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gradient as described previously [24]. The viral stock was treated with  Surgical procedures and cochlear perfusions. All animal studies were
DNase and titrated by quantitative real-time PCR with plasmid standards  performed in accordance with the guidelines issued by the committee on
[43]. animal research of Jichi Medical School and approved by its ethics
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committee. Sixty female C57BL/6] mice (4 weeks of age; CLEA Japan,
Tokyo, Japan) and 40 male ICR mice (2 months of age; Japan SLC,
Shizuoka, japan) were utilized. The mice were initially anesthetized with
ketamine (50 mg/kg) and the analgesic xylazine (5 mg/kg). A postaur-
icular approach was used to expose the tympanic bony bulla. A small
opening (2 mm) in the tympanic bulla was carefully made to allow access
to the round window membrane. In the tested groups, 5 pl AAV vector
solution (5 x 10'° gc) was microinjected into the cochlea through the
round window over 10 min with a glass micropipette (40 um in diameter)
fitted on a Univentor 801 syringe pump (Serial No. 170182, High
Precision Instruments, Univentor Ltd., Malta) [19]. A small plug of
muscle was used to seal the cochlea and the surgical wound was closed
in layers and dressed with antibiotic ointment. Five mice of each strain
received control cochlear perfusions with artificial perilymph (145 mM
NaCl, 2.7 mM KCl, 2 mM MgSQO,, 1.2 mM CaCl,, S mM Hepes) alone.
Each AAV-EGFP serotype was injected into five mice of each strain.
Another 20 C57BL/6] mice were injected with the AAV3 vector to study
long-term expression.

Cochlear function assessment using ABR. To assess the physiological
status of experimental ears, auditory thresholds were determined with
multiple frequency and intensity tone bursts by performing ABR audio-
metry with Tucker-Davis Technologies and Scope v3.6.9 software (Power
Lab/200; ADinstruments, Castle Hill, Australia). Tone pipes were intro-
duced into the operated ears of the anesthetized mice, and evoked
potentials were recorded using needle electrodes inserted through the
skin. ABR were elicited and measured 256 times at 4, 8, 12, 16, 20, and
24 kHz frequencies with tone bursts in systematic 5-dB steps. The rise/fall
times for the tone bursts were 0.1 ms rise/ms flat (cosine gate). Free-field
system was used as a calibration procedure. Wave I was measured to
analyze the activity from the cochlea. The lowest stimulus level that
yielded a detectable ABR waveform was defined as the threshold. ABR
were tested in the infused ear prior to surgery and 10 days postsurgery.
Data were statistically analyzed using repeated-measures analysis of
variance followed by paired Student’s t test performed with StatView
5.0 software (SAS Institute Inc., Cary, NC, USA). Values of P < 0.05 were
considered significant.

Histology. Cochlear transgene expression patterns were determined for all
AAV serotypes by visualizing EGFP expression. The animals were
sacrificed 10 days after injection, and intracardiac perfusion was
performed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer,
pH 7.4, The cochieae were harvested and the stapes footplates were
removed. For AAV3-mediated transduction, the animals (five mice for
each time point) were sacrificed 1, 2, 4, 8, or 12 weeks after inoculation.
Postfixation was carried out in 4% PFA for 4 h at 4°C, and decalcification
was performed in 10% EDTA for 12 days at room temperature. The
cochlear half-turns were microdissected and processed and the other half-
turns were prepared by cryosection (10 pm) to detect EGFP expression by
using an Olympus IX70 (Olympus Corp., Tokyo, Japan) fluorescence
microscope with a standard fluorescein isothiocyanate filter set and
Studio Lite software (Olympus Corp.). Cells that exhibited fluorescence
were considered positive for transgene expression. The level of expression
was graded by fluorescence intensity on a four-point scale (+, ++, +++,
+++4+) depending on the pixel/unit area count. Hair cell counts were
carried out with dissected cochlea.
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Cerebrospinal Fluid Neprilysin is Reduced in
Prodromal Alzheimer’s Disease

Masahiro Maruyama, MD, PhD,' Makoto Higuchi, MD, PhD,"" Yoshie Takaki, PhD,” Yukio Martsuba, BS,®
Haruko Tanji, MD, PhD,' Miyako Nemoto, MD,! Naoki Tomita, MD,! Toshifumni Martsui, MD, PhD,"
Nobuhisa Iwata, PhD,” Hiroaki Mizukami, MD, PhD,” Shin-ichi Muramatsu, MD, PhD,?

