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ABSTRACT. The deposition of amyloigi-protein (A3 or fA4) is a key feature of Alzheimer’s disease.

Most studies have focused on the generation gf But little is known about the degradation ofsA

Recent reports suggest that insulin-degrading enzyme (IDE) and neutral endopeptidase (NEP) are involved
in the extracellular degradation offATo date, however, far less is known about the degradation of
intracellular A3. To elucidate the protease(s) responsible for the degradation of intracellfaveé\
investigated the effect of various protease inhibitors gnitwo distinct intracellular pools (i.e., nonionic
detergent-soluble and detergent-insoluble pools) in Chinese hamster ovary cells. Treatment with thiol
and metal inhibitors resulted in the accumulation of intracellul@rafnd oligomers in detergent-soluble

and -insoluble fractions. The overexpression of thiol-metalloprotease IDE resulted in a marked reduction
in levels of detergent-soluble intracellularfAas well as extracellular 240 and A842. Moreover,
intracellular A6 in the detergent-insoluble fraction extracted with 70% formic agid® &V guanidine
hydrochloride decreased markedly in the cells overexpressing IDE. In contrast, expression of NEP degraded
the AS in the detergent-insoluble fraction markedly and partially degraded extracellg#d and A342,

but not intracellular soluble A Thiorphan, an inhibitor of NEP, accumulated, albeit to a lesser extent,

in insoluble AG but not in soluble &. Thus, IDE appears to degrade intracellulg® #ore effectively

than does NEP in both the detergent-soluble and -insoluble fractions.

Alzheimer's disease (AD)is a progressive neurodegen- rofibrillary tangles. The major pathological component of
erative disorder characterized by senile plaques and neu-senile plaque is amyloi@-protein (A3), which is usually a
40- or 42-amino acid peptide /As generated by proteolytic
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plagues in the pathogenesis of AD is unknown. Although it
is widely accepted that /A plays a major role in the
pathogenesis of AD, the relevance gf £o the degeneration
of neurons in the brain remains unclear. Until recently, it
was generally believed that extracellular accumulation®f A
following secretion of soluble Ainto the extracellular space
was responsible for the AD pathology. However, recent
reports identified intracellular A-positive neurons in the
brains of patients with sporadic ACLYand more apoptotic
neurons with intracellular A deposits without extracellular
amyloid plaque formation in mutant presenilin 1-transgenic
mice ). Thus, intracellular accumulation offAmay also

be relevant to the pathogenesis of AD.

The exact mechanism by whichfAis generated intrac-
ellularly before secretion has not been firmly established
because of the difficulty involved in detecting very low levels
of intracellular A3. Intracellular A was recently shown to
be located in two major pools defined by detergent solubility
(3—5). One is a detergent-soluble pool in whichs As

Sudoh et al.

synthetic peptide is sometimes not capable of cleaving natural
peptides in normal cellular metabolism. This discrepancy is
perhaps due to a lack of identity of conformation between
the natural peptide in vivo and the synthetic peptide in vitro.
Therefore, experiments assessing the degradation of endog-
enous peptides in living cells are necessary to confirm that
the protease is actually involved in intracellular processing.
To date, however, little is known about the degradation of
naturally generated intracellulars®ecause of difficulty in

its detection. In this study, we attempted to clarify the
molecular mechanisms of intracellulaisAdegradation in
normal cellular metabolism by investigating the effect of
various inhibitors and overexpression of proteases on en-
dogenous intracellular /A degradation in both detergent-
soluble and detergent-insoluble fractions. For the detection
of intracellular A3, we used our well-established highly
sensitive immunoblotting techniqué&,(16) to distinguish
very low level intracellular /& from other immunceross
reactive molecules such as abundant cell-associated APP,

secreted from the cell into the extracellular space as a solubleC99 (theS-secretase-cleaved C-terminal of APP), and other
Ap during normal cellular metabolism. Several studies have intermediate degradation products of APP that contain the

reported that the A in this pool is probably generated in
the endocytotic pathway for A0 (6), Golgi complex, or
trans-Golgi network (TGN) for £40 and A342 (4, 7). A

common sequence of /A Here, we report the results of
inhibition and overexpression of IDE or NEP on intracellular
Ap in both detergent-soluble and -insoluble fractions.

second pool is a detergent-insoluble pool; the presence of
such a pool is based on reports of considerable amounts ofEXPERIMENTAL PROCEDURES

ApB in a detergent-insoluble fraction extracted with formic
acid in NT2N neuron-like cells or neuroblastoma cells
(3—5). The intracellular accumulation of/Ain the detergent-

insoluble pool was found to increase in an age-dependen

manner in NT2N cellsg), and A3 in this pool is not secreted
(4). In the brain, A6 is present in the detergent-insoluble,
glycolipid-enriched fraction8). The increased accumulation
of A in the insoluble pool over time may implicate insoluble
Ap in the amyloidosis in AD, because the slow, progressive
accumulation of £ over time in senile plaques is generally
thought to be related to the age-dependency of AD.

