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Abstract
Neprilysin-2 (NEP2), a close homolog of neprilysin (NEP), degrades amyloid-β (Aβ) and serves
an important role in clearing Aβ in vivo. We measured NEP2 and NEP mRNA levels from non-
impaired (NI), mild cognitive impaired (MCI), and clinical Alzheimer’s disease (AD) subjects in
the mid-temporal gyrus, mid-frontal gyrus, caudate, and cerebellum. NEP2 activity levels were
also determined. Our results indicate that NEP2 and NEP mRNA expression is altered in MCI
subjects relative to NI subjects in AD-susceptible regions. NEP2 enzymatic activity was lowered
in association with MCI and AD and was positively associated with level of cognitive function,
independent of diagnostic category. Our finding that NEP2 expression and activity are altered in
MCI is significant as these changes may potentially serve as preclinical markers for AD and
reduced NEP2 activity may be associated with the development of AD.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder linked to
accumulation of amyloid-β peptide (Aβ). The inability to effectively clear cerebral Aβ is
believed to contribute to AD pathology [1, 2]. Previous studies have characterized multiple
Aβ-degrading enzymes [3]. However, only chemical inhibition of the neprilysin (NEP)-like
class of enzymes led to dramatic elevations of Aβ levels in rodents. To verify the importance
of the NEP-like protease termed neprilysin-2 (NEP2) in Aβ clearance, we previously
demonstrated that NEP2 was able to degrade both Aβ42 and Aβ40 in vitro [4] and that NEP2
knockout mice exhibited increased Aβ load [5]. Previous studies have measured NEP levels
in human brain tissue in relation to AD and aging [3]. However, NEP2 levels (mRNA and
activity) have not been examined in this way. Thus, we measured NEP2 in non-impaired
(NI), mild cognitive impaired (MCI), and clinical AD human brain tissue from two AD-
susceptible (mid-temporal gyrus (MTG) and mid-frontal gyrus (MFG)) and two AD-
resistant regions (caudate and cerebellum).
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Methods
Brain tissue and clinical case information

Frozen postmortem brain tissue from the MTG, MFG, caudate, and cerebellum was acquired
from participants of Rush Alzheimer Disease Center’s Religious Orders study who
underwent annual clinical evaluations [6]. Scores on a battery of 19 neuropsychological tests
were used to create summary indices of global cognition as well as 5 specific cognitive
domains (episodic memory, working memory, semantic memory, perceptual speed,
visuospatial ability) [6]. Diagnostic classification followed a multistep procedure as
previously described [7]. Following death, all available clinical data were reviewed by an
expert neurologist blinded to neuropathology and a clinical diagnosis was rendered. MTG
and MFG samples were examined from 29 NI, 28 MCI, and 23 AD cases as previously
diagnosed [8]. Caudate and cerebellar samples were examined from 12 NI, 10 MCI, and 11
AD cases. Specimen data included age (NI: 83.3 ± 5.7, MCI: 87.9 ± 6.3, AD: 88.9 ± 6.5 [y,
mean ± SD]) and postmortem interval (NI: 5:18 ± 0:45, MCI: 6:57 ± 0:55, AD: 7:25 ± 1:23
[h:min, mean ± SD]).

PCR Analyses
For quantitative real time PCR analysis, RNA was isolated from dissected frozen tissue
according to the TRIzol® reagent (Invitrogen) protocol. 4 μg of DNase-I (DNA-free kit™,
Ambion) treated RNA was reverse transcribed with MultiScribe™ Reverse Transcriptase
(High Capacity cDNA Reverse Transcription Kit, Applied Biosystems) to produce cDNA.
Brain tissue cDNA was amplified in triplicate by quantitative real-time PCR (qRT-PCR)
using a SYBR Green detection reagent (Power SYBR Green, Applied Biosystems) and
human NEP2 (5′-GGAGGCATTGGGATGGTG-3′ (bp 2027–2044), 5′-
CCGGCCATTGTCGTCAA-3′ (bp 2070–2086)) (5 uM each primer), NEP (5′-
CCTGGAGATTCATAATGGATCTTGT-3′ (bp 1302–1326), 5′-
TTGCGGAAAGCATTTCTGG-3′ (bp 1356–1374)) (5 uM each primer)), and HPRT (5′-
GGACAGGACTGAACGTCTTGC-3′ (bp 296–316), 5′-
CTTGAGCACACAGAGGGCTACA-3′ (bp 353–374)) (5 uM each primer) specific primers
according to the following PCR program: 50°C − 2 min, 95°C − 10 min, 40 cycles of 95°C
− 15 sec then 60°C − 1 min. Hypoxanthine-guanine phosphoribosyltransferase (HPRT) has
been shown to serve as an excellent internal reference gene in the brain [9, 10]. HPRT is a
transferase that catalyzes conversion of hypoxanthine to inosine monophosphate and
guanine to guanosine monophosphate in the generation of purine nucleotides through the
purine salvage pathway [11]. Relative quantification of NEP2 and NEP gene expression was
measured by the comparative ΔCt method. qRT-PCR was performed at the Real-Time
Quantitative PCR Support Facility at Rosalind Franklin University of Medicine and Science.
For endpoint PCR analysis of peripheral blood mononuclear cells (PBMC), cDNA samples
were amplified using Taq polymerase (GoTaq® Green Master Mix, Promega) and human
NEP2-specific primers and visualized with UV after electrophoresis in ethidium bromide
agarose gels.

