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Neurobiology of Disease

Neprilysin Overexpression Inhibits Plaque Formation But
Fails to Reduce Pathogenic A3 Oligomers and Associated
Cognitive Deficits in Human Amyloid Precursor Protein
Transgenic Mice

William J. Meilandt,'> Moustapha Cisse,' Kaitlyn Ho,! Tiffany Wu,' Luke A. Esposito,’> Kimberly Scearce-Levie,'
Irene H. Cheng,'? Gui-Qiu Yu,' and Lennart Mucke'>
1Gladstone Institute of Neurological Disease and 2Department of Neurology, University of California, San Francisco, California 94158

The accumulation of amyloid-£3 (A3) peptides in the brain of patients with Alzheimer’s disease (AD) may arise from an imbalance
between A production and clearance. Overexpression of the A3-degrading enzyme neprilysin in brains of human amyloid precursor
protein (hAPP) transgenic mice decreases overall AS3 levels and amyloid plaque burdens. Because AD-related synaptic and cognitive
deficits appear to be more closely related to A oligomers than to plaques, it is important to determine whether increased neprilysin
activity also diminishes the levels of pathogenic A3 oligomers and related neuronal deficits in vivo. To address this question, we crossed
hAPP transgenic mice with neprilysin transgenic mice and analyzed their offspring. Neprilysin overexpression reduced soluble A3 levels
by 50% and effectively prevented early A deposition in the neocortex and hippocampus. However, it did not reduce levels of A3 trimers
and A3*56 or improve deficits in spatial learning and memory. The differential effect of neprilysin on plaques and oligomers suggests
that neprilysin-dependent degradation of A affects plaques more than oligomers and that these structures may form through distinct
assembly mechanisms. Neprilysin’s inability to prevent learning and memory deficits in hAPP mice may be related to its inability to
reduce pathogenic Af3 oligomers. Reduction of AS oligomers will likely be required for anti-Af3 treatments to improve cognitive

functions.
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Introduction

Alzheimer’s disease (AD) is the most prevalent and costly neuro-
degenerative disorder (Ferri et al., 2005). Although major efforts
have been made to elucidate its pathogenesis, there still are no
strategies to effectively treat or prevent AD. A key factor in AD
pathogenesis is the amyloid-B (AB) peptide, which is generated
through proteolytic cleavage of the amyloid precursor protein
(APP) by B- and 7y-secretases (Blennow et al., 2006; Roberson and
Mucke, 2006). Rare forms of autosomal dominant familial AD
(FAD) have been conceptually informative as they are linked to
mutations in human APP (hAPP) or components of the
y-secretase complex (presenilin 1 and presenilin 2) that increase
the absolute or relative abundance of the 42—amino acid form of
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AB (AB1-42), which aggregates more readily and is more toxic
than AB1-40 (Blennow et al., 2006; Roberson and Mucke, 2006).
Transgenic mice expressing FAD-mutant hAPP produce high
levels of AB1-42 and develop age-dependent cognitive deficits
and neuropathological alterations similar to those found in AD
patients (Kobayashi and Chen, 2005; Palop et al., 2006).

However, whether alterations in AB production also contrib-
ute to the vast majority of AD cases that lack these mutations
remains uncertain. An alternative mechanism of AB accumula-
tion in these cases may be an age-dependent deficit in AS clear-
ance (Selkoe, 2001; Iwata et al., 2002; Caccamo et al., 2005; Iwata
et al., 2005; Mueller-Steiner et al., 2006; Hellstrom-Lindahl et al.,
2008). Several proteases degrade A3, including neprilysin (NEP)
(Iwata et al., 2001; Shirotani et al., 2001; Leissring et al., 2003;
Marr et al., 2003; Caccamo et al., 2005), insulin-degrading en-
zyme (Chesneau et al., 2000; Leissring et al., 2003; Caccamo et al.,
2005), endothelin-converting enzyme (Choi et al., 2006), plas-
min (Tucker etal., 2000), and cathepsin B (Mueller-Steiner et al.,
2006; Gan and Mucke, 2008). Alterations in the activities of these
proteases could have profound effects on AB accumulation and
AD.

In agreement with this notion, pharmacological inactivation
(Mouri et al., 2006) or genetic ablation (Huang et al., 2006; Farris
etal., 2007) of NEP in hAPP mice increased total A levels in the
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brain and plasma, whole brain and hippocampal levels of A
dimers, A3 deposition, plaque-related pathology, deficits in syn-
aptic plasticity, and impairments in hippocampus-dependent
memory. In contrast, viral vector-mediated (Marr et al., 2003;
Iwata et al., 2004) or transgene-mediated (Leissring et al., 2003;
Poirier et al., 2006) overexpression of NEP reduced cortical A3
levels, AP deposition, and plaque-related pathology.

Because AB-induced neuronal deficits appear to be mediated
by AB oligomers (Gong et al., 2003; Lacor et al., 2004; Lesné et al.,
2006; Townsend et al., 2006; Cheng et al., 2007; Walsh and
Selkoe, 2007), we wondered whether increased NEP expression
can reduce AB oligomer levels in vivo and prevent oligomer-
related cognitive deficits. Eleven-fold overexpression of NEP did
not reduce forebrain levels of AB*56 or AB trimers and failed to
prevent cognitive deficits and associated neuronal alterations in
hAPP mice, even though it decreased overall A levels by >50%
and effectively reduced plaque burdens.

