raised against the N terminus of APP ectodomain (residues
66—381) and confirmed the upregulation of APP higher molec-
ular weight isoforms containing the KPI domain (Fig. 3c).
Densitometric quantification of the blots revealed no overall
change of total APP levels expressed by neurons but indicated
that after NMDAR activation, ~30% of the total neuronal
pool of APPs is a KPI-containing isoform (Fig. 3d).

Overall, these results indicate that the influx of Ca>* resulting
from a sublethal activation of the NMDA receptor controls the
induction of the neuronal expression of KPI-APPs.

Figure 5.

Neuronal KPI-APP expression enhances A production and
reduces a-secretase end products

Because KPI-containing APPs have been shown to be more amy-
loidogenic than APP¢,; (Ho et al.,, 1996), we investigated the
influence of NMDA-induced KPI-APP expression in neurons on

WB anti-KPI-APP
(R7)

WB anti-AB,,
(R1742)

NMDA-dependent A production in neurons is mediated by a calmodulin/calmodulin kinase axis. a, Reverse
transcription-PCR analysis of APP transcripts in neurons after NMDA receptor stimulation (50 rum) for 3 hin the presence of 10
CNQX plus 1 wm nimodipine and with pretreatment for 1 h with an inhibitor of either 1 um calmodulin (J8) or 10 pm calmodulin
kinase-II (KN-93). b, Immunoprecipitation of membrane-bound KPI-APP proteins in neurons after NMDA receptor stimulation (7.5
um) for 24 hiin the presence of 10 m CNQX plus T um nimodipine and with or without the pretreatment for 1h of an inhibitor of
either 1 um calmodulin (J8) or 10 um calmodulin kinase-Il (KN-93). No Ab, No antibody. ¢, Inmunoblotting analysis of SAPPcx
generation in conditioned media of cultured neurons incubated in the same conditions indicated in b. d, Western blot analysis of
A3 generation in murine-cultured neurons incubated in the same conditions indicated in b. IP 22C11, Immunoprecipitated with
22(11; WB, Western blot; MW, molecular weight.

the APP processing. To this end, we performed immunoprecipi-
tation/Western blot analysis from the conditioned media of cul-
tured neurons to estimate the respective levels of APP derivatives
secreted by neurons after NMDA application.

As reported previously (Haass et al., 1993), sAPPa is predom-
inant in the conditioned media of control neuronal cultures. A
24 h NMDA exposure dramatically reduced sAPPa immunore-
activity (Fig. 4a). The coapplication of MK-801 restored the pro-
duction of sAPPa to basal levels. This observed lowering of
sAPPa immunoreactivity after NMDAR stimulation is accompa-
nied by an elevation of sSAPPf3, whereas the total amount of sol-
uble APP molecules (sAPPx) remained unchanged (Fig. 4a).
Similarly to sAPPa, cotreatment with MK-801 prevented the
shift toward sAPPf genesis induced by NMDA receptor activa-
tion. These data were quantified by densitometry analysis for
both sAPPa/APP and sAPPB/APP ratios (Fig. 4a).

Because [3-secretase activity is necessary to A3 genesis, the
amounts of AB and p3 peptides present in the neuronal condi-
tioned culture media were evaluated by using an antiserum raised
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(Fig. 4c). Of note, a similar increase in in-
traneuronal AB was observed (Fig. 4d),
suggesting an elevation of AB production.

To resume, the NMDA-dependent ex-

pression of KPI-APP in neurons is accom-
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WB anti-sAPPa W(ngggzg;z NMDAR: the calmodulin (CaM) and the
(R1736) CaM-dependent kinase II (CaMKII)
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KPI-dependent AS3,, production in cortical neurons is reversed by the coincubation of a blocking antibody raised

(Husi et al., 2000) by using selective in-
hibitors of either CaM (J8) or CaMKs
(KN-93) (Fig. 5). A 1 h pretreatment
with each inhibitor blocked both the
neuronal KPI-APPs mRNA appearance
induced by NMDA (at 50 uM for 3 h)
(Fig. 5a) and the membrane expression
of the KPI-APP proteins induced by a
lower dose of NMDA (at 7.5 uM for 24 h)
(Fig. 5b). These results demonstrate the
involvement of the CaM/CaMK axis in
A the shift expression toward KPI-APP ex-
Q pression induced by NMDAR activation
N in cortical neurons. Subsequently, in-
hibitors of the CaM/CaMK axis restored
the production of sAPP« (Fig. 5¢) and
abolished the increase in AB in the neu-
ronal conditioned bathing media after
NMDA incubation (Fig. 5d).

