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Neprylisin decreases uniformly in Alzheimer’s disease and in normal aging
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Abstract The proteolysis of f-amyloid (Ap) requires neprylisin,
an enzyme that has been shown as reduced in Alzheimer’s disease
(AD). We investigated whether a decrease in neprilysin levels
contributes to the accumulation of amyloid deposits not only in
AD but also in the normal aging. We analyzed neprilysin mRNA
and protein levels in cerebral cortex from 10 cognitively normal
elderly subjects with amyloid plaques (NA), 10 cases of AD, and
10 control cases free of amyloid plaques. We found a significant
decrease in neprilysin mRNA levels in both AD and NA com-
pared to control cases. Thereby, the defect of neprilysin appears
to correlate with Ap deposition but not with degeneration and
dementia.
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1. Introduction

According to the amyloid cascade hypothesis, accumulation
and deposition of B-amyloid (AP) in the brain are the major
events in Alzheimer’s disease (AD) [1-3]. Evidence indicates
that AP accumulation depends on the balance between AP
production and AP clearance [4]. The physiological metabolite
AP is constantly produced and removed in the brain, and it has
been demonstrated that even small decreases in its removal
lead to its deposition [5-7]. Among several proteases involved
in the proteolysis of AP, neprilysin (NEP) appears to be the
most important enzyme. NEP is a 97 kDa plasma membrane
glycoprotein that is also known as neutral endopeptidase
(EC 3.4.24.11), enkephalinase, CD10, or as common acute
lymphoblastic leukemia antigen (CALLA) [8]. In the brain,
NEP is expressed on neuronal membranes, both pre- and
post-synaptically [9].

Previous studies indicate that NEP mRNA and protein lev-
els are lower in AD compared to non-AD cases free of amyloid
plaques, suggesting that low activity of this enzyme may con-
tribute to the pathogenesis of AD [5,10,11]. Abundant amyloid
deposits, comprised of AP aggregates, are present in the brains
of cognitively normal aged people, in spite of little or absent
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neuronal alterations [12]. Thus, AP accumulation and deposi-
tion are not exclusive to AD but rather are proportional to
aging, and this may depend on a particular neuronal resistance
to AP due to unknown factors, or more simply put, may derive
from the quality of the AP accumulated.

In this study, we hypothesize that low levels of NEP may
contribute to the accumulation of amyloid deposits in AD.
We measured NEP mRNA and protein levels in the cerebral
cortex of subjects with sporadic AD and compared them
against control cases that were free of amyloid deposits
(CTR) and against cognitively normal elderly subjects with
amyloid plaques (NA).

2. Materials and methods

2.1. Cases

Frozen cerebral cortex (superior frontal gyrus) samples were used
that included: 10 CTR cases free of amyloid plaques, as ascertained
by immunocytochemistry using monoclonal antibody 4G8 that recog-
nizes all AP species (mean age at death 73 £ 9, post-mortem 7 h); 10
cases with late-onset sporadic AD (mean age at death 86 * 10, post-
mortem 9 h, Braak stage 5) (clinical history of disease; pathological
diagnosis according to CERAD criteria; provided by the brain bank
of Case Western Reserve University, Cleveland, OH; Dr. Pierluigi
Gambetti director); and 10 NA cases (mean age at death 78 % 10,
post-mortem 10 h, Braak stage 2). The latter subjects agreed to be neu-
ropsychologically tested every six months and to be autopsied for re-
search purposes (provided by Alzheimer’s Disease Research Center,
University of Kentucky, Dr. William Markesbery, director). Analysis
of the NA cases showed AP deposits and neurofibrillary pathology
only in the mesial temporal lobe. The amount of AP deposits, semi-
quantitatively evaluated in frontal cortex sections with anti-Af anti-
body (4G8) immunostaining, was similar in AD and NA cases.

2.2. RT-PCR analysis

Total RNA was extracted from approximately 100 mg frozen brain
sample using the TRIzol Reagent (Invitrogen). In all cases, 5 pg of total
RNA was reverse-transcribed using random primers and the cDNA was
amplified by the polymerase chain reaction (PCR) technique. PCR was
performed using master-mix (Fermentas Life Sciences) with 5 min of
denaturation at 95 °C, followed by 38 cycles of the following: 30 s at
92 °C, 1.30 min at 58 °C and 1 min at 72 °C. The primers used were: for-
ward 5'-TAAGCAGCCTCAGCCGAACCTACAA-3' and reverse 5'-
GACTACAGCTGCTCCACTTATCCACTCA-3" (GenBank Acces-
sion No. X07166). For mRNA quantification, B-actin was amplified in
the same samples using the forward primer 5'-CTCACCCTGAAG-
TACCCCATCG-3' and the reverse primer 5'-CTTGCTGATCCA-
CATCTGCTGG-3'.