Materials and Methods

Animals. Mice used in this study included nontransgenic (NTG) and
heterozygous transgenic (TG) mice from hAPP lines J9 and J20, which
express hAPP with the Swedish (K670N, M671L) and Indiana (V717F)
FAD mutations (hAPPy,,) directed by the platelet-derived growth fac-
tor B chain promoter (Rockenstein et al., 1995; Mucke et al., 2000; Palop
etal., 2003). These lines have been crossed for >10 generations onto the
C57BL/6] background using NTG mice from The Jackson Laboratory.
For some experiments, hAPP-J20 TG C57BL/6] mice were crossed with
NTG DBA2]J mice from The Jackson Laboratory to establish hAPP-]J20
mice on the B6D2 F1 hybrid background. Mice overexpressing human
NEP directed by the calcium/calmodulin-dependent kinase Il pro-
moter (Leissring et al., 2003) were on the C57BL/6] background. Unless
indicated otherwise, offspring from the hAPP-J20 X NEP cross were on
the same background. Some experiments were performed in a mixed
B6D2 background to allow for more direct comparisons with previous
reports (Leissring et al., 2003; Poirier et al., 2006). After behavioral test-
ing (see below), mice were deeply anesthetized followed by transcardial
flush-perfusion with 0.9% saline and tissue isolation. All experiments
were approved by the Institutional Animal Care and Use Committee of
the University of California, San Francisco.

Open field. Spontaneous locomotor activity in an open field was mea-
sured in an automated Flex-Field/Open Field Photobeam Activity Sys-
tem (San Diego Instruments). Mice were placed in one of four identical
clear plastic chambers (41 X 41 X 30 cm) for 15 min, with two 16 X 16
Photobeam arrays detecting horizontal and vertical movements. Total
movements (ambulations) in the outer periphery and center of the open
field were reported. The apparatus was thoroughly cleaned with 70%
ethanol between trials.

Elevated plus maze. The elevated plus maze consisted of two open
(without walls) and two enclosed (with walls) arms elevated 63 cm above
the ground (Hamilton-Kinder). Mice were first allowed to habituate in
the testing room under dim light for 30 min before testing. During test-
ing, mice were placed at the junction between the open and closed arms
of the plus maze and allowed to explore for 10 min. As a measure of
general activity, total distance traveled and time spent in both the open
and closed arms were calculated based on infrared Photobeam breaks. In
addition, the ratios of the distance traveled in the open arms over the total
distance traveled in both open and closed arms were determined as a
measure of the balance between exploratory drive and anxiety. The maze
was thoroughly cleaned with 70% ethanol between testing sessions.

Morris water maze. The water maze consisted of a pool (122 cm diam-
eter) filled with water (18 = 1°C) made opaque with nontoxic white
tempera paint powder and was placed in a room surrounded by distinct
extramaze cues. Two identical pools were used in two different rooms,
each with distinct extramaze cues. Pretraining and visible platform train-
ing were performed in one room, and hidden platform training and
probe trials were performed in the other room. Mice were first given four
pretraining trials in which they had to swim down a rectangular channel
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(15 cm X 122 ¢cm) and mount a platform hidden 1.5 cm below the water
surface at the end of the channel. The following day, mice were trained in
the actual circular water maze. For cued training, the platform (14 cm X
14 cm) was submerged (1.5 cm) but visibly cued with a black and white
striped mast (15 cm in height). On three consecutive days, mice received
two training sessions per day separated by 3—4 h. Each session consisted
of two training trials with an intertrial interval of 10 min. For each ses-
sion, the platform was moved to a new location, and the drop location
was changed semirandomly between trials. Mice were then moved to the
second room for hidden platform training, in which a similar platform
was submerged (1.5 cm) and not visibly cued. On five consecutive days,
mice received two training sessions separated by 3—4 h. Each session
consisted of three trials (10 min between trials). The platform location
remained the same throughout the hidden platform training, but the
drop location was changed semirandomly between trials. Mice had 60 s
to locate the platform during training. Mice that did not find the plat-
form were guided to it and placed on it for 10 s. Spatial probe trials,
during which the platform was removed and mice were allowed to swim
in the pool for 60 s, were performed 1618 h after the third day (begin-
ning of day 4) and fifth day (beginning of day 6) of training. Escape
latencies, swim paths, swim speeds, percentage time spent in each quad-
rant, and platform crossings were recorded with an EthoVision video
tracking system (Noldus).

ELISA and Western blot analyses. The left hemibrain was snap-frozen
on dry ice and stored at —80°C. Whole hemibrains were either used as
such or dissected into two preparations: (1) hippocampal formation and
(2) forebrain without hippocampal formation, thalamus, cerebellum
and brainstem (“cortex-plus”). For the AB ELISA measurements of hu-
man AB1-x and AB1-42, hippocampal or cortex-plus tissues were ho-
mogenized in 5 M guanidine buffer as described previously (Mucke et al.,
2000).

For Western blot analysis of NEP levels, membrane particulate frac-
tions were obtained as described previously (Iwata et al., 2002; Leissring
et al., 2003) with slight modifications. Briefly, cortex-plus tissue was
homogenized with 10 strokes of a Dounce glass homogenizer (Kontes
#18) in five volumes of homogenization buffer (50 mm Tris-HCI, pH
7.4), containing Complete Protease Inhibitor Cocktail (Roche) and 0.7
pg/ml pepstatin A. Samples were precleared by centrifuging at 2500 X g
for 8 min at 4°C. The supernatant was then centrifuged at 100,000 X g for
1 h at 4°C. The pellet was resuspended in one volume of resuspension
buffer (50 mm Tris-HCI, pH 7.4, 1% Triton X-100 plus Complete Pro-
tease Inhibitor Cocktail), incubated onice for 1 h, and then centrifuged at
100,000 X g for 1 h at 4°C. The supernatant was collected and stored at
—80°C as the particulate membrane fraction. Protein concentrations
were determined with the Bradford assay. Particulate membrane pro-
teins (30 ug) were separated on a 4—12% Bis/Tris Criterion XT gel (Bio-
Rad), followed by transfer to nitrocellulose membranes (0.2 um pore
size, Bio-Rad) and Western blotting with anti-NEP (CD10, 1:500, Santa
Cruz Biotechnology).