Much attention has focused on the generation gf far

less is known about its degradation. Several groups have
addressed this topic. The thiol-metalloendopeptidase, insulin-
degrading enzyme (IDE) (insulin protease, EC 3.4.22.11),

purified from the cytosolic fraction of rat brain was capable
of degrading synthetic A (9), and synthetic & peptide
cross-linked to IDE in vitro 10). Extracellular secreted/A

Materials. Ham’'s F-12 medium and fetal bovine serum
were obtained from Life Technologies (Grand Island, NY).

{Monoclonal antibody 9B121(7) raised against human IDE

was generously provided by Dr. Richard Roth (Stanford
University). monoclonal antibody 56C6 raised against ne-
prisylin (CD10) was obtained from Novocastra Laboratories
(U.K.). The goat polyclonal antibody Karen raised against
the ectodomain of APP18) was generously provided by
Dr. Virginia Lee (University of Pennsylvania). Monoclonal
antibody 6E10 specific for human fA—17 (19) was
purchased from Senetek-PLC (Napa, CA). An4® and
Ap42 antibodies were from Biosource International. All
chemicals for the inhibitor experiments were purchased from
Sigma Chemical (St Louis, MO).

Cell Culture. CHO cells stably transfected with human
wild-type APP695 (CHO-695 cells) were kindly provided
by Dr. Virginia Lee. CHO-695 cells were maintained in

has also been shown to decrease in IDE-transfected cell lined1am’s F-12 medium containing 10% fetal bovine serum, 1%
(12). IDE is known to degrade several polypeptide hormones L-glutamine, 25Q«g/mL G418, 100 units/mL penicillin, and

in vitro, including insulin, atrial natriuretic peptide (ANP),

transforming growth facton, and glucagon, suggesting a
possible role of IDE in the regulation of small peptid&g)(

So far, IDE has been found primarily in the cytosol and in
smaller amounts in plasma membrane and endosd)e (

100 mg/mL streptomycin.

Expression VectorsThe mammalian expression vectors
encoding wild-type IDE pCMVhIDE or inactive-mutant IDE
pH108L 0) were kindly provided by Dr. Wen-Liang Kuo
(University of Chicago). The cDNA encoding rat neprilysin

In contrast, Yamin et al. proposed that some serine proteases(21) was generated by reverse transcription polymerase chain

but not IDE, are implicated in extracellular regulation gf A
(14). Furthermore, Iwata et al. showed that infusion of rat
brain with the selective inhibitors of neutral endopeptidase
(EC 3.4.24.11) resulted in extracellular deposition Gf(A5).

reaction (RT-PCR) from rat brain total RNA (Clontech
Laboratories, Palo Alto, CA) using SuperScript Il (Life
Technologies) and Pfx DNA polymerase (Life Technologies)
with primers anchored witBamHI (5' end) andxXbal (3'

In contrast to the reports regarding extracellular degradationend) according to the manufacturer's protocol (forward

of Ap, there are few reports on the intracellular degradation
of AS in living cells.

primer: 3-CGCGGATCCGCGGCTGAGCGGCTGAGG-
GAGGGATTT-3; reverse primer: STGCTCTAGAGCAT-

Identification of proteases responsible for the processing GTTTCTGTGGCTTTGGCGAGTCCT-3. The amplified
of peptides frequently has involved the use of exogenous cDNA was purified and subcloned into pcDNA3.1 (Invit-
synthetic peptides. However, the protease that cleavesrogen, San Diego, CA) &amHI/Xbal sites. The resulting
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plasmid was designated pcDNA3-NEP. The nucleic acid namics, Sunnyvale, CA) or visualized with an enhanced
sequence of the construct was verified by DNA sequencing. chemiluminescence method. For analysis @ Anmuno-

Pharmacological TreatmentCells plated on 100-mm  precipitates were separated by-1#% Tris/tricine gel and
culture dishes were preincubated with the indicated concen-transferred to nitrocellulose membrane for the detection by
tration of protease inhibitor. After preincubation, the cells highly sensitive immunoblotting as described previougly (
were washed twice with phosphate-buffered saline, and then16). We designated the cell-associatel @btained from this
further incubated under an atmosphere of 95%6% CG, procedure as intracellular AAin our study, since trypsin
at 37 °C for the appropriate time (up to 3 h) with the treatment prior to lysis did not decrease the level of this cell-
indicated protease inhibitor. Each chemical was used at theassociated A as previously reportedL). The intensity of
lowest concentration and the shortest treatment time neededands corresponding tg3detected by immunoblotting was
to have an effect, as determined by the preliminary experi- densitometrically gauntified. The statistical significance of
ments, including the monitoring of cell viability with live/  the difference was evaluated by Student’s two-tatleest
dead reduced biohazard viability/cytotoxity assay kit (Mo- using StatView-J4.0 software.
lecular Probes Inc.).