Ketya Ozawa, MD, PhD,? Takaomi C. Saido, PhD,” Hiroyuki Arai, MD, PhD,!
and Hiderada Sasaki, MD, PhD'’

Amyloid B peptide (AB) bas been implicated in Alzheimer’s disease (AD) as an initiator of the pathological cascades.
Several lines of compelling evidence have supported major roles of AB-degrading enzyme neprilysin in the pathogenesis
of sporadic AD. Here, we have shown a substantial reduction of cerebrospinal fluid (CSF) neprilysin activity (CSF-NEP)
in patients with AD-converted mild cognitive impairment and early AD as compared with age-matched control subjects.
The altered CSF-NEP likely reflects changes in neuronal neprilysin, since transfer of neprilysin from brain tissue into
CSF was demonstrated by injecting neprilysin-carrying viral vector into the brains of neprilysin-deficient mice. Interest-
ingly, CSF-NEP showed an elevation with the progression of AD. Aleng with a close association of CSF-NEP with CSF
tau proteins, this finding suggests that presynaptically located neprilysin can be released into CSF as a consequence of
synaptic disruption. The impact of neurcnal damages on CSF-NEP was further demonstrated by a prominent increase of
CSF-NEP in rats exhibiting kainate-induced nenrodegeneration. Our results unequivocally indicate significance of CSF-
NEP as a biochemical indicator to pursue a pathological process that involves decreased neprilysin activity and AB-
induced synaptic toxicity, and the support the potential benefits of neprilysin up-regulation in ameliorating neuropa-

thology in prodromal and early AD.

Ann Neurol 2005:57:832—842

Numerous investigations have supported the conten-
tion that senile plaques and neurofibrillary lesions,
composed primarily of amyloid  peptide (AB) and tau
proteins, respectively, are not only descriptive charac-
teristics of histopathology in brains with Alzheimer’s
disease (AD), bur also mechanistically related to the
pathogenesis of AD. That all of the genetic mutations
causally linked to familial AD induce overproduction
of either total AR or relatively amyloidogenic AB42'
further provides supportive evidence for the role of AR
accumularion as an initiator of the pathological cascade
toward the onset of AD.”

The diagnosis of AD is definite based on magnitudes
of these hallmark lesions after an autopsy, whereas ex-
ploitation of AD-specific biochemical markers reflect-
ing central pathogenic processes, such as degeneration
of neurites and synapses and alterations of A and tau,
for antemortem diagnosis is still ongoing. Since 1995,
two categories of cerebrospinal fluid (CSF) markers,
CSF-tau and CSF-AB42, have emerged and have

proved to be useful indicators to assist clinical diagno-
sis of AD in living patients.”™ Furthermore, several re-
cent studies have demonstrated usefulness of CSF-tau
in differentiation of prodromal AD from AD-unrelated
cognitive decline among patients with mild cognitive
impalirment (MCI).%” In contrast, altered processing of
amyloid precursor protein and AP has not been de-
tected by biochemical markers such as CSF-AB42 in
MCI patients,6 although it is conceived to be upstream
of tau abnormalities in the cascade of AD pathogenesis.
Because therapeutic approaches, including existing
drugs® and emerging treatments modifying AB pathol-
ogy,”'® presumably have the greatest potential of being
effective in the predementia phase of AD, accurate pre-
diction of conversion to AD in patients with MCI by
means of biological indices representing abnormal me-
tabolism of amyloid precursor protein/Af is particu-
larly crucial. This gives us a rationale of analyzing ac-
cessible body fluid in search for altered levels of
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Table 1. Clinical Characteristics of Stucy Subjects (mean = SE)

Characteristic Control sMCI pMCI AD
No. of patients 27 5 33 32
Male/female ratio 7/19 5/0 10/13 9/23
Age (yr) 700 *1.5 744 * 6.1 745 * 1.0 731 * 1.3
Years of education 10,8 * 0.4 9.2 £ 0.1 11.7 £0.5 9.8 = 0.9
MMSE score at baseline 286 * 0.3 26.8 £ 0.8 253 £ 0.3 16.8 £ 1.0
Delayed recall score on WMS-R 95.0 £55 66.0 * 4.3 585 +2.0 —
Years of follow-up 1.9 *0.1 1.9 +0.2 2.0 *04 1.3 *0.1
Changes in MMSE score by the 0.3 *£0.1 -0.7 £0.3 —-3.3 *04 —1.7 *0.6
end of follow-up
Annual changes in MMSE score 0.14 = 0.07 —0.39 = 0.14 =1.74 £ 0.23 —1.48 = 0.52

SE = standard errors sMCI = stable mild cognitive impairment; pMCl = progressive MCI; AD = Alzhcimer’s disease: MMSE = Mini-
Menral Stare Examination; WMS-R = Wechster Memory Scale—Revised.

molecules in close association with pathogenic AP ac-
cumulation in the brain.

One notable feature of AR metabolism is that it is a
normal physiological process occurring in diverse cell
types. Because there has been no overt evidence for an
increased production of Af in sporadic AD, the mo-
lecular mechanism of AR degradation is of growing in-
terest. The neutral endopeptidase neprilysin (EC
3.4.24.11) is one of the enzymes implicated in physi-
ological AR catabolism.'"** In neurons, it is localized
primarily to the presynaptic terminals, with its ectodo-
main facing extracellular matrix,''? and thus is capa-
ble of degrading extracellular Af released from nerve
ends. Recent genetic approaches using neprilysin-
deficient mice have demonstrated the ability of nepri-
lysin to cleave endogenous AB.">'* Moreover, a de-
cline of neprilysin levels has also been found in the
brains of patients with early-stage sporadic AD,'? sug-
gesting critical roles played by reduced neprilysin activ-
ity in the incipient process of Af accumulation.