For the detection of hAPP C-terminal fragments (CTFs), cortex-plus
tissues were homogenized in 9 volumes of homogenization buffer (con-
taining, in mm: 5 HEPES, 320 sucrose, 5 benzamidine, 2
B-mercaptoethanol, 3 EGTA, 0.5 MgSO,, 0.5 Zn,SO,, plus Complete
Protease Inhibitor Cocktail) using a Dounce homogenizer as described
above. Samples were precleared and centrifuged at 100,000 X g for 1 h at
4°C. The pellet was resuspended in 2.5 volumes of HEPES/sucrose buffer
by pipetting and brief sonication on ice and stored at —80°C as the
particulate membrane fraction. Protein concentrations were determined
with the micro Lowry assay. Particulate membrane proteins (125 ug)
were separated on a 14% Tricine gel, transferred to nitrocellulose mem-
branes (0.2 wm pore size, Bio-Rad), and subjected to Western blotting
with anti-CTF antibody (CT-15, 1:1000, kindly provided by Dr. Eddy
Koo, University of California at San Diego, La Jolla, CA) as described
previously (Rockenstein et al., 2005).

For detection of AB monomers and dimers, whole hemibrains were
homogenized in 1.2 ml of TBS buffer (containing, in mm: 25 Tris-HCI,
pH 7.4, 140 NaCl, 3 KCI, supplemented with a mixture of protein inhib-
itors) with a Dounce homogenizer and centrifuged at 175,000 X g for 30
min at 4°C. Pellets were resuspended in 1.2 ml of 1% Triton X-100/TBS,
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sonicated, homogenized, and centrifuged at 175,000 X g for 30 min at
4°C. Supernatants were then collected as TBST fractions, whereas pellets
were resuspended in 2.4 ml of homogenization buffer (5.0 M guanidine/
HCI, 50 mM Tris-HCI, pH 8.0), sonicated, homogenized, and spun at
13,000 rpm for 10 min at 4°C. Supernatants were collected as guanidine
fractions. TBS and TBST fractions (3.5 mg of protein each) were immu-
noprecipitated with 5 ul of an anti-AB antibody (6E10; Signet) overnight
at 4°C. Guanidine fractions (100 ul each) were first diluted in 3.9 ml of
DMEM (Invitrogen) and then immunoprecipitated with 6E10 overnight
at 4°C. Samples were separated on a 4—12% NuPAGE Novex Bis-Tris gel
(Invitrogen), transferred to nitrocellulose membranes, and subjected to
Western blotting with an anti-AS antibody (3D6, 1:1000 dilution of 1.4
mg/ml biotinylated stock; Elan Pharmaceuticals).

For detection of AB trimers, cortex-plus and hippocampal tissues were
combined and sonicated in homogenization buffer (50 mwm Tris-HCL, pH
7.5, 150 mm NaCl, 5 mm EDTA, 0.5% Triton X-100, 0.5% deoxycholate,
plus Complete Protease Inhibitor Cocktail) and centrifuged at 100,000 X
g for 1 h at 4°C. The supernatant was collected and stored at —80°C.
Samples (750 ug of protein each) were then immunoprecipitated with an
anti-AfB antibody (4G8, 5 ul, Signet) overnight at 4°C. Samples were
separated on a 10—20% Tricine Criterion XT gel (Bio-Rad), transferred
to nitrocellulose membranes, and subjected to Western blotting with
anti-AB antibodies 6E10 (1:5000; Signet) or 3D6 (1:1000 dilution of 1.4
mg/ml biotinylated stock, Elan Pharmaceuticals).

For detection of the AB*56 oligomer, membrane fractions were iso-
lated from a combination of cortex-plus and hippocampal tissues as
described previously (Lesné et al., 2006; Cheng et al., 2007). Briefly,
Protease Inhibitor Cocktail (Sigma), Phosphatase Inhibitor Cocktail 1
and 2 (Sigma), 100 mm phenylmethylsulfonyl fluoride in ethanol, and 20
mM phenanthrolene monohydrate in methanol were added to allhomog-
enization buffers immediately before use. Tissues were homogenized in
NP-40 lysis buffer (containing, in mm: 50 Tris-HCI, pH 7.6, 0.01% NP-
40, 150 NaCl, 2 EDTA, and 0.1% SDS plus Complete Protease Inhibitor
Cocktail) and centrifuged at 3000 rpm for 10 min at 4°C. The pellet was
then resuspended in TNT buffer (50 mm Tris-HCI, pH 7.6, 150 mm NaCl,
0.1% Triton X-100) and centrifuged at 13,000 rpm for 90 min at 4°C. The
remaining pellet was then resuspended in radioimmunoprecipitation
assay buffer (50 mm Tris-HCI, pH 7.4, 0.5% Triton X-100, 150 mm NaCl,
1 mm EDTA, 3% SDS, 1% deoxycholate) and centrifuged at 26,000 rpm
for 90 min at 4°C. The supernatant was collected and stored at —80°C as
the membrane-bound (MB) fraction. MB fractions were then precleared
by incubation with protein-A and then protein-G Sepharose beads. Pre-
cleared MB fractions (250 ug) were immunoprecipitated with 5 ul of an
anti-AB antibody (6E10, Signet) and Protein G magnetic beads (Ther-
moFisher Scientific) overnight at 4°C, separated on a 4—12% Bis/Tris
Criterion XT gel (Bio-Rad), transferred to a nitrocellulose membrane
and subjected to Western blotting with biotinylated anti-Af antibody
(6E10, 1:1000, Signet) and ExtrAvidin (1:5000, Sigma). AB*56 values
were normalized to hAPP levels to correct for the total amount of protein
immunoprecipitated per sample. Levels of hAPP did not differ among
samples within the same transgenic line of mice (data not shown).