Transfection and Preparation of Sampl€310-695 cells RESULTS
were grown in 100-mm culture dishes to 50% confluence, Effects of Various Inhibitors on Intracellular Accumulation
and then 4.g of DNA of pCMV, or pcDNA3.1 (for control), of A3. Since the protease responsible for intracellular
pCMVhIDE (wild-type IDE), pH108L (mutant-type IDE),  degradation of & has not yet been elucidated, we initially
or pcDNA-NEP were transiently transfected with Lipo- asked what type of protease(s) is primarily responsible for
fectAMINE Plus reagent (Life Technologies) according to the degradation of intracellular A in normal cellular
the manufacturer’s instructions. At 24 h after transfection, metabolism. To explore this further, we first examined the
the medium was changed to fresh medium, and the cultureeffects of various protease inhibitors on levels of intracellular
was incubated for an additional 24 h. At 48 h after AS in CHO-695 cells. The cells were incubated for the
transfection, the medium was collected, and the cells wereappropriate time based on the preliminary experiments as
washed twice with PBS and then harvested following the described in Experimental Procedures. The treatment of the
addition of 1 mL of STE buffer [150 mM NaCl, 50 mM  sulfhydryl agentN-ethylmaleimide (NEM), the metallopro-
Tris-HCI (pH 7.5), 2 mM EDTA] and a protease inhibitor tease 1,10-phenanthroline, and bacitracin each resulted in the
cocktail (Complete Mini, Roche Molecular Biochemicals, accumulation of intracellular Asignificantly (@ < 0.01) in
Indianapolis, IN). The medium was centrifuged at 10900 1% NP-40-soluble fraction (Figure 1A). In contrast, the
for 15 min at 4°C to pellet the cell debris. The cells were aspartyl protease inhibitor pepstatin A, the cysteine protease
then collected by centrifugation at 29Gor 1 min and inhibitor E-64, the serine protease inhibitgshenylmeth-
resuspended in five volumes of STE buffer containing a ylsulfonyl fluoride (PMSF) and leupeptirand the metal-
protease inhibitor cocktail and homogenized with a Dounce loprotease inhibitors with a relatively narrow spectrum
homogenizer. Proteins were solubilized by incubation with (potent inhibitors for NEP and NEP-like familiesphiorphan
a nonionic detergent (1% Nonidet P-40 or Triton X-100) at and phosphoramiderhad little or no significant effect on
4 °C for 30 min. The resulting cell lysates were centrifuged intracellular A3 levels with various concentrations and
at 10500@ in a TLX ultracentrifuge (Beckman, Palo Alto, various times examined. Accumulating evidence indicates
CA) for 60 min to obtain a clear supernatant. The remaining that intracellular 4 in intact cells can be divided into two
pellet was resuspended with 70% formic acid or 6 M different pools on the basis of solubility in the detergéht (
guanidine hydrochloride and then sonicated to disperse theb). To elucidate the protease(s) responsible for the degrada-
pellet. The formic acid-extracted samples were neutralized tion of intracellular A3 degradation in the detergent-insoluble
with Tris base. The homogenates were centrifuged atpool, we further extracted the resultant pellet with 70%
10500@ for 20 min to remove the pellet. For analysis of formic acid and assessed th@ kevels in this pool, since a
intracellular A8, the resultant supernatants were diluted 10- substantial amount of Awas reported to still exist in the
fold with RIPA buffer [150 mM NaCl, 10 mM Tris-HCI (pH  detergent-insoluble pool following solubilization with non-
7.5), 1% Nonidet P-40, 0.1% SDS, and 0.2% sodium ionic detergent 3-5). As shown in Figure 1B, 1,10-
deoxycholate] and subjected to immunoprecipitation with phenanthroline and NEM resulted in accumulation of tife A
6E10 and a protein G Sepharose (Pharmacia Biotech) slurry significantly (@ < 0.01) in the detergent-insoluble pool. These

Sandwich-ELISA.Sandwich-ELISA was performed as inhibitory profiles strongly suggest that thiol- and metal-
described previously2@) by using BAN50 specific for dependent activities are implicated in the degradation of
N-terminal A3 as a capturing antibody and BA27 specific intracellular A3 in both the detergent-soluble and -insoluble
for AB40 or BCO5S specific for 42 as a reporter antibody.  fractions. As for A642, 1,10-phenanthroline and NEM,

Western Blot Analysig-or analysis of cell lysate-associ- among the protease inhibitors examined, enhanced the levels
ated protein, the concentration of protein in cell lysates was of intracellular A342, as assessed by the semiquantitative
determined with the bicinchoninic acid (BCA) protein assay visual inspection of bands, due to the very low levels of
kit (Pierce, Rockford, IL). Equal amounts of protein were intracellular A342 (data not shown).
subjected to 420% or 7.5% Tris-glycine gels and transferred  Effect of Qerexpression of IDE on APP and Extracellular
to nitrocellulose membrane. The blot was incubated with AS. The inhibitor profile of the accumulation of intracellular
primary antibody (9B12 against IDE, 56C6 against NEP, and ApS (Figure 1) was characteristic of the thiol-metalloprotease
Karen against APP) and secondary antibdésconjugated insulin-degrading enzyme (IDERB, 24), raising the pos-
protein A (NEN Life Science Products), was reacted for sibility that IDE is responsible for most intracellularsA
quantitative detection by Phosphorimager (Molecular Dy- degradation, although we cannot completely exclude the
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110-Phenanthroline s CHO-695 cells were transfected with pCMempty vector) or
’ pCMVhIDE. Conditioned media or cell lysates were analyzed by
NEM i 4—20% tris-glycine SDSPAGE. IDE or APP was detected by
Phosphoramidon immunoblotting with anti-IDE antibody 9B12 (panels A and B) or
) anti-APP antibody Karen (panel C). Resultant bands were quantified
Thiorphan * with Phosphorimager after reaction witfd-labeled secondary
Leupeptin antibody. (A) Expression of IDE in cell lysates from pCMar
pCMVhIDE-transfected CHO-695 cells. (B) Expression of IDE in
PMSF conditioned media. Right column: long exposure of lane 1 of left
E-64 column. (C) Effect of IDE overexpression on cell-associated APP.
Pepstatin ' : : . ' . : — A Media B Media
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Ficure 1: Effect of various inhibitors on intracellular/Alevels :- ~ AB ::“" ‘- ABa2
in CHO-695 cells. CHO-695 cells plated on 100-mm culture dishes
were incubated at 37C for up to 3 h with indicated reagents. (1) c e
control (DMSO alone, final concentration was 0.5%), (2) 200 Transfection NE'_IDE___
1,10-phenanthroline, (3) 1 mM-ethylmaleimide (NEM), (4) 'n;g;;;_ 0 0 01110100 (M)