The purpose of the study reported here was to assess
applicability of monitoring neprilysin activities in CSF
(CSE-NEP) and plasma (plasma-NEP) of patients with
MCI and AD for prediction of dlinical course and for
gaining insights into molecular events early in AB patho-
genesis. The results showed a significant decrease of CSF-
NEP, which developed to AD, in patients with MCI and
in patients with mild AD, indicating usefulness of CSF-
NEP assay as an informative clinical adjuncr.

Subjects and Methods
Subjects

We studied 96 patients (mean age % standard error, 72.5 *
0.8 years) who underwent evaluations for memory distur-
bance at the Tohoku University Hospital Outpatient Clinic
on Dementia. Clinical assessments by genatricians and neu-
ropsychological examinations, including Mini-Mental State
Examination (MMSE) and Wechsler Memory Scale~Revised
were performed for all patients, as described in detail previ-
ously.’® Our established criteria'® based on the current con-

sensus'” were used for diagnosis of amnestic MCI, and a

diagnosis of AD was made in accordance with the National
Institute of Neurological and Communication Disorders-
Alzheimer’s Disease and Related Disorders Association crite-
ria.'® Consequently, 38 patients fulfilled the diagnostic cri-
teria for amnestic MCI, 32 patients were diagnosed as having
AD, and 26 patients were found to be cognitively normal at
baseline investigation.

During the 2-year follow-up period, 33 of the patients with
amnestic MCI progressed to AD and were thus classified into
progressive MCI (pMCI). Five patients with amnestic MCI
who showed unchanged or improved cognitive functions re-
mained, and they were categorized as having stable MCI
(sMCI). Twenty-eight patients with pMCI and all of the pa-
tients who were diagnosed as having AD at baseline were
treated with a 5mg daily dose of donepezil hydrochloride.

At bascline cxamination, plasma and CSF samples were
collected from each patient. CSF-tau was determined using a
sandwich enzyme-linked immunosorbent assay designed for
measurement of total tau (INNOTEST hTau antigen; Inno-
genetics, Gent, Belgium), as described elsewhere.* CSF-AB42
was also quantified with a specifically constructed sandwich
enzyme-linked immunosorbent assay system.® The sample
collection was performed after written informed consent was
obtained from each participant or a family member. Demo-
graphic profiles of the patients examined in this study are
summarized in Table 1.

Plasma and Cerebrospinal Fluid Neprilysin Activity
Assay
Before high-throughput analysis, neprilysin in CSF was iden-
tified by immunoblotting for a subset of CSF samples with
antibody against human neprilysin (goat polyclonal; 1:400
dilution; Genzyme-TECHNE, Minneapolis, MN). Lysates
of murine primary cortical neurons overexpressing human
neprilysin19 were used as control samples. Subsequently,
CSE-NEP in all patents was fluorometrically assayed as
thiorphan-inhibitable peptidase activity, based on the previ-
ously described protocol.'® Briefly, a 20l CSF sample was
used for enzymatic cleavage of succinyl-Ala-Ala-Phe-AMC,
with or without thiorphan, a specific inhibitor of neprilysin.
Similarly, plasma-NEP was biochemically quantified by us-
ing 5l plasma samples.

The application of fluorometric assay to CSF samples was
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validated by examining correlation between intensity of im-
munoblotting signal and measured CSF-NEP. In addition,
we assessed the specificity of CSF-NEP assay by immunode-
pleting CSF samples with antibody against human neprilysin
{(Genzyme-TECHNE; goat polyclonal) and protein G aga-
rose slurry (Oncogene/Calbiochem, Cambridge, MA). Anu-
body against GABA, receptor a; subunit (Santa Cruz, Santa
Cruz Biotechnology, CA; goat polyclonal) was also used as a
control antibody for immunodepletion.

Biochemical Characterization of Cerebrospinal Fluid
Neprilysin

Cortical brain samples from autopsy-confirmed AD cases
were homogenized with 4 volumes of 50mM tris(hydroxy-
methyl)aminomethane (Tris)-hvdrochloride buffer (pH 7.6)
containing 150mM sodium chloride (NaCl) and protease in-
hibitor cocktail and centrifuged at 200,000X ¢ for 20 min-
utes at 4°C. The resultant pellet was rehomogenized with 3
volumes of the above-mentioned buffer plus 1% Triton
X-100 (Sigma Labs, St. Louis, MO) and centrifuged at
200,000X ¢ for 20 minutes at 4°C. The supernatant was
then used for immunoblot analysis. CSF samples from the
patients were processed with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis Clean-Up Kit (Amersham Bio-
sciences, Piscataway, NJ). Lysates of murine primary cortical
neurons overexpressing human n(:ptilysin19 and recombinant
protein corresponding to the extracellular domain of human
neprilysin (Genzgme-TECHNE) were also used as control
samples. In addition, aliquots of the protein samples were
chemically deglycosylated by using trifluoromethanesulfonic
acid.®® The nondeglycosylated and deglycosylated protein
samples (~10ug) were applied to immunoblotting with an-
tibody against human neprilysin (Genzyme-TECHNE).