2.3. Immunoprecipitation of NEP

From each brain, 400 mg of tissue was homogenized in 5 vol (w/v) of
ice-cold 10 mM Tris—HCI buffer (pH 8.0) containing 0.25 M sucrose
and a protease inhibitor cocktail. The homogenates were centrifuged
at 10000 rpm at 4 °C for 15 min and the supernatants were further cen-
trifuged at 45000 rpm at 4 °C for 20 min. The pellets were solubilized
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in Tris—HCI buffer containing 1% Triton X-100 (v/v) for 1 h on ice. The
solubilized membranes were again centrifuged at 45000 rpm at 4 °C for
20 min [9]. The supernatants, used as the membrane fraction, were
immunoprecipitated overnight at 4 °C with 15 pl of monoclonal anti-
human CD-10 antibody (Santa-Cruz Biotechnology, Inc.).

2.4. Western blot and protein quantification

Immunoprecipitated proteins were resolved on 8% SDS-PAGE gels,
transferred to PVDF membranes (Amersham Biosciences), and probed
with anti-NEP antibody (Santa-Cruz Biotechnology, Inc.) and with
anti-HNE antibodies HNEJ-2 (Japan Institute for the Control of
Aging), HNE11-S (Alpha Diagnostic) and HNE-pyrrole [13]. Signals
were detected with ECL (Amersham Biosciences). The specific
97 kDa band was measured with densitometric analysis using Quantity
One software system (Biorad). Absolute values for NEP were calcu-
lated for each immunoprecipitated sample with the Lowry protein as-
say kit (BioRad) and normalized to mg of proteins.

2.5. Statistical analysis

All data were analyzed using the one-way ANOVA with Bonfer-
roni’s Multiple Comparison Test as the post-test with GraphPad Prism
software. Data are presented as means * S.E. of the three groups of
cases (CTR, NA, AD).

3. Results

Expression of NEP was analyzed using RT-PCR in cerebral
cortex tissue samples taken from 10 CTR, 10 NA, and 10 AD
cases. The NEP mRNA level was normalized to the correspond-
ing amount of actin mRNA. Relative RT-PCR was performed in
triplicate and the data of the three experiments was statistically
analyzed. The levels of mRNA were significantly decreased
(**P <0.01) in the NA cases (0.48 £ 0.07) and the AD cases
(0.50 £ 0.1) compared to CTR cases (0.86 = 0.2) (Fig. 1).

In the same tissues, NEP was immunoprecipitated with anti-
NEP antibody and Western blot analysis was performed using
anti-NEP and anti-HNE antibodies. The anti-NEP antibody
detected a band migrating at 97 kDa, as predicted for NEP.
The quantification analysis revealed a lower level of NEP pro-
tein in the NA (0.043 = 0.03) and AD (0.045 = 0.01) cases in
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comparison to the CTR cases (0.050 £0.05), but without
revealing a significant difference among the three groups
(Fig. 2). The 97 kDa band did not show any HNE reactivity
with the three different anti-HNE antibodies in all cases exam-
ined (data not shown).

4. Discussion

The overproduction of AP, or the failure to remove it, is a
complex process which leads to the formation of amyloid pla-
ques and to the development of Alzheimer’s disease [2-4]. Re-
cent findings indicate that NEP plays a key role in decreasing
the levels of cerebral AP deposition. Several studies have
shown that in vitro overexpression of NEP significantly de-
creases AP levels [7,14]. Moreover, downregulation of NEP
promoted AP deposition in the brain of transgenic mice [15—
17] and the role of NEP in reducing AP accumulation was also
demonstrated in transgenic mice overexpressing human nepri-
lysin [18]. In agreement with these findings, Yasojima et al. [10]
reported that NEP mRNA and protein levels were reduced by
50% and 70% in AD patients, respectively, compared to aged-
matched controls.

The present study aimed to extend these findings by includ-
ing cognitively normal elderly cases with abundant A} deposits
and scarce neurofibrillary pathology (NA individuals). The
normal elderly subjects that we considered differed from AD
not in the amount but in the quality of A species, arguing that
AD is pathogenetically a distinct disease and not an acceler-
ated form of aging [19].

We observed that NEP mRNA levels in cerebral cortex were
significantly lower in both NA and AD groups compared to
subjects free of amyloid deposits. NEP protein levels were also
lower in NA and AD cases compared to the amyloid-free
cases, although without significant difference. This discrepancy
could be due to reduced protein degradation or to an increased
efficiency of mRNA transcription and might be compensated
by analyzing larger groups of cases.

B 1.25 1

1.00 o

0.75

0.D.