bacitracin 1 mg/mL, (5) 5uM phosphoramidon, (6) 5&M I ... A
thiorphan, (7) 1 mM phenylmethylsulfonyl fluoride (PMSF), (8) A

100uM leupeptin, (9) 10Q:M E-64, and (10) 5&:M pepstatin A.
Note that final DMSO concentrations in medium were less than
0.5% in all experiments and only DMSO alone of these concentra-
tions did not affect levels of intracellular/A After incubation, the
cells were washed twice, harvested with STE buffer containing
protease inhibitor cocktail, and solubilized with 1% NP-40 for
soluble fraction (A). Resultant pellets after ultracentrifugation were
further extracted with 70% formic acid to obtain the insoluble
fraction (B). Samples were immunoprecipitated with antibody 6E10.
Immunoprecipitates were separated by-20% Tris/tricine gel and
transferred to nitrocellulose membrane for detection by highly
sensitive immunoblotting with antibody 6E10. The intensity of
bands corresponding to intracellulap Avas quantified densito-
metrically. The relative intensity values were calculated as a
percentage of that from the control cells. The results are the mean

(&= SEM) of triplicate independent experiments. Asterisk marks .
indicates statistically significant difference from the control=  ¢/e@ved C-terminal of APP) was not affected by overexpres-

< 0.05, * P < 0.01). sion of IDE (data not shown).

The overexpression of IDE dramatically decreased levels
possibility that another known or unknown thiol-metallo- of extracellular A& in conditioned media from CHO-695 cells
protease could perform this function. To obtain direct (Figure 3A). Secreted p42 also was degraded in IDE-
evidence that IDE is capable of degrading ixtracellularly, transfected cells (Figure 3B). Similar results were obtained
we investigated the effect of overexpression of IDE gh A by sandwich-ELISA (440 and A342 levels were decreased
levels. We first verified that the transfection of pPCMVhIDE to 0.25+ 0.15% and 0.14t 0.04% of control f = 2],
encoding wild-type human IDE increased the amount of 110- respectively). This reduction in secreted3 As in good
kDa IDE by approximately 4-fold, as compared with agreement with the report by Vekrellis et dllj, who used
endogenous IDE in empty vector-transfected CHO-695 cells IDE-transfected CHO cells overexpressing V717F mutant
using the monoclonal antibody 9B12, which recognizes both APP751 (7PA2) cells. To see whether insulin competes with
the endogenous hamster IDE and the transfected human IDEDE in the reduction of extracellular/A we next examined
(25) (Figure 2A). In contrast, the level of cell-associated APP the dose response of the effect of insulin on IDE-mediated
was not significantly changed by overexpression of IDE degradation of A&. Addition of 10 uM insulin almost
(Figure 2C). We also ensured that C99 (fhesecretase-  completely reversed the IDE-mediated reduction ¢f iA

Ficure 3: The effect of expression of IDE on levels of secreted
Ap. Cells were cultured for 24 h after transfection with pCMV
(for control) or pPCMVhIDE and further incubated with fresh media
for an additional 24 h and then collected. Conditioned media were
collected and immunoprecipitated with 6E10 (A) or anfid®
specific antibody (B). Immunoprecipitates were separated by 10
20% Tris/tricine gel and transferred to nitrocellulose membrane for
detection by immunoblotting with antibody 6E10. (C) The effect
of insulin on IDE-mediated degradation. Various concentrations
of exogenous insulin were added to culture media and incubated
for 16 h. Conditioned media were collected and immunoprecipitated
with antibody 6E10. Immunoprecipitates were separated by 10
20% Tris/tricine gel and transferred to nitrocellulose membrane for
detection by immunoblotting with antibody 6E10. Data are
representative of two independent experiments.
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Ficure 4: The effect of IDE expression on intracellulaf ACHO-