Enzymatic activity assay
Total protein was isolated from ~150 mg of tissue according to the T-PER lysis buffer
(Pierce) protocol. Protein concentration was measured by BCA protein assay (Pierce).
Protein lysates were precleared with protein-G sepharose beads (Protein-G Sepharose 4 Fast
Flow, GE Healthcare) prior to immunoprecipitation (IP). Precleared protein lysates were
then subjected to IP with protein-G sepharose beads and either goat polyclonal anti-NEP2
(AF2340, R&D Systems) or goat polyclonal anti-GFP (sc-5385, Santa Cruz Biotechnology)
antibody. Fluorogenic peptide substrate (MCA-RPPGFSAFK-[Dnp]-OH, R&D Systems)
was added to IP protein lysates to determine overall enzymatic activity. Fluorescent activity
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was measured using 320 nm excitation and 405 nm emission wavelengths over a 5 min
timeframe of 10 kinetic cycles on a microplate reader. According to the fluorogenic peptide
substrate protocol (R&D Systems), overall enzymatic activity was determined by the
following equation:

NEP2 enzymatic activity was then assessed by the difference between the enzymatic activity
of anti-NEP2 IP samples and that of anti-GFP IP samples.

Statistics
We applied one-way ANOVA analysis to test for differences across subjects followed by
post hoc tests of multiple comparisons when ANOVA analysis differences were significant
(p<0.05). Linear regression models adjusted for age, gender, and education were used to test
the association between cognitive function proximal to death and mRNA expression or
enzyme activity, independent of diagnostic category. SigmaPlot 12 software (Systat
Software) and SAS version 9.2 (SAS Institute Inc., Cary, NC, 2009) were used.

Results
NEP2 and NEP mRNA expression is altered in mid-temporal and mid-frontal gyri of MCI
subjects

NEP2 mRNA expression was significantly elevated in males with MCI, when compared to
NI males, in both the MTG and MFG (Fig. 1A). Conversely, NEP2 mRNA expression was
lower in MCI females in the MTG when compared to NI females. A clear trend towards
lower NEP2 expression was also seen for MCI and AD females in the MFG (Fig. 1A). NEP
mRNA expression was also significantly higher in MCI males relative to NI males in the
MTG (Fig. 1B). In MCI females, NEP mRNA expression was significantly lower relative to
NI females in the MTG (Fig. 1B). Significant differences between NI, MCI, and AD were
not found in the caudate and cerebellum likely due to smaller sample sizes (data not shown).
When comparing within cognitive groups we found that NI females expressed more NEP2
mRNA compared to males in the MTG, while the contrary was true for MCI (the latter
finding was also observed in NEP mRNA levels) (Fig. 1A, B). NEP2 and NEP mRNA
levels (independent of diagnostic classification and gender) were compared across all brain
regions in order to further understand overall NEP2 and NEP distribution. Both NEP2 and
NEP mRNA levels were highest in the caudate. NEP2 mRNA levels were lowest in the
cerebellum while NEP mRNA levels were lowest in the MTG (Fig. 1C). For NEP2 mRNA
to be investigated as a blood expression marker for AD, it must first be shown that it is
expressed at detectable levels in blood. To determine this, human PBMC cDNA samples
from three NI subjects were amplified by PCR with the qRT-PCR NEP2 primers. NEP2-
expressing 293T cells were used as a positive control. Mock reverse-transcription was used
as the negative control. Our results indicate that NEP2 expression can be detected in human
PBMC cDNA by specific PCR (Fig. 2A).