Animal Experiments

To prove the transport of neuronal nepiilysin from the brain
into CSF, we assayed CSF-NEP in neprilysin-deficient mice
after intrahippocampal injection of recombinant adeno-
associated viral vector expressing human neprilysin (tAAV-
NEP), which was prepared as described elsewhere.** Twelve
neprilysin-deficient mice (generously provided by Dr C. Ger-
ard, Harvard Medical School), aged 18 to 20 months, were
injected with 0.6ul rAAV-NEP preparations (~1.3 X 10*°
genome copies) into the bilateral dentate gyri of the hip-
pocampus (stereotactic coordinates: anteroposterior, 2.4mm;
mediolateral, 2.0mm: and dorsoventral, 2.0mm). At 10 weeks
after injection, the mice were anesthetized with pentobarbiral,
and CSF was isolated from the cisterna magna compartment
under a dissecting microscope, based on the protocal by De-
Mattos and colleagues.” CSF samples (20-30pl from each
mouse) were combined into three pooled volumes. After the
collection of CSE, blood sampling was performed by cardiac
puncture. The mice were then transcardially perfused with
phosphate-buffered saline (PBS), and the hippocampi were
dissected, homogenized with 9 volumes of 50mM Tris-
hydrochloride buffer (pH 7.6) containing 150mM NaCl and
EDTA-fiee protease inhibitor cockuail, and centrifuged at
200,000X g for 20 minutes at 4°C. The resultant peller was
rehomogenized with 2 volumes of above-mentioned buffer
plus 1% Triton X-100 and centrifuged at 200,000X ¢ for 20
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minutes at 4°C. The supernatant was used as solubilized mem-
brane fraction for biochemical analyses. For comparison, CSF,
plasma, and hippocampal samples were also obrained from 12
wild-type and 12 neprilysin-deficient mice, aged 20 to 22
months, that were untreated. Plasma- and CSF-NEP were
measured as described earlier, and a similar experimental pro-
cedure was applied to assay for hippocampal neprilysin activity
by using 10pg protein in the membrane fraction. In the
plasma and hippocampal analyses, 3 of 12 mice were ran-
domly chosen in each study group, and samples from the se-
lected mice were used for the assays. In addition, we also per-
formed immunoblotting of neprilysin in pooled CSF samples
using antimouse neprilysin antibody (Genzyme-TECHNE;
goat polyclonal). Recombinant mouse neprilysin {Genzyme-
TECHNE) was used as a control.

Because neprilysin in degenerating neurons can be released
into CSF due to disruption of membrane structures to which
neprilysin is anchored, CSE-NEP is likely to be affected by
not only the level of brain neprilysin, bur also the magritude
of neurodegeneration. Hence, we examined CSFE-NEP in rats
after low- and high-dose administrations of kainic acid (KA),
an inducer of cxcitotoxic insults in the CNS necurons. At 7
weeks old, nine female Sprague~Dawley rats were divided into
three groups. Rats in the control group were intraperitoneally
injected with PBS, and the low- and high-dose KA groups
underwent intraperitoneal administration of 10 and 50mg/kg
KA dissolved in PBS, respectively. CSF and blood samples
were collected in the control rats and rats treated with low-
dose KA at 48 hours after injection as in the mouse experi-
ment. All rats in the high-dose KA group exhibited a lethal
status epilepticus within 5 hours of injection, and CSF and
blood were sampled immediately after death of the animals.
After CSF and blood collections, rats in all groups were tran-
scardially perfused with PBS, and the brains were removed.
The right hemisphere was fixed overnight with 4% parafor-
maldehyde in phosphate buffer (pH 7.4). Protein level and
enzymatic activity of neprilysin in the CSF, plasma, and hip-
pocampal samples were quantified by immunobloting and
fluosometric assay, respectively, as described ecarlier. We also
analyzed levels of tau in CSF by immunoblotting with anti~
tau antibody (Tau-1; mouse monoconal; Chemicon, Te-
mecula, CA). Before immunoblotting, albumin and 1gG were
removed from CSF preparations using a ProteoExtract Albu-
min/IgG Removal Kit (Calbiochem, San Diego, CA), fol-
lowed by dephosphorylation of the samples using alkaline
phosphatasc (Sigma). For histochemical and immunohisto-
chemical analyses, representative 10um frozen sections of the
right hemisphere were generated. Extents of excitotoxic insults
and synaptic loss were investigated by immunofluorescence
staining with antibodies against calpain-cleaved a-spectrin
(rabbit polyclonal)® and vesicular GABA transporter (117G4:
rabbit polyclonal; Synaptic Systems GmbH, Goettingen, Ger-
many), respectively. Amount of neprilysin was also examined
by using antineprilysin antibody (56C6; mouse monoclonal;
Novocastra Laboratories, Newcastle, United Kingdom). Im-
munostaining signals were amplified with a TSA-Direct kit
(NEN Life Science Products, Boston, MA).

