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Abstract: We investigated the subcellular distribution of NEP protein and activity in brains of human individuals with
no cognitive impairment (NCI), mild cognitive impairment (MCI) and AD dementia, as well as double transgenic mice
and human neuronal cell line treated with AB and 4-hydroxy-2-nonenal (HNE). Total cortical neuronal-related NEP
was significantly increased in MCI compared to NCI brains. NeuN was decreased in both MCI and AD, consistent
with neuronal loss occurring in MCl and AD. Negative relationship between NEP protein and NeuN in MCI brains, and
positive correlation between NEP and pan-cadherin in NCI and MCI brains, suggesting the increased NEP expres-
sion in NCI and MCI might be due to membrane associated NEP in non-neuronal cells. In subcellular extracts, NEP
protein decreased in cytoplasmic fractions in MCl and AD, but increased in membrane fractions, with a significant
increase in the membrane/cytoplasmic ratio of NEP protein in AD brains. By contrast, NEP activity was decreased
in AD. Similar results were observed in AD-mimic transgenic mice. Studies of SH-SY5Y neuroblastoma showed
an up-regulation of NEP protein in the cytoplasmic compartment induced by HNE and AB; however, NEP activity
decreased in cytoplasmic fractions. Activity of NEP in membrane fractions increased at 48 hours and then signifi-
cantly decreased after treatment with HNE and AB. The cytoplasmic/membrane ratio of NEP protein increased at
24 hours and then decreased in both HNE and Ap treated cells. Both HNE and AB up-regulate NEP expression, but
NEP enzyme activity did not show the same increase, possibly indicating immature cytoplasmic NEP is less active
than membrane associated NEP. These observations indicate that modulation of NEP protein levels and its subcel-
lular location influence the net proteolytic activity and this complex association might participate in deficiency of Ap
degradation that is associated with amyloid deposition in AD.
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Introduction

Alzheimer’s disease (AD) is characterized by
extracellular B-amyloid (AB) deposits in the
form of senile plaques and cerebral amyloid
angiopathy, as well as intracellular neurofibril-
lary tangles composed of hyperphosphorylated
microtubule associated protein tau [1]. Accu-
mulation of AB, a physiological peptide in the
brain, is thought to be a triggering event in the
pathological cascade of AD [1]. The steady-
state level of AB is determined through a bal-

ance between the anabolic and catabolic activi-
ties. Excessive AB deposition in AD brains is
related to the dynamic interaction of its produc-
tion and degradation. Although overproduction
of AB is a crucial factor in approximately 5-10%
of AD cases associated with autosomal domi-
nant mutations in amyloid precursor protein
(APP) [2, 3], presenilin 1 (PSEN1) [4], or PSEN2
[5, 6], there is little evidence of AB overproduc-
tion in aging and sporadic AD, where the cause
of AB deposition remains uncertain. Thus, defin-
ing the mechanisms and cellular pathways of


http://www.ajtr.org

Subcelullar neprilysin in Alzheimer’s disease

AB catabolism remain important research
objectives.

Neprilysin (NEP), a 97 kDa type Il membrane-
bound zinc metalloendopeptidase, is ubiqui-
tously expressed by neurons [7]. It was origi-
nally identified in the renal brush border, but
subsequently found in brain as a key neuropep-
tide-degrading enzyme (also known as enkeph-
alinase, substance P-degrading enzyme, neu-
tral endopeptidase, EC 3.4.24.11, and CD10),
although expressed at much lower levels in the
brain than in the kidney [8-11].