NEP2 activity is reduced in mid-temporal and mid-frontal gyri of MCI and AD subjects
We measured NEP2 enzymatic activity in NI, MCI, and AD tissue homogenates by using an
immunoprecipitation/fluorogenic substrate enzymatic activity assay. In the MTG, NEP2
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activity was significantly lower in males with AD and MCI relative to NI males. NEP2
activity was also significantly lower in MCI females relative to NI females in the MTG (Fig.
3A). In the MFG, NEP2 activity showed a decreasing non-significant trend correlated with
clinical diagnosis (NI>MCI>AD) for both male and female groups (Fig. 3B). Gender-
independent comparison of NI, MCI, and AD groups revealed significant decreases in NEP2
activity in the MTG of MCI and AD groups relative to the NI group as well as a significant
decrease in NEP2 activity in the MFG of the AD group relative to the NI group (Fig. 3C).
Although in vitro overexpressed NEP2 protein could be detected and concentrated by IP-
Western blot (Fig. 2B), it should be noted that endogenous NEP2 protein was not directly
detectable by IP-Western. This activity assay was shown to be specific for NEP2 and did not
cross react with NEP as we were able to remove all detectable recombinant human NEP2
activity by immunodepletion while no recombinant human NEP activity was removed by
this process (Fig. 2C, D). Furthermore, activity detected against the fluorogenic peptide is
believed to directly correlate with Aβ degrading activity [12–16]. Protein extracts from cells
transfected with the inactive γ-form of human NEP2 showed only background activity while
transfected human NEP2-β produced 5 pmol/min/ug of activity (data not shown).

Linear regression models demonstrated that NEP2 activity in the MFG was positively
associated with global cognition (est=0.48, p=0.029), as well as episodic memory (est=0.73,
p=0.018), perceptual speed (est=0.54, p=0.021), and visuospatial ability (est=0.64, p=0.011).
NEP2 activity in the MTG was also associated with episodic memory (est=0.96, p=0.006)
(tabulated in Fig. 3D, graphs shown in Fig 4).

Discussion
Our results suggest that MCI subjects may exhibit a sexually dimorphic difference in NEP2
and NEP mRNA expression levels (higher in males, lower in females) relative to their NI
counterparts (Fig. 1A, B). The higher levels in MCI males may represent an adaptive
response to increased Aβ. Conversely, the lower levels in MCI females may contribute to
the development of AD and increased female susceptibility to AD [17]. NEP expression has
been shown to be sex hormone responsive [18–23] and the same may be true of NEP2.
However, it is difficult to predict how sex hormones would affect NEP expression in men
and women as both androgen and estrogen stimulate NEP expression and because of other
potential complications such as hormone replacement therapy. As far as we know, no other
study has compared NEP expression between men and women. Furthermore, regulation of
NEP2 expression is more difficult to predict as the regulatory elements have yet to be
characterized. It is perhaps unlikely that these gender differences can be explained by sex
hormones alone as, based on androgen/estrogen levels, lower NEP/NEP2 levels would have
been predicted in postmenopausal women. The finding that NEP2 and NEP mRNA
expression in AD subjects was similar to that of NI subjects was unexpected. Yet changes in
mRNA expression may not necessarily correlate with enzymatic activity due to alternate
splicing, translational, and post-translational modifications. Our previous work showed that
only one of the three known NEP2 splice forms (β) degraded Aβ [4] and our qRT-PCR
primers detected all isoforms. This makes it difficult to determine from our qRT-PCR
analysis alone if these changes in expression are directly involved in AD pathogenesis.
Specific qRT-PCR primers could differentiate between the active NEP2-β and inactive
NEP2-γ forms because of the large missing exon in NEP2-γ. However, exclusive qRT-PCR
analysis of NEP2-β is complicated by the fact it shares all the same sequences with the
active-site-lacking NEP2-δ form (with the exception of a 29 base pair frameshift insertion in
NEP2-δ), regardless of other potential complications from yet unidentified splice forms [3].
However, since these “global” expression changes occur in MCI, they may be very useful as
expression markers predicting risk of AD. In addition to splicing, oxidation can also reduce
endopeptidase activity and previous studies have found that NEP and IDE were found in a
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more oxidized and inactive state in AD [24–26]. In support of this, we found that NEP2
enzymatic activity was reduced in association with AD (Fig. 3). Furthermore, analysis
independent of diagnostic classification showed that higher NEP2 activity was associated
with better cognition. Finally, we cannot rule out that NEP2 expression is altered in general
in neurodegenerative diseases as we have not yet included control specimens from other
diseases such as Parkinson’s disease and frontotemporal dementia.

Our NEP mRNA expression data is at odds with previous studies showing reduced
expression in association with AD and/or aging [3]. One possible explanation for this
discrepancy is that these studies used tissues from different sources, species, disease states,
and brain regions. In addition, our study used a quantitative real-time PCR approach while
most previous studies did not (to date only 6 of approximately 20 NEP expression studies
used PCR analysis of cDNA comparing human NI to AD). Most of these previous studies
used semiquantitative endpoint PCR [27–31] with the former study supporting our findings
[27]. It should also be noted that other studies have also found no change or increased NEP
in association with AD by immunohistochemistry and activity assay [12, 32, 33]; therefore,
our finding of unchanged or increased NEP mRNA in AD is not without precedence. As we
did not assay NEP activity in this study, we cannot directly compare our findings with NEP
activity data from other studies. Since NEP2 activity has not previously been analyzed, we
have no precedent for comparison. However, for NEP mRNA expression in the MFG in
particular, we expected reduced NEP expression in AD as previous research using
specimens from the same study had demonstrated [16]. Yet our research shows NEP
expression in the MFG is not significantly changed in MCI and AD (Fig. 1B), suggesting
more work must be done for clarification. Regional expression comparisons (Fig. 1C)
showed the highest NEP2 and NEP mRNA levels in the caudate, with NEP mRNA also high
the cerebellum, correlating with relative resistance to Aβ pathology. This is contrary to
NEP2 expression observed in rats as little to no NEP2 was found in the caudate by in-situ
hybridization [34]. However, significant (but relatively lower) levels of NEP2 were found
by reverse-transcription-PCR in the rat caudate [35].