695 cells were transfected with pCM\(lane 1; control), pCM-
VhIDE (lane 2; wild-type human IDE), or pH108L (lane 3; an
inactive human mutant IDE). Cells were solubilized with 1% NP-
40 (A) or 1% Triton X-100 for soluble fraction (B). Resultant pellets
after ultracentrifugation were extracted further with 70% formic
acid (FA) (C) or wih 6 M guanidine hydrochloride (GA) in Tris-
HCI (D) and then immunoprecipitated with antibody 6E10. Immu-
noprecipitates were separated by—BD% Tris/tricine gel and
transferred to nitrocellulose membrane for detection by immuno-
blotting with antibody 6E10. (E, F) Cells were solubilized with
1% NP-40, and the resultant pellet was further extracted with 70%
formic acid (E) or 6M guanidine hydrochloride (GA) (F). Equal
amounts of protein were loaded onte20% Tris/glycine gels and
transferred to nitrocellulose membranes for detection by immuno-
blotting with anti-IDE antibody 9B20. The asterisk indicate8 A
dimer. Data are representative of three to eight independent
experiments. (G) The intensity of bands corresponding to intrac-
ellular A3 shown in panels A and C was quantified densitometri-
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in the detergent-insoluble fraction. To test this, we further
examined the effect of IDE expression onsAn the
detergent-insoluble pool using extraction with formic acid.
A considerable amount of A(~40% of intracellular total
Ap) was recovered from the cell lysates extracted with 70%
formic acid in CHO-695 cells in our assay system (Figure
4C, lane 1). Levels of intracellular fAin the detergent-
insoluble pool that was extracted with formic acid were
dramatically decreased in wild-type IDE-transfected cells
compared with that from control and inactive mutated IDE
(H108L)-transfected cells. For confirmation that IDE is
capable of degrading detergent-insolubl@, Ave attempted

to extract A3 with 6 M guanidine hydrochloride to achieve
complete denaturation, a method that has also been used for
extracting A3 from brain £6) and neuroblastoma cell8)(

We also demonstrated that thg &xtracted with guanidine
hydrochloride was significantly decreased in wild-type IDE-
transfected cells (Figure 4D). The endogenous IDE in CHO-
695 cells was observed in the nonionic detergent-insoluble
fraction (Figure 4E, lane 1). The increase in IDE levels was
similar (approximately 4-fold by densitometric analysis) to
that in the detergent-soluble fraction after transfection with
human IDE.

Effect of Zinc Inhibitor on Intracellular A. IDE is a
metalloendoprotease and requiresZto degrade insulin,
and the Zn?" chelator 1,10-phenanthroline inhibits the
intracellular degradation of insulin in intact cells almost
completely 23, 27). To investigate whether IDE-mediated
degradation of & is reversed by the inhibition of IDE with
1,10-phenanthroline, we compareg fevels in IDE-trans-
fected cells with or without 1,10-phenanthroline. Treatment
with 1,10-phenanthroline completely reversed the IDE-
induced degradation of intracellulaAn both the detergent-
soluble and -insoluble fractions (Figure 5A) as well as in
medium (Figure 5B). Yamin et al14) reported that some
serine protease is involved in a major extracellulgs A

cally. The relative intensity values were calculated as a percentagedegradation pathway and that metalloproteases in the neu-

of A relative to untransfected cells. Data are me&nSEM.

conditioned media from IDE-transfected CHO-695 cells
(Figure 3C).

Effect of Qerexpression of IDE on Intracellular Ain
Detergent-Soluble and Detergent-Insoluble FractioBs-

roblastoma cell line, including IDE, are less important
contributors to the degradation of extracellulgt;Ahey did

not report on intracellular A In conditioned medium,
treatment with 1,10-phenanthroline had only a slight low
effect on levels of extracellular A (Figure 5A, lane 2), a
result consistent with those of Yamin et al. using synthetic

cause the majority of insulin has been reported to be degradedds in medium, although the 6-kDa band was increased in

by IDE in cytoplasm, we next investigated whether IDE is
involved in the degradation of intracellularffas well as
secreted A. Levels of intracellular £& in the NP40- or Triton
X-100-soluble fraction were greatly reduced in wild-type
IDE-transfected cells (Figure 4A,B). In contrast, there was
no difference between levels of soluble intracellulgt iy
the empty vector-transfected cells and those in the cells
transfected with the inactive form of mutant IDE (H108L),
which eliminates ZA" binding Q0). In contrast to the
reduction of monomer B, the~8 kDa band corresponding
to AS dimers increased reproducibly (in eight independent
experiments) in wild-type IDE-transfected cells as compared
with levels in untransfected or mutant IDE-transfected cells.
While IDE has generally been reported to localize to the
cytoplasm, our inhibitor study (Figure 1B) indicated that thiol
and metal activity might be involved in the degradation in
the detergent-insoluble fraction as well as in the detergent-
soluble fraction, raising the possibility that IDE degradgs A

the cells treated with 1,10-phenanthroline. We found, how-
ever, that when the cells were incubated with 1,10-phenan-
throline intracellular 4-kDa monomer/Ain contrast to the
extracellular A6, gradually accumulated, starting as early as
15 min, in a time-dependent manner (Figure 5C). The time-
dependent accumulation of intracellulaps Also was ob-
served in the NP-40-insoluble formic acid-extracted fraction.
Densitometric quantitation of the band intensity off A
indicated that treatment with 1,10-phenanthroline increased
intracellular the level of insoluble Aby ~665%, intracel-
lular soluble AG by ~391%, and extracellular by ~114%.