Several lines of evidence implicate NEP as the
most potent AB-degrading enzyme in the brain
and one that can degrade not only monomeric
forms of AB, but also more toxic AB oligomers
[12]. It was demonstrated that NEP knockout
mice have increased levels of AB peptides in
the brain and that administration of the NEP
inhibitor thiorphan to rats led to increased lev-
els of AB [8, 13-15]. In contrast, over-expres-
sion of NEP reduced AP levels in a dose-depen-
dent manner [16, 17], protected neurons from
AB toxicity in vitro [18], reversed amyloid-like
pathology and improved animal behavior in vivo
[13, 16, 19, 20]. NEP has been shown to be
selectively decreased in AD brains, but not in
pathological aging, which is associated with
high levels of amyloid deposition without con-
comitant neurofibrillary degeneration [21]. Con-
sistent with the increase in AP levels observed
during aging and in AD, studies from others [20,
22-24] and us [21, 25] indicated that expres-
sion of NEP in the brain decreases not only in
aged rodents, but also in early stages of AD.
Decreases in NEP correlated with AR accumula-
tion and with clinical diagnosis [26].

NEP is a cell-surface ectoenzyme with a large
extracellular domain containing the catalytic
site, which is localized in a cavity that allows
access to peptides containing up to 50 amino
acids [27]. Recent evidence indicates that NEP
is detected in lipid rafts [28-30], a cellular
domain in which AB generation could occur [31,
32]. The evidence that both extracellular and
cell-associated AB levels are reduced by over-
expression of NEP in primary cortical neurons
[33] suggests that NEP may degrade AB through
a secretory pathway or possibly on the cell sur-
face. A study with neurons expressing NEP chi-
meric proteins containing various subcellular
compartment-targeting domains indicated that
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NEP in subcellular compartments had different
catalytic activity [34]. Different intracellular
compartments may be involved in the metabo-
lism of distinct pools of AR (AB40 and AB42)
that are retained or recycled intracellularly or
secreted extracellularly [34]. We found in a pre-
vious study of SH-SY5Y human neuroblastoma
cell line that expression of NEP mRNA and pro-
tein were up-regulated after AB treatment, but
that NEP activity was significantly lower com-
pared with NEP protein level [35]. Therefore, we
speculated that the pattern of subcellular
expression of NEP might differ in AD compared
to controls and that this might contribute to
abnormal AB catabolism and extracellular
deposition of AB. Little work has been carried
out on subcellular expression patterns of NEP
and its enzymatic activity in brains of individu-
als with a range of AD pathology. Our objective
was to make such assessment with the intent
that this information might shed light on the
pathogenesis of AB deposition in AD and pos-
sible lead to new therapeutic targets.

In this study, we investigated the subcellular
distribution of NEP in the brains of individuals
with NCI, MCI and AD, as well as in transgenic
mice that develop AR in a predictable age-
dependent manner. We complemented in vivo
studies with in vitro studies of cultured human
neuroblastoma SH-SY5Y cells treated with an
inducer of oxidative stress, 4-hydroxy-2-none-
nal (HNE), and with exogenous AB peptides.

Material and methods
Chemicals and reagents

Synthetic human AB1-42 was purchased from
BACHEM (Torrance, CA). HNE was obtained
from AG Scientific, Inc. (San Diego, CA). Mac-R-
P-P-G-F-S-A-F-K (Dnp)-OH Fluorogenic Peptide
Substrate V was purchased from R&D Systems,
Inc. (Minneapolis, MN). Subcellular protein frac-
tionation kits were purchased from Thermo
Scientific (Rockford, IL). Human neprilysin
ELISA kits were from R&D. Other general chemi-
cals and reagents were from Fisher Scientific
(Waltham, MA).

Case and clinical features data

Frozen frontal cortex from 6 NCI, 10 MCI and
12 AD were obtained from participants in the
Religious Orders Study of the Rush Alzheimer
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Disease Center (P30AG10161) [36]. All individ-
uals had undergone a uniform structured clini-
cal evaluation that included a medical history,
neurologic examination, neuropsychological
performance testing, and diagnostic classifica-
tion for dementia and AD, and MCI; NClI referred
to those individuals without dementia or MCI.