0.50 1

0.25 1

0.00
CTR

NA AD
*ok
ok
NA AD

Fig. 1. Total mRNA levels for neprilysin in frontal cortex of CTR, NA and AD cases. (A) RT-PCR data for neprilysin and corresponding actin in
five representative cases for each group. (B) Histograms represent neprilysin mRNA levels for all 30 cases, normalized to the corresponding amount
of actin mRNA. Data are expressed as mean values = SEM of three different experiments for each group (P < 0.01).
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Fig. 2. Total neprilysin protein levels from CTR, NA and AD cases. (A) A specific protein band (97 kDa) was revealed with anti-NEP antibody in
five representative cases for each group. (B) Histograms indicate the densitometric analysis of neprilysin western blot bands normalized to the

corresponding total protein for all 30 cases.

Our data show that NEP expression is correlated with the
presence of amyloid plaques and not with cognitive dysfunc-
tion. Therefore, the decrease in NEP levels, observed also in
NA subjects, indicates that this event is not a peculiarity of
AD, and that different mechanisms are responsible for the neu-
ronal dysfunction and degeneration observed in AD. For exam-
ple, the harmless amyloid deposition seen in NA could depend
on a particular neuronal resistance to A due to unknown fac-
tors, or more simply, may derive from the quality of the accu-
mulated AB [19,20]. Furthermore, several other mechanisms
besides the toxic effect of A are putatively involved in the path-
ogenesis of AD [21,22]. Wang et al. [23] suggest that NEP activ-
ity is impaired in AD because the protein is partially altered by
oxidation. In our cases presented here, we did not find oxidized
NEP in either the AD or normal brains, as demonstrated by the
absence of HNE reactivity in the extracted NEP.

In contrast from our findings, Wang et al. [24] reported a de-
crease in NEP immunoreactivity in their AD cases compared
to “pathological aging”. The subjects that were selected for
this study were cognitively normal, as demonstrated by neuro-
psychological tests, and their neocortex was absolutely free of
neurofibrillary pathology. It is possible, then, that the patho-
logical aging cases analyzed by Wang et al. and our NA cases
substantially differ in the extent of neurodegeneration, thus
accounting for the contrasting results.

Acknowledgments: This work has been supported by the Alzheimer’s
Association (Grant IIRG-03-6172) and the CARISA Foundation. This
manuscript has been proofread and edited by BioMed Proofreading.

References

[1] Hardy, J. and Selkoe, D.J. (2002) The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics. Science 297, 353-356.

[2] Selkoe, D.J. (1999) Translating cell biology into therapeutic
advances in Alzheimer’s disease. Nature 399 (Suppl. 6738), A23-
A3l.

[3] Selkoe, D.J. (2001) Clearing the brain’s amyloid cobwebs. Neuron
32, 177-180.

[4] Saido, T.C. (1998) Alzheimer’s disease as proteolytic disorders:
anabolism and catabolism of beta-amyloid. Neurobiol. Aging 19,
S69-S75.

[5] Yasojima, K., Akiyama, H., McGeer, E.G. and McGeer, P.L.

(2001) Reduced neprilysin in high plaque areas of Alzheimer

brain: a possible relationship to deficient degradation of beta-

amyloid peptide. Neurosci. Lett. 297, 97-100.

Newell, A.J., Sue, L.I., Scott, S., Rauschkolb, P.K., Walker,

D.G., Potter, P.E. and Beach, T.G. (2003) Thiorphan-induced

neprilysin inhibition raises amyloid beta levels in rabbit cortex

and cerebrospinal fluid. Neurosci. Lett. 350, 178-180.

[7]1 Hama, E., Shirotani, K., Masumoto, H., Sekine-Aizawa, Y.,

Aizawa, H. and Saido, T.C. (2001) Clearance of extracellular and

cell-associated amyloid beta peptide through viral expression of

neprilysin in primary neurons. J. Biochem. 130, 721-726.

Barnes, K., Turner, A.J. and Kenny, A.J. (1992) Membrane

localization of endopeptidase-24.11 and peptidyl dipeptidase A

(angiotensin converting enzyme) in the pig brain: a study using

subcellular fractionation and electron microscopic immunocyto-

chemistry. J. Neurochem. 58, 2088-2096.

Iwata, N., Takaki, Y., Fukami, S., Tsubuki, S. and Saido, T.C.

(2002) Region-specific reduction of A beta-degrading endopepti-

dase, neprilysin, in mouse hippocampus upon aging. J. Neurosci.

Res. 70, 493-500.

[10] Yasojima, K., Akiyama, H., McGeer, E.G. and McGeer, P.L.
(2001) Relationship between beta amyloid peptide generating
molecules and neprilysin in Alzheimer disease and normal brain.
Brain Res. 919, 115-121.

[11] Reilly, C.E. (2001) Neprilysin content is reduced in Azheimer
brain areas. J. Neurol. 248, 159-160.