Immunohistochemistry. The right hemibrain was drop-fixed in 4%
paraformaldehyde for 48 h at 4°C, rinsed in phosphate-buffered saline
(PBS), and placed in a 30% sucrose solution for at least 24 h at 4°C.
Immunostaining was performed on sliding microtome sections (30 um)
by the standard avidin-biotin/peroxidase method as described previously
(Palop et al., 2003). Briefly, after quenching endogenous peroxidase ac-
tivity and blocking nonspecific binding, floating sections were incubated
with anti-calbindin (1:30,000; Swant), anti-Fos (Ab-5, 1:10,000; Calbio-
chem), or anti-A (3D6, 1:400 dilution of 1.97 mg/ml biotinylated stock;
Elan Pharmaceuticals) antibodies at 4°C. For the first two antibodies,
sections were subsequently incubated with biotinylated goat anti-rabbit
(1:200; Vector Laboratories) secondary antibodies for 1 h at room tem-
perature. Diaminobenzidine was used as a chromaogen. Images were
acquired on a BX-60 microscope (Olympus) and recorded with a DEI-
470 digital camera (Optronics). Immunoreactivities for calbindin, Fos,
and AP were quantitated as described previously (Mucke et al., 2000;
Palop et al., 2003; Chin et al., 2005a).

Statistical analysis. Statistical analyses were performed with StatView
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5.0 (SAS Institute). Differences between means were assessed, as appro-
priate, by Student’s ¢ test, one- or two-way ANOVA with or without
repeated measures, followed by Fisher’s PLSD or Tukey’s post hoc tests.
Correlations were assessed by simple linear regression analysis. Kaplan-
Meier statistical methods were used to determine survival rates and haz-
ard plots, followed by Logrank (Mantel-Cox) post hoc tests.

Results

NEP overexpression reduces A3 levels and prevents early
plaque deposition without altering APP processing

hAPP TG mice from line J20 (Mucke et al., 2000) were crossed
with NEP TG mice (Leissring et al., 2003), resulting in the follow-
ing offspring: NTG mice, NEP or hAPP-J20 singly TG mice, and
hAPP-J20/NEP doubly TG mice. Unless indicated otherwise,
mice were of the C57BL/6] strain. Some experiments were per-
formed in B6D2 mice (see Materials and Methods) to allow for
more direct comparisons with previous reports (Leissring et al.,
2003; Poirier et al., 2006). NEP levels in NEP mice and hAPP-J20/
NEP mice were 11-fold greater than in hAPP-J20 mice and NTG
controls (Fig. 1 A,B). hAPP-J20 mice and hAPP-J20/NEP mice
had similar levels of hAPP C-terminal fragments (CTFs) (Fig.
1C). NEP overexpression in hAPP mice reduced hippocampal
and cortical AB levels by >50% on the C57BL/6] (Fig. 1 D) and
B6D2 (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material) backgrounds. It also reduced Af3 mono-
mer levels (Fig. 1E, F) and prevented early plaque deposition in
the hippocampus (Fig. 1G—J). These results are consistent with
previous findings (Shirotani et al., 2001; Leissring et al., 2003;
Marr et al., 2003; Iwata et al., 2004; Poirier et al., 2006) and
confirm the expected biological NEP activity in our hAPP-J20/
NEP model.

NEP overexpression does not prevent learning and memory
deficits in hAPP mice

To determine whether the NEP-mediated reductions in overall
AP levels and in AB deposits in hAPP-J20/NEP mice were suffi-
cient to prevent learning and memory deficits, we tested 3- to
5-month-old NTG, NEP, hAPP-J20, and hAPP-J20/NEP mice in
a Morris water maze. On both the C57BL/6] and the B6D2 back-
grounds, hAPP-J20 and hAPP-J20/NEP mice had similar diffi-
culties with learning to locate the hidden platform in the spatial
component of the task, compared with NTG controls (Fig.
2A,B). On the C57BL/6], but not the B6D2, background, hAPP-
J20 and hAPP-J20/NEP mice also showed some deficits in the
cued component of the task, although by the last day of cued
training all mice performed similarly well (Fig. 2 A, B). NEP mice
performed as well as NTG mice in both components of the test.
Comparison of swim speeds during the hidden platform training
revealed no significant differences between the groups (data not
shown).