Animals

APPswe/PS1dE9 double-transgenic mice, ex-
pressing a chimeric mouse/human amyloid
precursor protein (Mo/HUAPP695swe) and
human mutant presenilin 1 (PS1-dE9), as well
as wild-type C57 mice were obtained from
Jackson Laboratory. Animals were housed at a
temperature of 20-25°C, relative humidity of
50-60%, and a 12:12 hour reverse light: dark
cycle environment with free access to food and
water. All experimental procedures conformed
to the guidelines of Care and Use of Laboratory
Animals of China for animal experimentation.

Sample preparation and subcellular fraction-
ation

Human brain samples were weighted, cut into
small pieces in ice cold PBS (0.1 M sodium
phosphate, 0.15 M sodium chloride; pH 7.2),
and centrifuged at 500 xg for 5 min at 4°C.
Supernatants were discarded, and the pellet
was dissolved in 300 ul cytoplasmic extraction
buffer (CEB), homogenized on ice, incubated for
10 min, and then centrifuged at 500 xg for 10
min. Supernatants (cytoplasmic extracts) were
transferred to a new tube and 150 pl mem-
brane extraction buffer (MEM) was added to
the pellets, vortexed strongly for 5 seconds,
incubated for 10 min on ice, then centrifuged at
3,000 xg for 10 min. The protein extracts were
transferred to tubes and stored at -80°C until
usage.

Cell culture and treatments with HNE and A
peptide

SH-SY5Y neuroblastoma cells, obtained from
the American Type Culture Collection (ATCC),
were maintained in a humidified atmosphere of
95% air and 5% CO, at 37°C. Cells were seeded
into plates or dishes in DMEM/F12 (1:1) medi-
um, supplemented with 10% (v/v) fetal bovine
serum (FBS), 100 U/ml penicillin and 100 ug/
ml streptomycin. SHSY5Y cells were seeded
into 100 mm dishes at a density of 2 x 10* cells
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per ml. Experiments were carried out 24-48 h
after cells were seeded. Different concentra-
tions of HNE (dissolved in 3% DMSO) or AB (dis-
solved in 0.4% DMSO) were added to the cul-
tures 24-72 h before harvest. Final con-
centration of DMSO in medium was < 0.003%.
As a control, media (with same concentrations
of DMSO) were added to the cells.

For subcellular fractionation, cells were har-
vested with trypsin-EDTA and then centrifuged
at 500 xg for 5 min. The cells were washed by
suspending the cell pellet with ice-cold PBS,
transferred to 1.5 ml microcentrifuge tubes at
1-10 x 10® ml, and pelleted by centrifugation at
500 xg for 2-3 min. The supernatant was dis-
carded and the cell pellet was re-suspended in
ice-cold CEB containing protease inhibitors,
before subcellular protein extraction as de-
scribed above.

NEP protein and NEP enzymatic activity mea-
surements

Cytoplasmic and membrane samples from
brain tissues and cells treated with vehicles,
HNE or AB were assayed for NEP protein level
with a sandwich enzyme immunosorbant assay
(ELISA) and for NEP enzyme activity with an
immunocapture-based enzyme assay.

NEP protein level was measured with the NEP
DuoSet® ELISA kit (R&D). Sandwich ELISA
assay of NEP was performed according to the
protocol provided by manufacturer. Standard
curves were produced from serial dilutions of
recombinant human NEP.