Statistical Analyses
For group comparisons of clinical and biochemical variables,
one-way analysis of variance was done, followed by Bonfer-



roni multiple comparison test. Correlations between two
variables were tested by the # statistic.

Results

Reduction of Cerebrospinal Fluid Neprilysin Activity

in Early Stages of Alzheimer’s Disease Pathogenesis

In 11 CSF samples, a close correlation between inten-
sity of neprilysin immunoblotting signal and measured

CSF-NEP was observed (Figs 1A, B). Moreover, CSF-
NEP was substantially reduced by immunodepleting
the samples with antineprilysin antibody (see Fig 1C).
These findings justify the application of CSE-NEP as-
say to high-throughput analysis of CSF samples with
sufficient specificity.

Quantified CSE-NEP in the control, pMCI, and AD
groups is shown in Figure 1D. CSE-NEP was signifi-
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Fig 2. Association of cerebrospinal fluid neprilysin activity ( CSF-NEP) (CSF-NEP) with disease severity assessed by Mini-Mental
State Examination (MMSE) score and CSF-taw level in patients with progressive mild cognitive impairment (pMCI) and Alzhes-
mer’s disease (AD). (A) CSF-NEP was increased with disease progression in AD patients and was significantly correlated with
MMSE score. (B} A significant correlation between CSF-NEP and MMSE score was also observed when paiients with pMCT were
added to the study group. (C) CSF-NEP showed a significant and positive correlation with CSF-tau in AD patients. (D) Correla-
tion between CSF-NEP and CSF-tau levels remained significant when patients with pMCI were abso included in the analyss.

Solid lines represent the lincar regression of the data.

cantly decreased in pMCI patents (0.0108 =
0.0004pmol/min/pl; mean * SE) compared with sub-
jects in the control group (0.0146 % 0.0008pmol/min/
wb). There also was a significant decrease of CSF-NEP
in AD patients (0.0121 %= 0.0005pmol/min/pl) com-
pared with the control group. When the AD patients
were subdivided into mild (MMSE scores, >>17 points)
and moderate AD groups (MMSE scores, 9—17 points),
patients with mild AD showed a significant reduction of
CSE-NEP (0.0107 %= 0.0006pmol/min/ul) relative to
the control subjects (see Fig 1E). By contrast, CSF-NEP
in patients with moderate AD (0.0132 * 0.0007pmol/
min/pl) was similar to the control level (see Fig 1E).
Alteration of CSE-NEP during progression of AD was
more intensively analyzed by plotting CSF-NEP data in
AD patients against their MMSE scores. Notably, levels
of CSE-NEP in AD patients showed a significant inverse
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correlation with MMSE scores (Fig 2A). The correlation
remained significant after data from pMCI patients were
added to the plot (see Fig 2B). Thus, it is conceivable
that occurrence of a prominent CSF-NEP reduction is
confined to early stages of AD pathogenesis, and there-
after CSE-NEP is likely to be reversed to greater levels
with advance of the disease.

AD patients with high levels of CSF-NEP showed
higher levels of CSF-tau, thus the correlation between
the two variables was significant (see Fig 2C). There also
was a significant correlation between CSF-NEP and
CSF-tau when patients with pMCI were combined with
AD patients for analysis (see Fig 2D). Because CSF-tau
is supposed to increase as a function of cytoskeletal dis-
ruption and abnormal tau accumulation in neurons,
these findings support an increased diffusion of neuronal



neprilysin to the extracellular matrix and CSF as a con-
sequence of injuries of neuronal membranes,

CSE-NEP was unrelated to CSF-AB42 in AD pa-
tents (R = —0.112, p > 0.05; data not shown),
whereas correlation between these two variables became
significant when patients with AD and pMCI were in-
cluded for analysis (R = —0.262, p < 0.05; dara not
shown).

CSE-NEP was not correlated with age and sex in
any of the studied groups. In addition to the aforemen-
tioned simple correlation analyses, multiple regression
with stepwise selection option was used as an explor-
atory tool for identification of primary factors that de-
termine levels of CSF-NEP in patients with pMCI and
AD. As listed in Table 2, MMSE score and CSF-tau
were selected as independent variables. CSF-tau
showed the greatest partial correlation to CSE-NEP,
and MMSE score also had a tendency to be correlated
to CSE-NEP. Other variables, including age, sex, and
CSF-AB42 were eliminated by the stepwise selection;
thus, it is likely that the marked influence of the dis-
ease severity on both CSF-NEP and CSF-AB42 pro-
duced an apparent correlation between these two CSE
measures in the simple correlation analysis.

CSE-NEP in sMCI subjects (0.0147 *+ 0.001pmol/
min/pl) was similar to that in control subjects (p >
0.05) and was significantly greater than that in pMCI
subjects (p < 0.05), implying applicability of CSE-
NEP measurement to differentiation between pMCI
and sMCI at baseline examinartion.