To assess spatial memory formation and retention, we re-
moved the platform for a probe trial at the beginning of the
fourth day of hidden platform training. Regardless of strain back-
ground, hAPP-J20 and hAPP-J20/NEP mice spent less time
searching in the target quadrant (Fig. 2C,D) and crossed over the
target location less frequently (Fig. 2E,F) than NTG and NEP
mice. hAPP-J20 and hAPP-J20/NEP mice did not differ signifi-
cantly with respect to either outcome measure. To assess whether
the different groups of mice would benefit differentially from
prolonged training, we continued the hidden platform training
for another 2 d and administered another probe trial 16-18 h
after the last hidden platform training trial. The continued train-
ing increased target quadrant preference for both hAPP-J20 and
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Figure 1. NEP overexpression reduces A3 levels and prevents early plaque deposition without altering levels of C-terminal APP fragments. A4, B, Neprilysin overexpression in NEP and
hAPP-J20/NEP mice was confirmed by Western blot analysis of membrane fractions isolated from cortex-plus tissues (see Materials and Methods) of 2- to 4-month-old mice. Tubulin was used as a
loading control. A, Representative Western blot. B, Densitometric quantitation of Western blot signals revealed that NEP levels were 11-fold higher in NEP and hAPP-J20/NEP mice than in NTG
controls, and that endogenous NEP levels in hAPP-J20 mice and NTG controls were similar. Numbers in bars represent numbers of mice analyzed per group. C, Particulate membrane fractions were
isolated from cortex-plus tissues of 5- to 6-month-old hAPP-J20 and hAPP-J20/NEP mice and analyzed by Western blotting with an antibody (CT-15) against hAPP C-terminal fragments (CTFs).
Tubulin was used as a loading control. Labels on the right identify bands putatively representing phosphorylated or unphosphorylated (83, (89, or (9. The rightmost lane contains a sample from
a TG mouse of line 15, which expresses wild-type hAPP (Mucke et al., 2000); it illustrates that this assay was sensitive enough to detect the effect of the Swedish mutation in hAPP-J20 on CTF
production. D, A3 levels in hippocampal (Hip) and cortex-plus (Ctx) tissues of 2- to 4-month-old hAPP-J20 and hAPP-J20/NEP mice without plaques were determined by ELISA. E, F, Levels of A3
monomers in 6- to 7-month-old hAPP-J20 and hAPP-J20/NEP mice were compared by Western blot analysis of TBST fractions isolated from whole hemibrains. E, Representative Western blot. F,
Densitometric quantitation of Western blot signals. G, H, A3 deposits in hippocampal sections of 4- to 6-month-old hAPP-J20 and hAPP-J20/NEP mice were detected by immunostaining with the
3D6 antibody. /, J, Quantitation of percentage area occupied by A3-immunoreactive deposits (/) and number of deposits (J). *p << 0.05, **p << 0.01, ***p < 0.001 versus hAPP mice (Student’s
ttest). #p << 0.001 versus hAPP and NTG mice (Tukey's test). Values are mean =+ SEM from mice on the (57BL/6J background.

whereas Fos reductions were still prominent in both hAPP-J20
and hAPP-J20/NEP mice (Fig. 3D).

hAPP-J20/NEP mice (Fig. 2G,H ). On the C57BL/6] background,
both groups still showed comparable impairments in target
crossings (Fig. 2I). On the B6D2 background, only hAPP-]J20
mice were impaired in this measure (Fig. 2]), although the dif-
ference between hAPP-J20 and hAPP-J20/NEP mice was not sta-
tistically significant.

Learning and memory deficits in hAPP mice correlate well
with the depletion of calcium- and synaptic activity-dependent
proteins in granule cells of the dentate gyrus, including
calbindin-D,g and Fos (Palop et al., 2003; Chin et al., 2005b;
Cheng et al., 2007; Roberson et al., 2007; Deipolyi et al., 2008;

NEP overexpression does not reduce pathogenic A3
oligomers in hAPP mice

Why does a >50% reduction of overall Af levels fail to improve
cognitive function and neuronal Fos expression in hAPP-J20/
NEP mice? To address this question, we measured AB*56, a
pathogenic A oligomer that correlates closely with learning and
memory deficits in different lines of hAPP mice (Lesné et al.,

Meilandt et al., 2008). At 2—4 months of age, calbindin and Fos
were reduced in both hAPP-J20 mice and hAPP-J20/NEP mice,
compared with NTG and NEP mice, although calbindin levels
were slightly higher in hAPP-J20/NEP than hAPP mice, and Fos
levels showed a similar trend (Fig. 3A, C). At 5-6 months, calbi-
ndin reductions were significant only in hAPP-J20 mice (Fig. 3B),

2006; Cheng et al., 2007). AB*56 isolated from hAPP mouse
brains also elicits memory deficits when injected into the brains
of NTG rats (Lesné et al., 2006). hAPP-J20 and hAPP-J20/NEP
mice showed comparable levels of AB*56 when cortex-plus and
hippocampal tissues were analyzed in combination (Fig. 44, C),
and when cortex-plus was analyzed alone (data not shown), on
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Figure 2.  Overexpression of NEP in hAPP-J20 mice does not prevent learning and memory deficits in the Morris water
maze. (57BL/6J (A, C,E, G, 1) and B6D2 (B, D, F, H,J) mice (n = 9—11 mice per genotype and background) were tested
at 3-5 months of age. These groups of mice had no significant differences in swim speeds during the hidden platform
training (data not shown). 4, B, Compared with NTG and NEP mice, hAPP-J20 and hAPP-J20/NEP mice had significant and
comparable learning impairments. In both strain backgrounds, a two-way repeated measures ANOVA revealed a signifi-
cant main effect of hAPP on hidden platform performance (F; 55 = 40.4; p < 0.001), but no NEP effect or hAPP XX NEP
interaction. A significant main effect of hAPP (F , 35) = 11.0; p << 0.01) was found in the visible platform task only on the
(57BL/6J background (A). C-J, Probe trials at the beginning of the fourth day of training (C—F) and 16 —18 h after the last
day of hidden platform training (G—J) revealed comparable impairments in hAPP-J20 and hAPP-J20/NEP mice relative to
NTG and NEP mice. Target, adjacent (Adj) left (L) or right (R), and opposite (Opp) refer to quadrants (C, D, G, and H) or to
the target platform and corresponding locations in the respective nontarget quadrants (E, F, I, and J). A two-way ANOVA
identified a significant main effect of hAPP for the percentage of time spent in the target quadrant (C, D, H: F; 55 = 9.7,
p <0.01; G:F; 55 = 6.3, p < 0.05) and for the number of target crossings (E, F, I: F; 35 = 17.7,p < 0.001;J: F 35 =
7.0, p < 0.05). There was no NEP effect or hAPP X NEP interaction. *p << 0.05, **p << 0.01, ***p << 0.001 versus NTG
controls; *p < 0.05 versus NTG and NEP controls (Fisher's PLSD test). Values are means =+ SEM.