[12] Armstrong, R.A., Cairns, N.J., Myers, D., Smith, C.U., Lantos,
P.L. and Rossor, M.N. (1996) A comparison of beta-amyloid
deposition in the medial temporal lobe in sporadic Alzheimer’s
disease. Down’s syndrome and normal elderly brains. Neurode-
generation 5, 35-41.

[13] Sayre, L.M., Sha, W., Xu, G., Kaur, K., Nadkarni, D., Subban-
agounder, G. and Salomon, R.G. (1996) Immunochemical evi-
dence supporting 2-pentylpyrrole formation on proteins exposed
to 4-hydroxy-2-nonenal. Chem. Res. Toxicol. 9, 1194-1201.

[14] Kanemitsu, H., Tomiyama, T. and Mori, H. (2003) Human
neprilysin is capable of degrading amyloid beta peptide not only
in the monomeric form but also the pathological oligomeric form.
Neurosci. Lett. 350, 113-116.

[15] Fukami, S., Watanabe, K., Iwata, N., Haraoka, J., Lu, B., Gerard,
N.P., Gerard, C., Fraser, P., Westaway, D., St. George-Hyslop, P.
and Saido, T.C. (2002) Abeta-degrading endopeptidase, neprily-
sin, in mouse brain: synaptic and axonal localization inversely
correlating with Abeta pathology. Neurosci. Res. 43, 39-56.

6

)

8

[t

[9

—



6030

[16] Iwata, N., Tsubuki, S., Takaki, Y., Watanabe, K., Sekiguchi, M.,
Hosoki, E., Kawashima-Morishima, M., Lee, H.J., Hama, E.,
Sekine-Aizawaet, Y. and Saido, T.C. (2000) Identification of the
major Abetal-42-degrading catabolic pathway in brain paren-
chyma: suppression leads to biochemical and pathological depo-
sition. Nat. Med. 6, 143-150.

Iwata, N., Tsubuki, S., Takaki, Y., Shirotani, K., Lu, B., Gerard,
N.P., Gerard, C., Hama, E., Lee, H.J. and Saido, T.C. (2001)
Metabolic regulation of brain Abeta by neprilysin. Science 292,
1550-1552.

[18] Marr, R.A., Rockenstein, E., Mukherjee, A., Kindy, M.S., Hersh,
L.B., Gage, F.H., Verma, .M. and Masliah, E. (2003) Neprilysin
gene transfer reduces human amyloid pathology in transgenic
mice. J. Neurosci. 23, 1992-1996.

Piccini, A., Russo, C., Ghiozzi, A., Relini, A., Vitali, A., Borghi, R.,
Giliberto, L., Armirotti, A., D’Arrigo, C., Bachi, A., Cattaneo, A.,
Canale, C., Torrassa, S., Saido, T.C., Markesbery, W., Gambetti,
P. and Tabaton, M. (2005) Amyloid is different in normal aging and
in Alzheimer’s disease. J. Biol. Chem. 280, 34186-34192.

[17

[19

R. Russo et al. | FEBS Letters 579 (2005) 6027-6030

[20] Russo, C., Schettini, G., Saido, T.C., Hulette, C., Lippa, C.,
Lannfelt, L., Ghetti, B., Gambetti, P., Tabaton, M. and Teller,
J.K. (2000) Presenilin-1 mutations in Alzheimer’s disease. Nature
405, 531-532.

[21] Lee, H.G., Castellani, R.J., Zhu, X., Perry, G. and Smith, M.
(2005) Amyloid-beta in Alzheimer’s disease: the horse or the cart?
Pathogenic or protective? Int. J. Exp. Pathol. 86, 133-138.

[22] Kerr, M.L. and Small, D.H. (2005) Cytoplasmic domain of the
beta-amyloid protein precursor of Alzheimer’s disease: function,
regulation of proteolysis, and implications for drug development.
J. Neurosci. Res. 80, 151-159.

[23] Wang, D.S., Iwata, N., Hama, E., Saido, T.C. and Dickson, D.W.
(2003) Oxidized neprilysin in aging and Alzheimer’s disease
brains. Biochem. Biophys. Res. Commun. 310, 236-241.

[24] Wang, D.S., Lipton, R.B., Katz, M.J., Davies, P., Buschke, H.,
Kuslansky, G., Verghese, J., Younkin, S.G., Eckman, C. and
Dickson, D.W. (2005) Decreased neprilysin immunoreactivity in
Alzheimer disease, but not in pathological aging. J. Neuropathol.
Exp. Neurol. 64, 378-385.



	Neprylisin decreases uniformly in Alzheimer " s disease and in normal aging
	Introduction
	Materials and methods
	Cases
	RT-PCR analysis
	Immunoprecipitation of NEP
	Western blot and protein quantification
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