Neprilysin in CSF was further characterized by im-
munoblotting (Fig 3). Deglycosylated neprilysin in the
brain and CSF showed the same molecular mass, which
was larger than the apparent molecular weight of extra-
cellular domain of neprilysin and corresponded to the
predicted size of the full-length form. Therefore, secre-
tion of neprilysin from neurons to the extracellular ma-
trix likely occurs without shedding of the full-length en-
Zyme.

Plasma-NEP did not differ among the control
(1.669 * 0.306pmol/min/pl), pMCl (1.777 =+

Table 2. Multiple Regression Analysis for Patients with pMCT
and AD

Partial
Independent Correlation
Variable Coefficient P
MMSE —0.237 0.096
CSF-tau 0.292 0.042

R =0.152, F = 393, p = 0.027.

Age, sex, and CSF-AB42 were eliminated from independent vari-
ables-by the stepwise selection.

pMCT = progressive mild cognitive impairment; AD = Alzheimer's
disease; MMSE = Mini-Mental State Examinadon; CSF = cere-
brospinal fluid.

_PC_ Brain _CSF rNEPep
Degl. = =+ =~ + = & »

"s= o

80 = “ -

{kDa)

* 7
: v

Fig 3. Biochemical characteristics of neprilysin in the brain
and cerebrospinal fluid (CSF) from the human subjects. Non-
deglycosplated neprilysin in the CSF sample from an AD pa-
tient migrated ar approximately 95kDa, which was nearly the
same as the apparent molecular mass of the human neprilysin

from primary culture (PC) of cortical neurons, whereas nepri-

bisin in the membrane-associated fraction extracted from the
brain migrated slightly faster than the CSE neprilysin. After
deglycosylation, the apparent molecular weight of neprilysin in
the PC, brain, and CSF became approximately 85kDa, which
corresponds to the predicted size of full-length, unmodified
neprilysin. The recombinant extracellular domain of human
neprilysin (rNEPpp,) exhibited smaller apparent molecular

mass than other samples.

0.429pmol/min/pl), and AD (1.944 = 0.395pmol/min/
l) groups. Patients with mild (2.036 = 0.725pmol/
min/pl) and moderate AD (1.816 * 0.494pmol/min/
pl) exhibired similar levels of plasma-NEP. Moreover,
there was no significant correlation berween levels of
CSE-NEP and plasma-NEP in any of the examined
groups (K = 0.103, p > 0.05; data not shown). Hence,
the CSF-NEP changes in patients with pMCI and early
AD observed in this study were unrelated to the status
of plasma neprilysin, but they conceivably reflected an
altered transfer of neprilysin from the brain ro CSF in
these patients. This notion was further tested by the fol-
lowing experiments using rAAV-treated, neprilysin-
deficient mice and KA-treated rats.

Physiological Transfer of Neprilysin from the Brain to
Cerebrospinal Fluid Demonstrated in Mice

Neprilysin activity was assayed in the hippocampus,
CSF, and plasma of neprilysin-deficient mice injected
with tAAV-NEP, as well as untreated wild-type and
neprilysin-deficient mice. Hippocampal neprilysin activ-
ity was nearly undetectable in the untreated neprilysin-
deficient mice, whereas it prominently increased at 10
weeks after injection with rAAV-NEP (Fig 4A). There
remained unnegligible signals in CSFE-NEP assay for un-
treated neprilysin-deficient mice, which may be pro-
duced by degradation of the substrate by thiorphan
semisensitive endopeptidases (see Fig 4B). In rAAV-
NEP-treated, neprilysin-deficient mice, CSE-NEP
showed a significant increase to approximately 70% of
CSE-NEP in wild-type mice (see Fig 4B). By contrast,
plasma-NEP in neprilysin-deficient mice treated with
rAAV-NEP stayed at an undetecrable level, similar to
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Fig 4. Physiological transfer of /7(7)71[]!3117 from the brain into CSF demonstrated by neprilysin-deficient mice injected with recombinant
adeno-associared viral vector pr ressing human neprilysin (tAAV-NEP). (A) Hippocampal neprilysin activity was nearly undetectable in
untreated neprilysin-deficient mice (NEP-KO). By contrast, NEP-KO mice ar 10 weeks after intrahippocampal rAAV-NEP injection

(NEP-KO 4+ AAV-NEP) showed a pronouncm’l ¢ high level of CSF-NEP, which was approximately 10-fold greater than the endoge-

nous neprilysin activity in wild-type (WT) mice. (B) CSF samples of NEP-KO mice did not produce overt signals compared with rhose
of WT mice. After administration of rAAV-NEP, CSF-NEP in NEP-KO mice was increased to 70% of the endogenous level in WT
mice. (C) Unlite CSF-NEP, plasma-NEP did nov display an apparent increase afier treatment with tAAV-NEP. (D) Immunoblotting
0f neprilysin in mouse CSF showed. consistency with CSF-NEP assay. Each lane was loaded with either CSF sample pooled from three

mice or recombinant murine neprilysin (rmNEP). Bars represent standard error.

untreated neprilysin-deficient mice (see Fig 4C). The
transfer of neprilysin from the brains of rAAV-NEP~in-
jected, neprilysin-deficient mice into CSF was also
clearly demonstrated by immunoblotting of neprilysin in
CSF samples (see Fig 4D). The predominance of the
association between neprilysin activities in the brain and
CSF over the plasma-CSE correlation suggests strong
impacts of brain neprilysin activity on CSF-NEP
through transfer of neuronal neprilysin into CSF in
physiological conditions.