J. Neurosci., February 18,2009 - 29(7):1977-1986 * 1981

either the C57BL/6] (Fig. 4A,C) or the
B6D2 (data not shown) background.

Because smaller AB assemblies, such as
dimers and trimers, can also cause func-
tional neuronal impairments and memory
deficits (Townsend et al., 2006; Shankar et
al., 2007; Klyubin et al., 2008; Shankar et
al,, 2008), we wanted to determine
whether NEP overexpression reduced the
levels of these species. AB trimer levels
were detected in the same samples used in
Figure 4A. Tissue lysates were immuno-
precipitated with the anti-Af antibody
4G8 and then examined by Western blot-
ting with the anti-A antibodies 3D6 (Fig.
4B,D) or 6E10 (data not shown). A tri-
mer levels were comparable in hAPP-J20
and hAPP-J20/NEP mice (Fig. 4B,D and
data not shown).

AB*56 and AB trimers were already de-
tectable in hAPP-J20 mice at 1.5 months of
age (data not shown), suggesting that both
might contribute to the subsequent devel-
opment of behavioral deficits. In contrast,
AB dimers were undetectable in whole
hemibrains of 3- to 8-month-old hAPP-
J20 mice (Fig. 4 E), making it unlikely that
these assemblies contribute to the promi-
nent cognitive deficits seen in these mice.
AB dimers were detectable only in old
hAPP-J20 mice (Fig. 4E), which have ex-
tensive plaque burdens (Roberson et al.,
2007).

Because NEP overexpression reduced
total AB levels in hAPP mice from the
high-expresser line J20 (Fig. 1D) to levels
found in our lower expressing hAPP line J9
(Mucke et al., 2000), we analyzed levels of
AB*56 and AB trimers in the latter line.
Levels of AB*56 (Fig. 4A,C) and AB trim-
ers (Fig. 4 B, D) were significantly lower in
hAPP-J9 mice than in hAPP-J20 and
hAPP-J20/NEP mice. Thus, overall AB
levels are likely a partial, but not the sole,
determinant of AB*56 and AP trimer
levels.

NEP overexpression prevents
hyperactivity but not alterations in
anxiety/exploration-related behavior in
hAPP mice

In addition to deficits in learning and
memory, hAPP mice and humans with AD
have alterations in a variety of other be-
havioral domains (Kobayashi and Chen,
2005; Palop et al., 2006; Cheng et al., 2007;
Farlow and Cummings, 2007; Palop et al.,
2007; Roberson et al., 2007; Apostolova
and Cummings, 2008; Deipolyi et al.,
2008). Several lines of hAPP mice show
greater locomotor activity in the open field
test and less open arm avoidance in the
elevated plus maze than NTG controls
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Figure 3. NEP overexpression has subtle effects on calcium- and synaptic activity-

dependent markers in the dentate gyrus of hAPP-J20 mice. Horizontal (4, B) or coronal (C, D)
brain sections were obtained from C57BL/6J mice of the indicated genotypes and numbers at
2-4(A, €) or 5—6 (B, D) months of age and immunostained for calbindin (A, B) or Fos (C, D). A,
B, For calbindin, a two-way ANOVA revealed a significant hAPP effect (A: F; 45) = 44.6,p <
0.001; B: f 44y = 20.1,p << 0.001) and an hAPP X NEP interaction (A: F 46 = 4.95,p <
0.05; B: F; o4y = 5.85, p < 0.05) for both ages. , D, For Fos, a two-way ANOVA revealed only
an hAPP effect (C: F; ,,) = 16.8,p < 0.001; D: F; 55) = 47.4,p < 0.001), but no hAPP X NEP
interaction. *p << 0.05 versus NTG; **p << 0.01, ***p << 0.001 versus NTG and NEP (ANOVA
followed by Fisher's PLSD post hoc test). Values are means = SEM.

(Chin et al., 2005b; Kobayashi and Chen, 2005; Ognibene et al.,
2005; Cheng et al., 2007; Roberson et al., 2007). Because these
behavioral abnormalities do not correlate with AB*56 levels
(Cheng et al., 2007), they may be caused by other AB assemblies,
AB monomers, other hAPP metabolites, or hAPP itself. Interest-
ingly, overexpression of NEP abolished hyperactivity in 3- to
4-month-old hAPP-J20 mice on both the C57BL/6] and the
B6D2 backgrounds (Fig. 5A, B), suggesting that this behavioral
abnormality may depend on A8 monomers, which were lower in
hAPP-J20/NEP than hAPP-J20 mice (Fig. 1 E, F), but not on lev-
els of AB*56 or AB trimers, which were comparable in both
groups (Fig. 4A-D).

The elevated plus maze is often used to examine the balance
between anxiety and exploratory drive (Belzung and Griebel,
2001). hAPP mice display an anxiolytic or disinhibition-like phe-
notype in this paradigm, avoiding the open arms less than NTG
controls (Chin et al., 2005b; Kobayashi and Chen, 2005; Cheng et
al., 2007; Roberson et al., 2007). hAPP-J20 and hAPP-J20/NEP
mice showed comparable abnormalities in this paradigm, with
both groups traveling a greater distance in the open arms than
NTG and NEP mice (Fig. 5C,D).