For immunocapture-based specific NEP activity
measurements, 96-well high affinity binding
ELISA plates (BD Bioscience, San Jose, CA)
were coated with 100 pl of NEP capture anti-
body (goat anti-human, 1.6 ug/ml) diluted in
PBS (137 mM NaCl, 2.7 mM KCI, 8.1 mM
Na,HPO,, 1.5 mM KH,PO,, pH 7.2) and incu-
bated for 18 h at room temperature. The plates
were washed 3 times with PBS containing
0.05% tween-20. After 60 min blocking with
PBS containing 1% BSA fraction V, 100 ul of
standards or supernatants were added and
incubated at 4°C overnight. After 3 washes, the
fluorogenic peptide (10 uM) diluted in 200 mM
Tris-HCI pH 7.5, 50 mM NaCl and 10 uM ZnCl,
was added and incubated at 37°C in dark.
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Figure 1. The relative levels of NEP, NeuN and Pan-cadherin
in NCI, MCI and AD cortex. Brain slides from NCI, MCIl and
AD cortex were immunostained for NEP, NeuN and pan-
cadherin followed by quantitative analysis using Art Imag-
ing Systems Vectra™. A: The representative photos from
the Nuance analysis. B: NEP; C: NeuN; D: Pan-cadherin.
The data are expressed as mean + SEM. ***p < 0.01 vs
NCI control.
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Figure 2. Correlation analysis of NEP/NeuN and NEP/pan-cadherin pixel density. A significant negative correlation
between NEP and NeuN was observed only in MCI brains (R?= 0.3271, P < 0.0001). Positive correlation between
NEP and pan-cadherin was observed in both NCI (R? = 0.096, P = 0.002) and MCI (R? = 0.3836, P < 0.0001).

Fluorescent readings were taken after 60 min. PBS and fluorogenic peptide without cell
Control wells included in each plate contained supernatants.
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Figure 3. Alterations of NEP membrane/cytoplasmic
ratio for protein and enzymatic activity in NCI, MCI
and AD. The subcellular fractions of cortical tissues
from NCI, MCI and AD brains were prepared for
NEP ELISA and activity assays. A: Cytoplasmic and
membrane NEP protein levels; B: Cytoplasmic and
membrane NEP activity; C: The membrane/cytoplas-
mic ratio of NEP protein and activity. The data are
expressed as mean = SEM. *p < 0.05, **p < 0.01
vs NCI control.

Multiple immunohistochemistry and analysis
with spectra imaging

Paraffin embedded frontal cortex tissue sec-
tions mounted on glass slides from NCI, MCI
and AD or from control C56 WT mice and vari-
ous ages of transgenic APP/PS1 mice were
taken through deparaffinization and rehydra-
tion. Slides were blocked with endogenous per-
oxidase blocking buffer (Peroxidazed, Biocare
Medical LLC), protein blocking buffer, and alter-

613

native antigen retrieval. For multiple labeling,
the primary antibodies were applied as a cock-
tail (rat anti-NEP (15 pg/ml, R&D), rabbit anti-
pan-cadherin (1:500, Abcam) in antibody dilu-
ent (Renoir Red, Biocare Medical, LLC) overnight
at 4°C. Sections were washed with TBS and
then incubated with goat anti-mouse HRP poly-
mer for 30 minutes at room temp and goat anti-
rabbit AP polymer (Mach 2 Rabbit AP-Polymer)
for 60 minutes at room temp. Immunoreactivity
was visualized with brown chromogen (Betazoid
DAB Chromogen Kit) and red chromogen (Warp
Red Chromogen Kit Biocare Medical, LLC) for 7
minutes. After rinsing thoroughly with distilled
water, antibodies were denatured (Denaturing
Solution Kit Biocare Medical, LLC) for 3 min-
utes. The third primary antibody was applied
(mouse anti NeuN, 1:200, EnCor Biotechnology)
in Renoir Red diluent for 60 minutes at room
temp. After washing, goat anti-mouse HRP poly-
mer was applied for 30 minutes at room temp.
The third chromogen (Vina Green Chromogen
Kit, Biocare Medical, LLC) was incubated for 10
minutes. Slides were counterstained with
hematoxylin, rinsed with distilled water, dehy-
drated through graded alcohols and cleared in
zylene and coverslipped. The slides were quan-
titatively analyzed using art imaging systems
Vectra™ or Nuance™ (Caliper Life Sciences, Inc,
Hopkinton, MA). By using a spectral library, co-
localized signals from different antibodies were
unmixed and quantified and selecting regions
of interest (ROI) for analysis.