In summary, this work is significant because we are the first to measure NEP2 expression
and activity in relation to MCI and AD. We found that NEP2 expression and activity was
altered in association with MCI. Furthermore, if these changes can also be detected in easily
accessible fluids (i.e., blood or cerebrospinal fluid) NEP2 could be used as a preclinical
marker for AD. Finally, our analysis of NEP2 activity is functionally relevant to the etiology
of AD.
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Figure 1. NEP2 and NEP mRNA expression is altered in MCI
(a) NEP2 and (b) NEP mRNA expression in NI, MCI, and AD male and female groups in
the MTG and MFG (n=12 for NI males, n=6 for MCI males, n=5 for AD males, n=17 for NI
females, n=22 for MCI females, n=18 for AD females). (c) NEP2 (solid bars) and NEP
(open bars) regional mRNA expression levels for the MTG, MFG, caudate, and cerebellum.
All NEP2 and NEP regional comparisons were significantly different (p<0.05) (n=80 for
MTG, n=76 for MFG, n=33 for caudate, n=33 for cerebellum). Values are means ± SEM.
For cross-diagnostic group comparisons, *p<0.05, **p<0.01. For cross-sex classification
comparisons within each diagnostic group, #p<0.05, ##p<0.01.
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Figure 2.
a) NEP2 detected in blood cells by endpoint PCR. NEP2 detected in human peripheral blood
mononuclear cells (PBMC) of three NI individuals using qRT-PCR NEP2-specific primers.
NEP2-expressing 293T (293) cell lysate was used as a positive control and mock reverse
transcription (−) was used as a negative control. b) Immunoprecipitation/Western blot
hybridization (IP-Western) of NEP2-β and NEP2-γ. Western blot hybridization of NEP2-β,
NEP2-γ, and GFP transfected 293T cell lysates (rows 1–3) and NEP2-β, NEP2-γ, and GFP
transfected 293T cell lysates (rows 4–6) immunoprecipitated with NEP2-specific antibody
(AF2340). NEP2-β and NEP2-γ were both detected in the cell lysate (rows 1–2) and were
both present at higher levels following immunoprecipitation (rows 4–5).
c) Recombinant human NEP2 (rhNEP2) immunoprecipitation activity assay. rhNEP2 shows
no remaining activity following AF2340 immunoprecipitation validating the specificity of
the AF2340 antibody to NEP2. Samples were run in triplicate (n=3). **p<0.01. d)
Recombinant human NEP (rhNEP) immunoprecipitation activity assay. rhNEP remains fully
active following AF2340 and SN5c immunoprecipitation indicating that there is no cross
reactivity of rhNEP to NEP2-specific and GFP-specific antibodies. Samples were run in
triplicate (n=3).
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Figure 3. NEP2 activity is reduced in MCI and AD patients
NEP2 activity in the MTG (a) or MFG (b) of NI, MCI, and AD male and female groups as
measured by immunoprecipitation/fluorogenic substrate enzymatic activity assay (n=4 for
NI males, n=3 for MCI males, n=4 for AD males, n=11 for NI females, n=15 for MCI
females, n=10 for AD females). (c) Sex-independent comparisons of NEP2 activity in the
MTG and MFG of NI, MCI, and AD groups (n=15 for NI, n=18 for MCI, n=14 for AD).
Values are means ± SEM. For cross-diagnostic group comparisons, *p<0.05, **p<0.01. For
cross-sex classification comparisons within each diagnostic group, #p<0.05, ##p<0.01. (d)
Linear regression model analysis correlating NEP2 activity in the MFG and MTG with
cognitive function domains (EST = estimated slope).

Huang et al. Page 10

J Alzheimers Dis. Author manuscript; available in PMC 2012 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Linear regression model graphs correlating NEP2 activity with cognitive function domains.
NEP2 activity in the MFG shows a positive correlation with global cognition (p=0.029) (a),
episodic memory (p=0.018) (b), perceptual speed (p=0.021) (c), and visuospatial ability
(p=0.011) (d). NEP2 activity in the MTG shows a positive correlation with episodic memory
(p=0.006) (e).
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