*

R7

NMDA + R7
NMDA + 22C11

against the KPl domain. a, Immunoprecipitation of SAPP« generation in conditioned media of cultured neurons treated with

NMDA (7.5 um) in the presence of an antibody raised against either the KPl domain of APP or the N terminus of APP (residues
66— 81) for 6 h. SAPPcx levels were estimated by densitometry. Results are the mean of three experiments performed in triplicate.
Statistical analysis was realized by ANOVA followed by Bonferroni—Dunn’s test (n = 9; *p << 0.01 to control). b, Western blot
analysis of A3, generation in neuronsin the same protein samples used in a. Note that A3 wasimmunoprecipitated and revealed
with the FCA3542 antiserum against A3,,. Levels of A3 were estimated by densitometry. Statistical analysis was realized by
ANOVA followed by Bonferroni—Dunn’s test (n = 9; *p << 0.01 to control). IP 22C11, Immunoprecipitated with 22C11; WB,

Western blot.

against the C-terminal extremity of A3, termed R1742 to immu-
noprecipitate both A and p3 (Fig. 4b). In control conditions, p3
was predominant in the extracellular medium. Incubation with
7.5 wM NMDA for 24 h resulted in an elevation of secreted Af3,,
that was abolished by the coapplication of MK-801 (Fig. 4b).

To confirm that the peptide identified in the extracellular me-
dia after NMDA stimulation was AB, an additional antiserum,
termed R600, raised against Af3,_,, was used to detect A3 under
the same experimental conditions. This experiment strengthened
our previous observations that NMDA exposure led to an eleva-
tion of soluble AR after 24 h (Fig. 4b).

To finally quantify our findings, we performed an A enzyme-
linked immunosorbent assay (ELISA) on harvested conditioned
media. After 24 h, a sublethal NMDA exposure induced a mod-
erate elevation of A, production and an approximate fivefold
increase in the amount of AB,, present in the conditioned media

Incubation with anti-KPI antibodies
prevents NMDA-induced
AB production
To validate the idea that KPI-APP expres-
sion at the neuronal membrane played a
pivotal role in the increased AB produc-
tion after NMDAR activation, we exposed
cortical neurons to the R7 antiserum in
the presence of NMDA (at 7.5 uM). Incubation with the R7 anti-
serum abolished both the NMDA-induced decrease in sAPP«
(Fig. 6a) and AB,, production (Fig. 6b). To validate the effect
observed with the R7 antiserum, a commercially available poly-
clonal antibody developed to detect the KPI domain of APP,,,
(residues 301-315) was used under similar conditions and con-
firmed our previous findings (data not shown). Because the
blockade of NMDA-induced A production observed after R7
antiserum incubation could be attributable to a nonspecific alter-
ation of APP processing by the antiserum, we performed parallel
experiments either with the 22C11 monoclonal antibody raised
against the N terminus of APP ectodomain (APP) and with a
polyclonal antiserum raised against APPy,_,,4 (data not shown)
in the presence of NMDA. In contrast to R7, both antibodies did
not reverse NMDA-induced Af,, elevation (Fig. 6a,b).

Thus, our findings indicate that the expression of KPI-APP
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60 kDa truncated form of TACE (Schlon-
dorff et al., 2000; Skovronsky et al., 2000)
(Fig. 7a). When TACE was immunopre-
cipitated from neuronal lysates, pro-
TACE, mature TACE, and cleaved TACE
were detected. Neither global nor respec-
tive expression levels of TACE isoforms
were modified by NMDA application.

Although no interaction was observed
between KPI-APP and TACE in control
conditions, immunoprecipitation with
the TACE antibody revealed with R7 revealed a direct interaction
between TACE and KPI-APP in neurons exposed to a sublethal
NMDA treatment (Fig. 7a, lane 3). Coapplication of MK-801
inhibited this association between KPI-APPs and TACE (Fig. 7a,
lane 4). Because neuronal TACE interacts with KPI-APP, we
tested whether this association affects TACE activity. To this end,
we monitored neuronal TACE activity under these experimental
conditions by using a TACE activity assay (Fig. 7b). NMDA re-
ceptor activation reduced neuronal TACE activity by ~80%
compared with controls [59 * 40 vs 294 * 39 arbitrary units
(AU)]. The coincubation of R7 antibody with NMDA restored
the neuronal a-secretase activity to basal level (257 * 27 AU),
whereas the monoclonal antibody 22C11 or the polyclonal anti-
serum against APP,,_;,, failed to restore normal TACE activity.