Effect of NEP overexpression on premature mortality in
hAPP mice

NEP overexpression has been reported to diminish premature
mortality during the first 6 months of life in hAPP-J20 mice on
the B6D2 background (Leissring et al., 2003). To confirm and
extend these results, we compared the survival of NTG, hAPP-
J20, NEP, and hAPP-J20/NEP mice on the B6D2 and the
C57BL/6] backgrounds between postnatal day 14 and 17 months.
Surprisingly, overexpression of NEP in hAPP-J20/NEP mice did
not improve premature mortality on the B2D6 background and
actually worsened it on the C57BL/6 background (Fig. 6), com-
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Figure 4.  Overexpression of NEP does not reduce levels of AB*56 or A trimers. Different
A assemblies were measured in 5- to 6-month-old hAPP;,, TG (57BL/6) mice from line J20
and from the lower expresser line J9. A, Representative Western blot of membrane-enriched
fractions from combined hippocampal and cortex-plus lysates probed with the anti-Ag3 anti-
body 6E10, which recognizes A3*56 and hAPP, as indicated on right. B, A3 trimers in soluble
fractions of combined hippocampal and cortex-plus lysates were immunoprecipitated with the
anti-A3 antibody 4G8 and detected by Western blotting with the anti-A3 antibody 3D6. C, D,
Relative levels of AB*56 (€) and A3 trimers (D) were determined by densitometric analysis of
Western blot signals. E, Representative Western blot of TBS and guanidine fractions isolated
from hemibrains of 3- to 17-month-old hAPP-J20 mice. AB monomers and dimers were immu-
noprecipitated with the 6E10 antibody and detected by Western blotting with the 3D6 anti-
body. Note that dimers were detected only in 17-month-old mice. Similar results were obtained
with TBST fractions (data not shown). **p << 0.01, ***p << 0.001 versus hAPP-J20 and hAPP-
J20/NEP mice (Tukey's test). Values are means = SEM.

pared with hAPP-J20 mice. Premature mortality of hAPP-J20/
NEP mice was greater in the C57BL/6] background than in the
B2D6 background, whereas premature mortality of hAPP-]J20
mice was not affected by background (Fig. 6). In the absence of
hAPP/AP, overexpression of NEP did not affect survival in either
background (Fig. 6).

To determine whether the increased mortality of hAPP-J20/
NEP mice on the C57BL/6] background was caused by an inter-
action between NEP and high levels of either hAPP or AB, we
crossed NEP mice with TG mice expressing wild-type hAPP at
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Figure 5.  A-D, Overexpression of NEP prevents hyperactivity but does not alter elevated

plus maze abnormalities in hAPP-J20 mice. Total activity in the periphery of an open field (4, B)
and the proportional distance traveled in the open arms of an elevated plus maze (C, D) were
compared among (57BL/6J (A, €) and B6D2 (B, D) mice of the indicated genotypes at 3—4
months of age. A two-way ANOVA revealed an hAPP effect (A: F; o5 = 13.0, p < 0.001; B:
Fag = 12.9,p <0.001; C: Fy o5 = 46.5,p < 0.001; D: F; ;1) = 10.8,p < 0.01) and an
hAPP < NEP interaction (A: F; og) = 8.3,p << 0.01; B: F; 135 = 5.22,p < 0.05). **p < 0.01
versus NTG mice, ***p << 0.001 versus all other groups; ~ ™ *p < 0.001 versus NTG and NEP
mice (Fisher's PLSD test). Values are means == SEM.

high levels (line I5) or with TG mice expressing FAD-mutant
hAPP at lower levels (line J9) (Mucke et al., 2000; Palop et al.,
2003). Average levels of hAPP expression are approximately
comparable in TG mice from lines I5 and J20, whereas A levels
are much lower in I5 than J20 mice (Mucke et al., 2000; Mei-
landt et al., 2008). Average levels of hAPP and AB in J9 mice
are approximately one-half of those in J20 mice (Mucke et al.,
2000). Overexpression of NEP had no effect on survival in
hAPP-I5 mice and hAPP-J9 mice (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material).

Discussion

This study demonstrates that 11-fold NEP overexpression does
not reduce pathogenic A oligomers or improve memory deficits
and abnormal anxiety/exploration-related behaviors in hAPP-
J20 mice. However, it effectively reduced overall AB levels, AB
monomers, and plaque burdens. Thus, overall A and monomer
levels and plaque loads are unreliable indicators of AD-related
functional impairments, particularly regarding therapies that fail
to lower A oligomer levels.

NEP’s inability to reduce AR trimers or cognitive deficits in
vivo agrees with its inability to degrade such AB assemblies in
vitro (Leissring et al., 2003) and with deleterious effects of A3
trimers on neuronal function (Townsend et al., 2006). The puta-
tive dodecamer AB*56 that correlates with memory deficits in
hAPP mice (Lesné et al., 2006; Cheng et al., 2007) is also likely
resistant to NEP because its levels were similar in hAPP-J20 and
hAPP-J20/NEP mice. Because A dimers appeared only months
after functional deficits, they are unlikely to contribute to behav-
ioral alterations in hAPP-J20 mice. In contrast, AB*56 and A3
trimers occurred before these alterations emerged and, thus, area
likelier cause of neuronal dysfunction in this model.

In contrast to our study, others reported that NEP overexpres-
sion prevents learning and memory deficits in hAPP mice

J. Neurosci., February 18,2009 - 29(7):1977-1986 * 1983

(Poirier etal., 2006). Different levels, times, and patterns of trans-
gene expression may account for the discrepancy. Brain NEP
activity was ~30-fold higher than controls in their NEP TG line
(Poirier et al., 2006) and ~8-fold higher in the line we used
(Leissring et al., 2003). The CaMKII promoter used in our line
directs expression late in postnatal development (P3-P15) and
predominantly within forebrain excitatory neurons (Mayford et
al., 1997; Sola et al., 1999). The PrP promoter used in their line
directs expression at E13.5 and in additional neuronal popula-
tions, including inhibitory interneurons (Manson et al., 1992;
Weber et al., 2001; Bailly et al., 2004). Because Poirier and col-
leagues did not measure A3 oligomer levels, it is unclear whether
the behavioral benefits they reported were associated with a re-
duction in these moieties.