Pathological Transfer of Neprilysin from the Brain to
Cerebrospinal Fluid in Kainic Acid—Treared Rats

In rats injected with KA, there was a KA-induced in-
crease of CSE-NEP in a dose-dependent fashion; low-
dose, KA-treated rats showed a slight and insignificant
increase of CSE-NEP, and a pronounced increase in
CSE-NEP (68-fold greater than the contro] level) was
observed in rats treated with high-dose KA (Fig SA).
Unlike CSFE-NEP, plasma-NEP did not significandly
differ among the three groups (see Fig 5B). Immuneo-
blotting of neprilysin also indicated a remarkable in-
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b < 0.05 p < 0.01.

crease of neprilysin in CSF samples from rats treated
with high-dose KA (see Figs 5C [top panel], D [left
panel]). In addition to neprilysin, levels of tan in CSF
were prominently increased in rats injected with high-
dose KA (see Figs 5C [bottom panel], D [right panel)).
These data support an aberrantly increased transfer of
both neprilysin and tau from damaged brain to CSF,
providing a molecular basis for the close association be-
tween CSE-NEP and CSF-tau in patients with pMCI
and AD (see Figs 2C, D).

Immunoblotting of neprilysin showed that neprilysin
in membrane-associated protein fraction from the hip-
pocampi was significantly reduced in rats injected with
high-dose KA (Figs 6A, B [left panel]). Neprilysin in
Tris/NaCl-soluble fraction had a tendency to increase
in KA-treated rats in a dose-dependent fashion, al-
though the increase was not statistically significant (see
Figs 6A, B [right panel]). Immunohistochemistry for
fragmented «-spectrin indicated extensive activation of
calpains in the entire hippocampus ¢xcept the dentate
gyrus after administration of KA ar a high dose (see
Figs 6C, D). A marked reduction of neprilysin immu-
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Fig 5. Increased transfer of neprilysin from the brain into cerebraspinal fluid (CSF) in a parhological condition as demonstrated by
kainic acid (KA) challenge for rats. (4) Cerebrospinal Jluid neprilysin activity (CSF-NEP) was increased. after KA administration
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dose KA. The CSF sample Jrom a rar injected with high-dose KA was diluted fivefold, and equal volume was loaded in each lane.
In addition to neprilysin, levels of tau proteins in CSF (bottom) were significantly increased in rats treated with bigh-dose KA. De-
phosphorylated soluble fraction from rat brain tissue was applied as a control in tau immunoblotting. (D) Intensitomerric data con-
stituted from immunoblotting signals demonstrate significant increase in levels of NEP and tau in CSF Jfrom rats treated with high-

dose KA. Bars represent standard error. p < 0.05 *p < 0.01.

noreactivity (see Figs GE, F) accompanying loss of pre-
synaptic signals in interneurons (see Figs 6G, H) was
found in the hippocampal CAl region of the rats
treated with high-dose KA compared with the control
rats {(merged images are shown in Figs 61, J). These
results suggest that increased CSF-NEP in KA-treated
rats can be caused by pathological transfer of neprilysin
from surface of injured presynaptic membrane to CSF.

Discussion

The principal outcome of this study was to demon-
strate that CSF-NEP levels in patients with AD pathol-
ogies represent well both down-regulation of brain ne-
prilysin early in the course of the aging MCI-AD
continuum and emanation of neprilysin from damaged
neurons with exacerbation of the disease from early to
intermediate stages. Importantly, decline of presynaptic
neprilysin is putatively one of the earliest cytopatho-
logical events in AD pathogenesis™** and is likely to
intensify the local concentration of AR in the vicinity
of synaptic structures. As favored by circumstantial ev-
idence,” accumulation of AB may disrupt the integrity
of synapses, conceivably causing further decrement of

presynaptically localized neprilysin. In light of our
findings, we conclude that CSF-NEP is potentially an
informative biochemical marker to monitor this vicious
cycle of synaptic pathogenesis, which can accelerate an
imbalance between neprilysin activity and AR level in
living patients with cognitive deficiency.