To resume, after a sublethal NMDA exposure, neurons ex-
press KPI-APPs that interact with neuronal a-secretase candidate
TACE and inhibit TACE function.

Figure 7.

A production is increased after traumatic brain injury

To validate the relevance of our in vitro findings, we examine the
influence of TBI on APP expression and processing. The model of
TBI used creates a pattern of diffuse degeneration triggered by
increased concentration of extracellular glutamate (Arundine
and Tymianski, 2004). First, we examined the time course of
cortical APP expression in tissue samples of mice subjected to TBI
by immunoblot. Specific labeling was densitometrically mea-
sured and normalized to controls. In membrane extracts, KPI-
APP expression increased in ipsilateral cortices as early as 6 h after
TBI (172 % 33%; p < 0.05) and persisted 24 h later (396 = 92%;
p < 0.01) (Fig. 7a). This increase in KPI-containing isoforms was
accompanied with the accumulation of C-terminal fragment-3
(CTF-B) and a concomitant reduction of CTF-« (52 £ 9%; p <
0.01), suggesting a shift from a predominant a-secretase to
B-secretase processing of APP. To confirm these findings, SAPP«a

'WB anti-Ap (4G8)

ControlC8 C24 16 124 16 124

TBI enhances A production. a, Using membrane preparations, total APP and APP-CTFs levels were determined by
Western blot using APPCter-C17 in three to four animals per group. KPI-APP expression was slightly increased 6 h after TBI and was
clearer at 24 h after trauma. In parallel, amounts of CTF-« were reduced, whereas amounts of CTF- 3 were increased above the
threshold of the detection limit. 3-Tubulin was used as loading control (bottom box). Densitometric analyses of presented
immunoblots are displayed to the right (ANOVA; n = 3;*p << 0.01 to control). b, Estimation of the amount of sSAPP«x (top blot) and
A (bottom blot) after TBI. Densitometric analyses of presented immunoblots are displayed to the right (ANOVA; n = 3;*p << 0.05
to control or to the ipsilateral signal at 6 h after trauma for A3). C, Control; I, tissue samples ipsilateral to the impact; 6, 6 h after
trauma; 24, 24 h after trauma. WB, Western blot.

and A levels were estimated in soluble protein extracts (Fig. 7b).
Six hours after TBI, sAPPa production was downregulated by
~50% (51 £ 16), whereas 4G8-immunoreactive A levels were
increased above the detection limit of our assay. Eighteen hours
later, sAPP« levels were reduced to ~35% (34 = 16) of naive
brain levels and soluble A amounts elevated to nearly twofold
(187 = 15%) when compared with the 6 h post-TBI time point.
Overall, these in vivo data demonstrate that TBI induced a mod-
ification of APP and A expression pattern similar to the modi-
fication observed in cortical neurons exposed to NMDA, suggest-
ing that NMDAR activation governs APP expression and
processing in the brain.

Formation of KPI-APP/TACE complex is associated with
increased soluble A3 levels in AD brains

To further validate these experimental findings obtained in ro-
dents, we examined the presence of the TACE/KPI-APP complex
in brain tissues of AD patients and age-matched controls. In
membrane preparations from AD patients, the KPI-APPs/TACE
complex was increased by ~2.8-fold in AD brains when com-
pared with controls (2.86 = 0.71; n = 3) (Fig. 8¢,d). In addition to
the presence of the KPI-APP/TACE complex, sAPP« levels were
also reduced in AD brains by 20% compared with controls (Fig.
8e,f). Finally, the levels of soluble A were higher in AD brain
extracts than in age-matched controls (Fig. 8e,g). Of note, the
soluble AB levels obtained from AD brains were not directly cor-
related to the plaque loads measured previously. Overall, these
results confirm that the KPI-APP/TACE complex is related to a
reduced sAPPa levels and to an enhanced production of soluble
AP peptides in AD brains.