In addition, an~6-kDa anomalous A and an~8-kDa band
corresponding to dimer A markedly increased with time.
The exact character of6-kDa A5 is unknown, although
the major species has been found to be gh geptide
beginning at first Arg 28), and it is also recognized with
antibody anti-A640 specific for ending of £40. Thus, it
seems an anomalously comigratefl1A-40 in SDS-PAGE,
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Ficure 5: Effect of 1,10-phenanthroline on extracellular or
intracellular A3 degradation in IDE-transfected or untransfected
cells. IDE- or empty vector-transfected cells were plated in 100-
mm culture dishes and preincubated with or without 0.5 mM 1,-
10-phenanthroline. After preincubation, the cells were washed twice
and further incubated with fresh medium for up to 2 h. (A) For
detection of intracellular B, cells were solubilized with 1% NP-
40 for the soluble fraction. The resultant pellet after ultracentrifu-
gation was further extractedwith 70% formic acid for the insoluble
fraction. (B) A3 secreted durig 2 h was collected. (C) Time-
dependent accumulation of intracellulap After treatment with
1,10-phenantholine. Each sample was immunoprecipitated with
antibody 6E10, and then immunoprecipitates were separatedby 10
20% Tris/tricine gel and transferred to nitrocellulose membrane for
detection by immunoblotting with antibody. Data are representative
of two or three independent experiments.

Soluble

although we cannot rule out the possibility that it may

undergo conformational transition or association with other
molecules [Note that small, but significant, peaks were
detected around molecular weight of 5.5 kDa (5590, 5842,
5943) in addition to the major peak, corresponding 1A

40 in the combination of immunoprecipitation with antibody

6E10 and matrix-assisted laser desorption/ionization (MAL-
DI) mass spectrometirc analysis (A. Khatri, S. Sudoh, and
D. King, unpublished work)].

Effect of Neutral Endopeptidase on Extracellular and
Intracellular A3. Recently, several groups reported that
purified neutral endopeptidase (NEP, neprilysin) hydrolyzes
synthetic A31—40 on at least five cleaved sites in vitr29)
and that infusion of the inhibitor for NEP has been found to
cause accumulation of A2 in the extracellular space in
rat brain homogenatel®). There is no direct evidence,
however, that NEP actually acts or3An normal cellular
metabolism, and the location (i.e., extracellular or intracel-
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Ficure 6: Effect of the expression of neutral endopeptidase (NEP)
on extra- and intracellular A pcDNA3.1 encoding rat neprilysin
(pcDNA3-NEP) or empty vector (pcDNA3.1) was transfected into
CHO-695 cells. (A) Cell lysates were analyzed by20% SDS-
PAGE and probed with anti-CD10/NEP 56C6 antibody. (B)
Conditioned media from CHO-695 cells overexpressing NEP were
immunoprecipitated with antibody antig40 or A42 and then
detected by highly sensitive immunobloting with antibody 6E10.
(C) Cell lysates were extracted with 1% NP-40, immunoprecipitated
with antibody 6E10, and detected with 6E10. (D) The resultant
pellet after ultracentrifugation was extracted further with 70%
formic acid for insoluble fraction. Samples were neutralized and
subjected to immunoprecipitation with antibody 6E10 and detected
by highly sensitive immunoblotting with antibody 6E10. (E) The
intensity of bands corresponding to intracellulg shown in panels

C and D was quantified densitometrically. The relative intensity
values were calculated as a percentage pfrélative to untrans-
fected cells. Data are mea#ss SEM. (F) Effect of thiorphan on
NEP-mediated decrease oSANEP-transfected cells were treated
with or without 50uM thiorphan for 3 h. The NP-40-insoluble
fraction was immunoprecipitated with antibody 6E10 and detected
by immunoblotting with 6E10. Data are representative of three
independent experiments.

intracellular degradation of A in the detergent-soluble
fraction (Figure 6C, lane 2), while IDE clearly degradefl A
in the same fraction (Figure 6C, lane 3). In contrast, NEP
markedly degraded the/Ain the detergent-insoluble fraction
extracted with formic acid as well as theSAin IDE-
transfected cells (Figure 6D). These differential effects of

lular) of this degradation event has not been elucidated. ThiSNEP and IDE on soluble and insolubleSAvere clearly

discrimination has not been possible because these brairy,n by densitometric quantitiation of the band of intrac-
homogenates contain whole components of both secrgied A ellular A3 (Figure 4G and Figure 6E). Treatment with
and intracellular . Therefore, to address this issue, we thiorphan, the inhibitor of NEP, reversed NEP-mediated
transfected the expression vector encoding rat wild-type NEP (o q.ction of intracellular A& in the detergent-insoluble

CDNA sequence into CHO-695 cells. As expected&7- fraction (Figure 6F), confirming that the decrease®iWas
kDa NEP protein was observed in the cell lysate from NEP- modulated by NEP expression.