A literature of clinical studies has emerged indicating
that CSF-tau assay permits prediction of AD-converted
MCI and differentiation of prodromal AD from AD-
unrelated MCIL,%’ whereas persistent increase of CSF-
tau at a nearly stable level regardless of disease stage®
may hinder a chance to use CSF-tau as an antemortem
index of neuropathological severity of AD. Unlike
CSF-tau, CSF-AB42 is known to decline as the discase
advances®; therefore, it may be useful to estimate mag-
nitude of AD pathology in living patients. However,
measurement of CSF-AR42 does not allow detection of
abnormal AR metabolism in prodromal AD because of
a great overlap among normal, sMCI, and pMCI sub-
jects.*” Based on the data obtained in this study,
CSE-NEP assay is capable of distinguishing pMCI pa-
tients from normal subjects with a sensitivity of 76%
and a specificity of 74% when a cutoff threshold is
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Fig 6. Reduction of neprilysin in disrupted presynaptic terminals observed in the hippocampal formations of rats treated with high-
dose kainic acid (KA). (A) Representative immunoblotting indicates reduced level of membrane-asiociated neprilysin in high-dose KA
group. Note that soluble neprilysin exhibits a larger molecular mass than membrane-associated neprilysin, presumably because of a
higher magnitude of glycosylation. (B) Significant decrease of membrane-associated neprilysin in rats treated with high-dose KA was
demonstrated by intensitometry of neprilysin immunoblotting signab. Bars represent standard. errvor. (1 C-]) Lmmunostaining of hip-
pocampal sections from rats treated with phasphare-buffered saline (left) and high-dose KA (vight). Seale bars = 250um (C, D);
100um (E-J). *p < 0.05.

assigned at 0.012 pmol/min/pl. These values may not NEP as a valuable clinical adjunct to prediction of con-
appear particularly impressive as compared with CSF- version from MCI to AD in view of AR pathogenesis.
tau, but they clearly support feasibility of using CSE- Moreover, alteration of CSF-NEP as a function of dis-
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case severity enables evaluaton of neuropathological
progression as patients are longitudinally examined.

It should be noted that a reduction of CSE-NEP in
pMCI is indicative of a decreased level of neuronal ne-
prilysin and a consequent diminishment of physiolog-
ical transfer of neprilysin from the brain to CSF. An
increased level of CSF-NEP in neprilysin-deficient
mice after inwahippocampal administration of rAAV-
NEP has provided unequivocal evidence for such a
transfer in nonpathological conditions. The molecular
mechanisms by which neprilysin is released from
healthy neurons to extracellular matrix remain to be
elucidated. Our immunoblotting data indicate release
of neprilysin from neurons without enzymatic shed-
ding, unlike other membrane-bound metallopro-
teases.”™"? Further biochemical assessments including
mass spectrometric analysis of immunocaptured sam-
ples are required to identify membrane-unbound spe-
cies of neprilysin that are transferable to CSF.

As mentioned earlier, the significant association of
CSE-NEP with both MMSE score and CSF-tau suggests
aberrant release of neprilysin from degenerating neurons.
Because there was a lack of a significant correlation be-
tween CSF-tau and MMSE score in accordance with
previous findings,*® we postulate that diffusion of nepri-
lysin from the central nervous system to CSF in neuro-
degeneration has primarily two distinct origins: neurons
in the middle of active neuritic and synaptic disruptions,
and neurons at the end stage of the degenerative process.
Based on a marked and transient increase in CSF-tau
levels after acute brain injuries,’®*’ CSF-tau levels sup-
posedly reflect the number of neurons undergoing active
degenerative processes. Diffusion of neprilysin from neu-
rons to extracellular medium can first unfold on this
acute and active neuropathology, as this experiment
demonstrates using KA-treated rats. Neurons at the ter-
minal stage of degenerative changes are unlikely to re-
lease a substantial quantity of tau, because tau in such
neurons is depléted in the axonal compartment or is
stuck to fibrillary aggregates in the somatodendritic
compartment, or both.?* However, advanced stages of
cellular mjury are presumed to still allow neurons to re-
main productive of neprilysin, and disruption or insta-
bility of membrane structures may promote emanation
of neprilysin from these cells. The number of these ter-
minally damaged neurons increases as the disease
progresses, leading to an increase of CSE-NEP in tight
association with disease severity.

Our dara also suggest potential benefits of neprilysin
up-regulation in treating patents with pMCI and mild
AD and usefulness of CSF-NEP for biochemically eval-
uating efficacy of the treatment in these patients. In
fact, suppression .of AB levels and amyloid plaque for-
marion in amyloid precursor protein transgenic mice
by genetically up-regulating neprilysin has been dem-
onstrated by several independent groups.'*?%3% Pogsi-

bility of pharmacological modulation of regulatory
mechanisms for neprilysin activity has also been raised
by various lines of supportive evidence.”*> CSF-NEP
could have a predictive value for identfying who
would be a responder to neprilysin activation among
patients with pMCI and early-stage AD.

In conclusion, this study has provided strong clinical
and experimental indication that compromised neprily-
sin activity, Af-triggered neuronal injury, and a con-
junction of these two changes in the brain can be mon-
itored by CSE-NEP assay from predementia phase of
AD. Quantification of CSE-NEP may also play a role in
the diagnostic work-up of MCI to identify patients in
transition from MCI to AD and patients afflicted by a
depletion of brain neprilysin. This will be of particular
importance when drugs with potential up-regulatory ef-
fects on neprilysin activity reach the clinical tial stage.
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