Discussion

Because patients who previously suffered from brain trauma or
stroke have an increased probability to develop amyloid plaques
(Nagy et al., 1997; Snowdon et al., 1997), acute brain disorders
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Figure 8.  KPI-APP immunoprecipitates with a-secretase candidate TACE in neurons stimulated by NMDA and inhibits TACE
function. a, KPI-APPs were immunoprecipitated (IP) with an anti-TACE polyclonal antibody and revealed with either R7 (top blot)
or anti-TACE antibody (bottom blot). Anti-TACE antibody recognizes all forms of TACE (pro-, mature, and cleaved). No Ab, No
antibody. b, TACE activity assay was validated by using an increasing concentration of recombinant TACE (rTACE) (top). TACE
activity was determined in cultured cortical neurons in the same conditions described in Figure 6 (bottom). Statistical analysis was
realized by ANOVA followed by Bonferroni—Dunn’s test (n = 24; *p << 0.001 to control; p << 0.01to NMDAY). ¢, KPI-APPs were
immunoprecipitated with an anti-TACE polyclonal antibody and revealed with either the rabbit polyclonal antibody against
KPI-APP5y;_345 (top blot) or anti-TACE antibody (bottom blot). Anti-TACE antibody recognizes all forms of TACE (pro-, mature, and
cleaved). d, Densitometry analysis of KPI-APP relative levels expressed as percentage of controls. Results are the mean of three
experiments performed in triplicate. Statistical analysis consisted of a t test analysis (n = 3; *p << 0.01 to control). e, Immuno-
blotting analysis of SAPPc, APP, and A3 in human brain soluble extracts. SAPP«, APP, and A3 were immunoprecipitated using
R1736, 22C11, or 6E10, respectively, and detected with 6E10. R1736 recognizes N+ 0- and N-glycosylated sAPP«, and 22C11
detects hoth APP¢,; and KPI-APPs, whereas 6E10 is raised against A3,_,, (i.e., AB1-xand AB11-x). The last lane of the Western
blot for AB3 (bottom gel) corresponds to synthetic A3, used as a standard. f, g, Densitometric analysis of sSAPPc and total A3
relative levels expressed as a percentage of controls. Results are the mean of three experiments performed in triplicate. Statistical
analysis consisted of a t test analysis (n = 3; *p << 0.01 to control). C, Age-matched controls; AD, Alzheimer’s disease brain
extracts; WB, Western blot; MW, molecular weight.
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injury (Lee et al., 1999). Our major find-
ings are as follows. First, in primary corti-
cal neuronal cultures, sublethal NMDAR
activation triggered a shift in APP expres-
sion toward KPI-APPs, an effect mediated
by Ca*” entry through the NMDAR and a
subsequent CaM/CaMK activation. Sec-
ond, the neuronal expression of KPI-APPs
after NMDAR activation favor -secretase
processing of APP instead of normally
dominant a-secretase cleavage and conse-
quently increased AB production and se-
cretion in the culture media. Third, TBI
produces a similar modification of the
pattern of APP expression and Af pro-
duction in the injured tissue. Fourth, this
effect resulted from a marked inhibition of
TACE activity after neuronal expression of
KPI-APPs. Finally, the formation of KPI-
APP/TACE complexes is associated with
reduced sAPPa levels and enhanced solu-
ble AB levels in AD brains.

Murine cortical cell cultures have been
used extensively to explore the molecular
mechanisms involved in the perturbation
of cellular homeostasis induced by acute
brain injuries. We studied the expression
pattern of APP in primary neuronal cul-
tures (Rose et al., 1993) exposed to differ-
ent paradigms of cell death identified dur-
ing cerebral ischemia: apoptosis and
excitotoxic necrosis. Although neither ap-
optosis nor AMPA exposure altered the
pattern of expression of APP mRNA, ap-
plication of NMDA increased the neuro-
nal transcription of KPI-APP proteins and
decreased the amount of mRNA encoding
for the normally dominant APPg,;. The
modification of APP transcripts described
in the present study is in agreement with a
previous report indicating that glutamate
exposure induced the expression of KPI-
APPs in neurons (Willoughby et al,
1995). In addition, we demonstrate that
this modification of APP expression is a
result of an NMDA-mediated Ca*" influx
and subsequent CaM/CaMK axis activa-
tion. Because proteomic analysis of
the NMDAR-adhesion protein-signaling
complexes has revealed that both CaM
and CaMKII are linked to the C terminus
of the NMDAR subunits, these enzymes
have been identified as a preferential enzy-
matic system involved in converting
NMDA-mediated Ca** influx into kinase
activation (Husi et al., 2000; Husi and

have been identified as an important environmental risk for de-
veloping AD (Cotman et al., 1996). However, the molecular
mechanism that mediates this effect remains unclear. To address
this question, we studied the expression pattern of APP and the
production of AB in primary neuronal cultures subjected to ne-
crosis and apoptosis, two different biochemical pathways leading
to neuronal cell death that have been identified in acute brain