Thioflavin-S staining

Senile plaques were detected using thioflavine-
S staining according to Wesley Farros’ method
[37]. Brifely, 40 um sections were incubated
with 0.05% thioflavine-S for 8 minutes, and
washed twice in 80% ethanol and water,
respectively. The green fluorescence-stained
plagues were visualized using fluorescence
microscopy. Thioflavine-S positive staining was
measured and quantified by Image J.

Statistical analysis

All data were expressed as mean * standard
error of the mean (SEM). Statistical analyses
were performed with One-way ANOVA followed
by least significant difference post hoc analysis
(multiple comparisons) and liner regress analy-
sis with threshold of P < 0.05: *p < 0.05 and
**p < 0.01.

Am J Transl Res 2013;5(6):608-621



Subcelullar neprilysin in Alzheimer’s disease

251

109,
ol

Flurescence Area "

oW,

WT 3 6 9 12
APP/PS1 mice (month)

Figure 4. Thioflavine-S staining of brain slices from different months of APP/PS1 and WT mice. A-E: Represents the
sections of WT and APP/PS1 transgenic mice of 3, 6, 9 and 12 month, respectively. F: Total fluorescent area mea-

sured and quantified by Image J analysis for each group.

Results

Subcellular pattern of NEP in NCI, MCI and AD
brains

Multiple immunohistochemical staining of cor-
tical tissue from NCI, MCI and AD, as well as
APP/PS1 transgenic mice were used to simulta-
neously measure NEP, NeuN and pan-cadherin
protein and their cellular distribution with a digi-
tal imaging system (Vectra™ or Nuance™).
Figure 1A shows representative captured imag-
es using the Nuance™ system. As shown in
Figure 1, cortical NEP immunoreactivity in MCI
was higher compared to NCI, but there was no
difference between NCI and AD (Figure 1B).
Immunoreactivity of the neuronal marker NeuN
was lower in MCl and AD, consistent with great-
er neuronal loss in MCl and AD compared with
NCI as shown in previous studies (Figure 2C).
No changes in the pan-cadherin were observed
(Figure 2D). Correlation analysis did not find a
relation between NEP and NeuN immunoreac-
tivity levels in cortex of NCI and AD, but NEP
was negatively correlated with NeuN in MCI (p <
0.0001). There was a positive correlation
between NEP and pan-cadherin immunoreac-
tivities in NCl and MCI (P < 0.01) (Figure 2), but
not in AD (Figure 2).

Using NEP ELISA assays to measure protein
level and immunocapture followed by enzyme
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assay with fluorogenic substrate to specifically
measure NEP activity, we measured NEP in
subcellular fractions from frontal cortex of NCI,
MCI and AD. NEP protein was decreased in MCI
and AD cytoplasmic fractions compared with
NCI, but NEP protein was increased in the
membrane fractions of AD compared with MCI
and NCI (Figure 3A). The ratio of membrane/
cytoplasmic NEP protein was significantly
increased in AD (Figure 3C). The enzymatic
activity of NEP did not follow the same trends
noted for protein. In contrast to increases in
NEP protein in membrane fractions, the NEP
enzyme activity was significantly decreased in
the same fractions (Figure 3B). The ratio of
membrane/cytoplasmic for NEP activity tended
to be less, but the difference did not reach sta-
tistical significance (P = 0.178) (Figure 3C).

Amyloid plaque burden staining and subcel-
lular pattern of cortical NEP in the APP/PS1
transgenic mice

Transgenic mice have proven to be a valuable
model system to study pathological features
shared with AD such as AB deposition. In this
study, we measured NEP protein and enzyme
activity in APP/PS1 mice at time points (3
months) before amyloid plaques are detected
but at which time intraneuronal accumulation
of AB is detected in hippocampus and cortex
(Figure 4B, 4F), as well as at time points (6