transfected cells probed with anti-NEP/CD10 antibody 56C6

(Figure 6A). The expression of NEP resulted in a partial piscussioN

decrease in extracellular /40 (73 + 4%, n = 3, by

densitometiric analysis) and42 (62 + 3%, n = 3) in To date, there is no evidence of increased generation of
conditioned medium (Figure 6B). As previously described Ap in patients with sporadic AD30), except in a small
(29), cell-associated APP and C99 was not affected in our subset of patients with familial early-onset AD. Thus,
experiments (data not shown). NEP had little effect on the attenuation of the function of the fAdegradation system
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rather than upregulation of theSAgeneration system could insoluble fraction. In this study, we cannot completely
be related to the onset of sporadic cases of AD with aging. exclude the possibility of another known or unknown thiol-
Several groups recently demonstrated the involvement of metalloprotease involved in the intracellular degradation. The
some peptidases in extracellular proteolysis ¢f (A1, 14, creation of IDE-knock out mice would provide strong
15), but the mechanisms of intracellular degradation gf A evidence that IDE is responsible for the degradation 6f A
remain to be elucidated. We do know, however, that some Several reports have suggested that NEP is involved in
of the AB generated intracellularly remains in the intracellular the degradation of A Injection of thiorphan, a selective
pool and accumulates with time in the detergent-insoluble inhibitor for NEP (also NEP-like protease and to a lesser
pool (5), suggesting the involvement of intracellulafp An extent endothelin-converting enzyme) resulted in the ac-
the pathogenesis of AD. In this paper, we have focused oncumulation of A342 in the extracellular space of rat brain,
the intracellular degradation of endogenous By using suggesting that NEP is responsible for degradation of
CHO-695 cells. extracellular 4842 in rat brain in vivo 15). We present direct
Among the protease inhibitors examined, the sulfhydryl evidence that expression of NEP partially degraded secreted
agent NEM, the metalloprotease inhibitor 1,10-phenanthro- Af40 and A342 and markedly degraded intracellulgf A
line, and bacitracin resulted in accumulation of intracellular the detergent-insoluble fraction, but not in the detergent-
Ap in the detergent-soluble fraction. Other protein inhibitors soluble fraction. NEP is a type Il integral membrane
(e.g., cysteine, serine, and aspartate proteases) had little oglycoprotein consisting of a larger extracellular spanning

no effect on intracellular A levels. We thus pursued the

domain and a shorter cytoplasmic domain; its active site is

hypothesis that thiol-metalloprotease IDE is responsible for in the ectodomain34). The cellular localization of NEP at

the degradation of intracellular because these inhibitors
have been shown to inhibit the acitivity of IDRJ, 24, 27,

31). We clearly demonstrated that the expression of IDE
markedly reduced the level of intracellularfAin the

detergent-soluble fraction as well as the extracellular deg-

radation of A6. This reduction of intracellular Ais not likely

the cell-surface plasma membrane suggests that it is involved
regulation by inactivating small peptides on the cell-surface
membrane 35, 36). Interestingly, some membrane pepti-
dases, including NEP, have been observed in the detergent-
insoluble membrane fractior37, 38). In the brain, A8 also

is present in the detergent-insoluble glycolipid-enriched

to be due to the altered processing of APP or degradation ofmembrane fraction8). From these results, taken together

APP modulated by IDE, since intracellular levels of full-

with ours, we could assume that NEP degrades primarily

length APP and C99 were not affected by overexpressionintracellular A3 in the detergent-insoluble pool at the cell

of IDE. The finding of the preliminary experiment with

membrane.

trypsin treatment as described in Experimental Procedures The inhibitor experiments and overexpression experiments

indicated that this degradation off3Ain this experiment
reflects mainly the intracellular event by IDE. The complete
reversal of the effect of IDE on intracellularfAwith the
IDE inhibitor 1,10-phenanthroline further confirmed these
results. IDE is a unique thiol-metalloprotease, with no
significant identity to any known mammalian protea2é)(
IDE is localized primarily in the soluble (1000§Guper-
natant) cytosolic fraction 13). Indeed, once insulin is
internalized and translocated to cytoplasm, the majority of
insulin is degraded in the cytosoBZ). Hence, IDE is
probably capable of degradingsfas well as insulin in the
nonionic detergent-soluble fraction.

Substantial amounts of intracellula3falso are present
in the detergent-insoluble pod3<5) both in the cells and
in the brain 8). Some insoluble A& remained within the cells
and accumulated with timé&). Therefore, to determine the
mechanisms of A accumulation related to AD pathogenesis,

of IDE and NEP suggest that IDE is probably responsible
for the degradation of intracellular AAin the detergent-
soluble pool. In contrast, both IDE and NEP degradegt A
in the detergent-insoluble fraction. We currently do not know
the derivation of insoluble A Most APP and C99 are found
in the detergent-soluble fraction, whereas minute amounts
of APP and C99 were detected in the insoluble fraction, sug-
gesting that most of A is generated in the soluble fraction
(8). Some of the & generated in the soluble pool thus might
be incorporated into the insoluble pool. If so, degradation
of Ag in the soluble pool at an early stage may be effective
in preventing aggregation. In addition, thiorphan, the NEP
inhibitor, had a small effect on accumulation of intracelluar
AP (and A342) in the insoluble fraction. These results, taken
together, indicate that IDE plays a crucial role, as compared
with NEP, in regulating intracellular degradation of A