Grant, 2001). Thus, after NMDAR activation, it can be hypothe-
sized that CaMKII modifies the neuronal profile of APP mRNA
transcripts. This hypothesis is strengthened by a recent report
that demonstrated the implication of CaM/CaMK axisina Ca**-
mediated alternative splicing of mRNA in neurons (Xie and
Black, 2001).

The neuronal expression of KPI-APP proteins induced by
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NMDAR activation leads to a predominant A3 secretion instead
of peptide p3, revealing a shift from an «-secretase toward
B-secretase driven proteolysis of APP. This shift seems to be me-
diated by the KPI region of APP. Indeed, although the exact na-
ture of the interaction between KPI-APP molecules and
a-secretase candidate TACE remains to be further analyzed, the
incubation of blocking antibodies raised against the KPI domain
reversed the amyloidogenic effect of NMDA-induced expression
of APP,,, and APP., without affecting the overall APP expres-
sion level or the shedding of its ectodomain. The influence of
KPI-APP expression on secretase activities has been approached
previously. Ho et al. (1996) have demonstrated that the transfec-
tion of KPI-APP in murine neuroblastoma cell lines induced a
more drastic reduction of SAPP« than the transfection of APP .,
suggesting that KPI-APP is more amyloidogenic than APPgs.
Moreover, the murine transgenic model of AD expressing KPI-
containing APP elicit amyloid plaques at 6 months of age com-
pared with 10—12 months for models using APP lacking the KPI
domain (Hsiao et al., 1996; Sturchler-Pierrat et al., 1997; Hsiao,
1998). These findings are consistent with the idea of a pivotal role
of KPI isoforms in AB amyloidosis (Moir et al., 1998). If the
neuronal increase in KPI-APP does promote amyloidosis, the
most likely mechanism would be by either altering A catabolism
or by driving the processing of APPs from «-secretase to
B-secretase. In the former scenario, it could be speculated that
KPI-APP proteins could inhibit serine proteases that normally
degrade AB. One caveat for this postulate would be that sAPP«
levels should also be altered following the modulation of AB. In
our studies, it was not the case, because sAPP« levels were de-
creased and AP levels increased, suggesting that the potential
inhibition of AB degradation by serine proteases is not modified
by the neuronal expression of KPI-APP molecules. However, we
evidenced the formation of a complex between a-secretase can-
didate TACE and neuronal KPI-APPs after NMDA exposure that
resulted in an inhibition of TACE activity. Accordingly, this effect
led to a shift from a predominant a-secretase to [-secretase
cleavage of APP molecules.

In addition to the enhanced formation of A resulting from
this shift and its well known deleterious effects on neuronal sur-
vival, the lowering of sAPP« in the extracellular compartment
might have important consequences for stressed neuronal cells,
because sAPPa molecules have been shown to display neuropro-
tective effects (Mattson et al., 1993). However, the precise func-
tional mechanism of how the KPI domain of APPs, initially de-
scribed for its serine protease inhibitor properties, inhibits the
metalloproteinase TACE [i.e., ADAM (a disintegrin and metallo-
protease) protein family] remains undetermined but will be part
of our future analyses.

In summary, the present study reveals a direct linkage between
sustained but sublethal NMDAR activation and A3 production
in neurons. Although accumulation of AB after acute brain inju-
ries may involve multiple mechanisms (Cotman et al., 1996), it
can be suggested that even modest deregulation of the glutama-
tergic neurotransmission in the parenchyma surrounding the le-
sion may have an important impact on the probability to develop
amyloid plaques. Thus, the pharmacological modulation of
NMDAR function could represent a promising therapeutic inter-
vention to reduce A accumulation after acute brain injuries. A
better understanding of the relationship between glutamatergic
neurotransmission deregulation and the amyloidogenic pathway
may improve our knowledge about AD itself and determine a
better way to treat it.
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