Am J Transl Res 2013;5(6):608-621
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Figure 5. Alteration of cortical NEP levels in APP/PS1 transgenic mice. Brain slides from C57 WT mice and vari-
ous ages of transgenic APP/PS1 were immunostained for NEP, NeuN and pan-cadherin following by quantitative
analysis using Art Imaging Systems Nuance™. A: Total positive pixel area for NEP, NeuN and pan-cadherin in mice
at 3, 6, 9 and 12 months of age. B: Total NEP positive area; C: Membrane/cytoplasmic NEP positive area; D: NEP
membrane/cytoplasm ratio. The data are expressed as mean + SEM. *p < 0.05, **p < 0.01 vs WT control.

months) when plaques are prevalent (Figure
4C, 4F). Compared to controls, NEP immunore-
activity was increased at 3 months (similar to
findings in humans with MCI) and then
decreased after 6 months (similar to humans
with AD) (Figure 5A, 5B). NeuN and pan-cad-
herin decreased after 6 months (similar to pat-
terns noted in MCl and AD) (Figure 5A).

Analysis of NEP in subcellular fractions showed
that both cytoplasmic and membrane fractions
had increased NEP at 3 months and decreased
NEP after 6 months of age. The changes were
most marked for membrane compared with
cytoplasmic NEP (Figure 5C). Thus, the ratio of
membrane/cytoplasmic NEP was significantly
increased in 3 months mice (Figure 5D). While
there are no obvious AR deposits at 3 months
(Figure 4), when NEP is decreased in terms of
both protein levels and enzyme activity after
this time point, the decreases in NEP are asso-
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ciated with increasing AB accumulation in
extracellular deposits in the brain.

The subcellular profile of NEP in AB and HNE-
treated neuroblastoma SH-SY5Y cells

Treatment of human neuroblastoma SH-SY5Y
cells with AB or an inducer of oxidative stress,
HNE, produced up-regulation of NEP beginning
at 24 hours and persisting to 72 hours. Protein
levels of NEP in both cytoplasmic and mem-
brane fractions increased, with the most
marked increases in cytoplasmic fractions
(Figure 6A, 6B). In contrast to changes in pro-
tein level, NEP enzyme activity was decreased
in cytoplasmic fractions in cells exposed to AB
and HNE at 24 and 72 hours. The activity of
membrane NEP increased at 48 hours and
then significantly decreased (Figure 6C, 6D).
The ratios of cytoplasmic/membrane NEP pro-
tein and activity ratios calculated at the three

Am J Transl Res 2013;5(6):608-621



Subcelullar neprilysin in Alzheimer’s disease

>

250+ Kk
#a4

2004 #i#

150+

o

2

R

e

1004

ARARRRRRRR RN
LT

NEP protein level (% of control)

504 e E’§§
Control HNE Ap1-42

c
g 150+

£

<]

o
S 100

> | LIEE =
1 o — —3
5 =S = & o
g s LB E = =
© ] — — —
0 o- — —_— S —_ —
o Control HNE

m

o]

RRRERR

Ratio of NEP protein
(membrane/cytoplasmic)

'
n

Control HNE

Relative activity (% of control)

os]

250~ e

200+

150+

1004

o
o
1

o
L

NEP protein level (% of control)

Control HNE

lw]

200+

150+

)

100+

LR

!

g
RERE

0- o i
Control HNE Ap1-42
F
”0 24H
1 e 48H
B 72H =

1.5+

0.5+

RERRRRRRR

(membrane/cytoplasmic)
(=]

0. 01—k =t
Control HNE
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cells. Different concentrations of HNE or AB were added to the cultures 24-72 h before harvest. The membrane
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time points showed marked increases in NEP
protein at 24 hours, then decreases at 48 and
72 hours for both AR and HNE treated cells
(Figure 6E). These results suggest that oxida-
tive stress and exogenous AP lead to up-regula-
tion of NEP protein expression; however, the
ratio of NEP enzyme activities did not show
comparable changes (Figure 6F). The latter
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may indicate that the major NEP enzyme activ-
ity is associated with membrane rather than
cytoplasmic fractions.