It has not yet been resolved whether neuronal damage is

we investigated the mechanism of degradation of insoluble induced by intracellular B or by extracellular accumulation

ApB. The inhibitor profile, which indicated the involvement
of a protease sensitive to both metal- and thiol-inhibitors in
the degradation of insoluble/A led us to hypothesize that
the metallo-thiol protease IDE might be involved in thg A
in this pool as well as that in the soluble fraction. We found
that the expression of wild-type IDE remarkably reduced the
insoluble AG levels extracted with different chemicals (e.qg.,
either 70% formic acid 06 M guanidine hydrochloride).
Although degradation of insulin was found in cytosol,
significant insulin-degrading activity was seen in other
subcellular fractions including cell membran&8)( Endog-

of Ap after secretion. Studies with transgenic mice have
shown little neuronal pathology as that seen in AD, even in
the presence of accumulation of extracellulg# £89). In
contrast, in older transgenic mice overexpressing presenilin
1 mutations, apoptotic neurons with intracellulg® deposits
were observed without extracellular amyloid plaque forma-
tion, suggesting that intracellulapfaccumulation correlates
with neuronal death2). One reason the importance of
intracellular AS is controversial is that fibrillar amyloid has
not yet been found intracellularly. However, a recent report
suggested that the oligomerpAthat may result in fibril

enous IDE also was detected in the detergent-insoluble frac-formation arises first intracellularly, since incubation of

tion after extraction with nonionic detergent. Thus, the IDE
is likely to include the degradation of/Ain the detergent-

extracellular A did not lead to oligomer formatior®(). In
our current experiments using 1,10-phenanthroline, intrac-
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ellular A3 accumulated in a time-dependent manner in both Pennsylvania) and Dr. Daniel Skovronsky (University of
soluble and insoluble fractions, and formation of oligomer Pennsylvania) for constructive input and support on perform-
Ap was enhanced. Because of the small volume of cells, ing a sandwich-ELISA. We also thank Mr. Ashok Khatri

the concentration of intracellular@would be much higher
than that of extracellular A(41). Since higher concentrations
of AS enhance aggregatiod?), subtle alterations in the

(Massachusetts General Hospital) and Dr. David S. King
(Howard Hughes Medical Institute, University of California,
Berkeley) for performing a MALDI-TOF mass spectrometric

intracellular degradation system might lead to the formation analysis.

of aggregated A. Although we cannot completely exclude

the involvement of another, unknown thiol-metalloprotease REFERENCES

in the accumulation of A, our data suggest that attenuation
of intracellular degradation might result in the intracellular
aggregation of A&. The increase in extracellularffby 1,-
10-phenanthroline was low as compared with that of intra-
cellular A3, suggesting that different protease(s) might be
involved in the degradation activity of IDE in extracellular
degradation of A& as discussed previouslyt4, 15). Alter-

natively, another clearance mechanism, e.g., receptor-medi- 4.

ated internalization of A (43), might mediate the extracel-
lular level of A5. Levels of extracellular insulin of the brain
using microdialysis were within nhanomolar range (around
10 nM) (44) as well as that of cerebrospinal fluid5). In

our study, insulin at 1M was necessary to compete with
an IDE-mediated decrease of extracellulgh. Ahis concen-
tration of insulin was somewhat higher than the concentration
(1—10 uM) previously reported for results of an in vitro
degradation-assay8, 46). This may due to our different

assay system using intact cells, i.e., production (and secretion) 9.

of IDE or incorporation of insulin into the cells during the
assay period might affect this discrepancy. The different
approach may explain this discrepancy. In addition, previous
in vivo study showed that injection of insulin (10 mg/mL,
which corresponds to 20M in final concentration in vivo
according to our calculation) into the brain did not inhibit
Ap catabolism 19). Thus, physiological insulin may be less
relevant to IDE-mediated degradation gf M extracellular
space in vivo.

Several groups have reported a novel susceptibility locus
for late-onset AD on chromosome 10q, where the IDE gene
also is mapped4(/—49). Although IDE has emerged as a
potential candidate responsible for extracellul@ degrada-
tion (11), this remains controversial, since some investigators
have shown that NEPLE) and some serine proteasd<l)(
are responsible for extracellulasAdegradation. However,
our present study provides novel evidence of the probable
involvement of IDE in the formation of intracellular soluble
Ap and in the degradation of insolubleBAAccumulation
of intracellular A3 is considered harmful to cells. If the
deposition of A begins inside cells and if fibrillar A
accumulates in the detergent-insoluble fraction during aging,
degradation of intracellular Amodulated by IDE could be
a very crucial step in clearance offAOne possible strategy
for the treatment of AD would thus be promotion of the
degradation of &. We thus believe that our results showing
the involvement of IDE and NEP in the degradation of
intracellular AG provide new insights on the molecular
mechanisms underlying amyloidogenesis.
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