Discussion

In addition to dysregulated production, increas-
ing experimental evidence suggests reduced
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catabolism also plays an important role in AR
accumulation. We have previously shown that
NEP is modified by 4-hydroxy-nonenal (HNE)
adducts in the brain of persons with AD [38]
and in human neuroblastoma treated with
either HNE or AB [35, 39]. The in vitro study
revealed that HNE-modified NEP had decreased
catalytic activity that was associated with ele-
vations in AB1-40. That study also showed AB
treatment induced increases in NEP protein
with a lower catabolic activity, which might
demonstrate an compensatory response to the
decreased activity of NEP due to HNE-adduct
formation [35]. It has been shown that AB has a
very high clearance rate in the human central
nervous system (CNS) [40]. This high clearance
rate may be achieved by the presence of crypti-
dases, including NEP, in multiple cellular com-
partments. Despite a large number of cell bio-
logical studies of AR metabolism and transport,
it still remains unclear exactly how A is cleared
in neurons, especially in specific cellular com-
partments and how it changes during the evolu-
tion of AD. NEP protein and activity were detect-
ed in both membrane and cytoplasmic
compartments in the present study (Figures 1
and 2). It is accepted that the extracellular
space is a primary site for AB accumulation in
the form of amyloid plaques and amyloid angi-
opathy in aging and AD. Extracellular AB can be
degraded by cell surface and secreted forms of
cryptidases, including NEP and insulin degrad-
ing enzyme (IDE) [40, 41]. As expected, NEP
protein was lower in MCI and AD cytoplasmic
fractions, but elevated in the membrane frac-
tion, with a significant increase of the mem-
brane/cytoplasmic ratio of NEP protein in AD
(Figure 1A, 1C). On the other hand, NEP enzyme
activity was lower (Figure 1B, 1C), consistent
with our previous study [35, 39].

The present study also demonstrated that
NeuN, a neuronal marker, was lower in both
MCI and AD, suggesting detectable neuronal
loss in MCl as well as in AD. The result is consis-
tent with previous studies [21, 25, 35, 39].
However, we did not find a correlation between
NEP and NeuN in NCI and AD, but an inverse
correlation in MCI brains (p < 0.0001). The
result might indicate an increased NEP expres-
sion in non-neuronal cells, such as astrocytes
and microglia. We found that GFAP, an astro-
cyte marker, was lower in both MCI and AD.
Meanwhile, Ibal, an activated microglia mark-
er, was elevated in MCI and AD brains. GFAP
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was inversely correlated with NEP significantly
both in NCl and MCI, but positively correlated in
AD. We did not find a correlation between Ibal
and NEP in MCI and AD, but they were correlat-
ed in NCI brains (unpublished data). Those find-
ings provide some evidence to support the
hypothesis above. Cadherin proteins are inte-
gral to the plasma membrane and function in
cellular adhesion, in both tissues and cultured
cells. Classical cadherin, including N-cadherin,
E-cadherin, and VE-cadherin, feature a
24-amino acid sequence in the carboxy termi-
nal that is conserved among cadherin family
proteins and across animal species. Since cad-
herin expression and localization is intimately
related to cell adhesion, antibodies generated
against the 24-amino acid sequence, termed
“pan-cadherin”, was used as a marker of cyto-
plasmic membrane. The level of pan-cadherin
immunoreactivity was not different between
NCI, MCl or AD, but there was a trend for it to be
higher in AD. NEP positively correlated to pan-
cadherin in NCI and MCI cortex, which might
imply an important role of membrane-bond
NEP in AB degradation in NCl and MCI brain, as
seen in previous studies [34, 42]. No associa-
tion between NEP and pan-cadherin in AD
might indicate be related to the greater propor-
tion of NEP in cytoplasmic than membrane
compartment.

Previous studies have shown that NEP is pri-
marily located at the cell surface [43], and
Fukami et al. showed both synaptic and axonal
localization of NEP in hippocampal and neocor-
tical neurons [44]. Degradation of AR by NEP is
thought to occur at or near synapses and inside
secretory vesicles during axonal transport.
Neprilysin is likely to influence the local concen-
trations of AB at least in the extracellular space
close to synapses, possibly affecting the local
pathology during the course of AD. The results
of the present study suggest that the subcellu-
lar distribution of NEP protein and enzyme
activity were altered in different stages of AD
development. In particular, we observed lower
cytoplasmic NEP protein in MCIl and AD com-
pared to NCI, while membrane associated NEP
protein tended to be higher in AD. By contrast,
the subcellular distribution of NEP enzyme
activity was inverse as shown by membrane/
cytoplasm ratio. We found lower NEP activity in
the membrane compartment in AD (Figure 3C).
These data provide more evidence to support
findings from our previous study in which we
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demonstrated that NEP in AD brain tissue is
modified through HNE adducts and that similar
changes are observed in NEP in both HNE- and
AB-treated neuronal cell lines. The HNE modifi-
cation of NEP may be an important factor in
decreasing NEP catalytic activity in AD [35, 39].
The shift of NEP from cytoplasmic to membrane
compartments may be a compensation for
decreases in activity in membrane associated
NEP in AD. This hypothesis is supported by find-
ing increased membrane/cytoplasm NEP ratio
in APP/PS1-transgenic mice at 3 months of age
prior to amyloid deposition, which decreased
after 3 months as amyloid deposits increased
(Figure 4D).

Additional studies in human neuroblastoma
SH-SY5Y cells showed acute changes in NEP
induced by exogenous HNE and AB, with up-
regulation of NEP protein by both agents, ini-
tially in the cytoplasm compartment, which is in
accord with the expected pattern for a newly
synthesized enzyme. The decreased NEP activ-
ity in cytoplasmic fractions in HNE and AB treat-
ed cells may suggest that some NEP in this
compartment is immature and less enzymati-
cally active, although it is also possible that
other regulatory mechanisms may be involved.
By expressing NEP chimeric proteins containing
various subcellular compartment-targeting
domains in neurons, Hama et al. showed that
different intracellular compartments may be
involved in the metabolism of distinct pools of
AB (AB40 and AB42) that may be retained or
recycled intracellularly or secreted extracellu-
larly, and that endogenous targeting of wild-
type NEP is optimized for the overall neuronal
clearance of AB [34].

The mitogen-activated protein kinases/extra-
cellular signal-regulated kinases (MEK/ERK)
pathway is a part of a signal transduction path-
way in cells that communicates a signal from a
receptor on the cell surface to transcriptional
changes in the nucleus. There are multiple
lines of evidence suggesting that the MEK/ERK
pathways activation is involved in AD [45]. For
example, MEK signaling is increased in vulner-
able neurons and linked to abnormal phosphor-
ylation of cytoskeletal proteins in AD [46]. AR
peptide can directly trigger multiple intracellu-
lar signaling pathways, including the MEK/ERK
pathway [47]. It has been suggested that neu-
rotrophic factors, such as brain-derived neuro-
trophic factor, nerve growth factor and neuro-
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trophins 3 and 4, can reduce cell surface NEP
activity [42]. This decrease is mediated by
MEK/ERK signaling, which enhanced phos-
phorylation at serine 6 in the NEP intracellular
domain. Increased phosphorylation of serine-6
of NEP in primary neurons has been shown to
reduce the levels of cell surface NEP, which
leads to increases in extracellular AB. These
studies indicate that phosphorylation of ser-
ine-6 of NEP influences the subcellular localiza-
tion of NEP and that this affects extracellular
AB levels [42].

Given the crucial role that membrane-bond
NEP plays in AB metabolism and clearance,
together with the aberrant NEP expression/
activity relationship observed in the present
stud in different cell compartments of AD brain,
it is reasonable to propose that aberrant local-
ization and modulation of NEP activity might
participate in the decreased AR degradation
that is a critical component of AD pathogenesis
that manifests in extracellular deposits of AB in
senile plaques and amyloid angiopathy in AD.
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