Learning and memory deficits in hAPP mice correlate with the
depletion of calcium- and synaptic activity-dependent proteins
in granule cells of the dentate gyrus, likely reflecting compensa-
tory responses to AB-induced alterations in neuronal activity
(Palop et al., 2003; Chin et al., 2005b; Cheng et al., 2007; Palop et
al., 2007; Roberson et al., 2007; Deipolyi et al., 2008; Meilandt et
al., 2008). NEP overexpression did not improve Af-dependent
reductions in neuronal Fos expression. However, neuronal calbi-
ndin levels subtly improved in hAPP-J20/NEP mice over hAPP-
J20 mice, which may reflect different sensitivities of these
biomarkers.

NEP overexpression prevented hyperactivity in hAPP-J20
mice. Because AB oligomer levels in hAPP-J20 and hAPP-J20/
NEP mice were comparable, hyperactivity is more likely caused
by monomeric AB than AB*56 or AB trimers. It also does not
correlate with AB*56 levels in hAPP mice (Cheng et al., 2007).
Although another A assembly might produce hyperactivity, we
doubt that plaques do, because hyperactivity occurs before
plaques form.

Several hAPP lines, including hAPP-]J20, show decreased open
arm avoidance in the elevated plus maze (Chin et al., 2005b;
Kobayashi and Chen, 2005; Cheng et al., 2007; Roberson et al.,
2007). NEP overexpression did not prevent this abnormality in
hAPP-J20 mice, suggesting it may be caused by AB*56 or A3
trimers rather than monomers or plaques. However, decreased
open arm avoidance did not correlate with forebrain AB*56 levels
(Cheng et al., 2007). Because quantifying AB*56 levels in small
samples is difficult, we cannot exclude effects of AB*56 or A
trimers on specific brain regions, such as the amygdala; other A3
assemblies and hAPP metabolites may contribute also.

Comparing hAPP-J20/NEP mice with hAPP-J20 and hAPP-J9
mice may yield insights into formation and accumulation of
pathogenic A oligomers in the brain. Overall A levels in hAPP-
J20 mice were twice those in hAPP-J9 mice, and AB*56 levels
were significantly higher in hAPP-J20 than hAPP-]J9 mice, sug-
gesting that overall AB levels do affect accumulation of patho-
genic oligomers. Overexpression of NEP in young hAPP-J20/
NEP mice decreased AB monomers and overall AB levels by
>50%, to levels below those found in hAPP-J9 mice. This AB
reduction decreased AB deposition, but had no effect on oli-
gomers. Indeed, A3*56 and A trimer levels were comparable in
hAPP-J20 and hAPP-J20/NEP mice and lower in hAPP-J9 mice.
Thus, formation of AB oligomers and formation/deposition of
ApB fibrils may follow distinct pathways in vivo.

NEP’s extracellular/intraluminal active site degrades A1—42
ineffectively within intracellular compartments in which A tri-
mers may form (Walsh et al., 2000; Hama et al., 2004; Iwata et al.,
2004). Because NEP cannot degrade AR trimers in cell-free con-
ditions (Leissring et al., 2003), increased NEP activity is unlikely
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free conditions (Leissring et al., 2003).
Many dimers may form extracellularly,
where NEP effectively degrades AB1-42
monomers (Hama et al., 2004). NEP re-
duction in vivo also increased trimer levels,
although the effect was much more subtle
and variable than with dimers (Huang et
al., 2006). NEP’s AB degrading capacity
might be improved in vivo through coop-
eration with other A degrading enzymes,
such as cathepsin B (Mueller-Steiner et al., 2006).

Why does NEP overexpression reduce formation of plaques
but not AB*56 and trimers? Because AB dimer accumulation
closely parallels the appearance of SDS-insoluble fibrillar A
(Kawarabayashi et al., 2004), formation of dimers and plaques
may be causally related. Dimers may represent a critical nucle-
ation step toward fibrillization (Congdon et al., 2008), whereas
trimers may be critical for the formation of AB*56 and other
higher-order nonfibrillar assemblies. Assuming NEP reduces A3
dimers more than trimers, this differential assembly hypothesis
could explain why NEP overexpression reduces plaques but not
AB*56. If AB oligomer formation required fewer AB monomers
than plaque formation, overall A levels in hAPP-J20/NEP mice
may not be low enough to affect oligomer formation. We con-
sider this unlikely, though, because overall A levels were slightly
lower in hAPP-J20/NEP than hAPP-J9 mice, whereas A oli-
gomer levels were higher in hAPP-J20/NEP mice.

Interestingly, NEP ablation in line APP23 worsened behav-
ioral abnormalities and was associated with subtle increases in
trimers and tetramers (Huang et al., 2006). Therefore, NEP may
have a small effect on AB trimers and higher-order oligomers.
NEP ablation may increase A oligomer levels above a patho-
genic threshold in APP23 mice, bringing out functional deficits.
AP oligomer levels in hAPP-J20 mice may be so high that NEP
overexpression cannot reduce them below this threshold.

Because NEP overexpression had no effect on hAPP levels,
hAPP-J20 and hAPP-J20/NEP mice have higher hAPP levels
than hAPP-J9 mice. Might another hAPP metabolite regulate
AP oligomer levels? Candidates include the secreted KPI-
containing ectodomain of hAPP, which functions as a protease
inhibitor (Van Nostrand et al., 1989) and could inhibit a pu-
tative protease that clears AB oligomers. This effect might
cause higher AP oligomer levels in hAPP-J20/NEP than
hAPP-J9 mice. Finally, hAPP’s intracellular domain (Marks
and Berg, 2003; Tagami et al., 2008) may regulate factors in-
volved in forming or clearing AB oligomers. These possibili-
ties are not mutually exclusive.

Time (Months)

Time (Months)

Figure6. A, B, NEP effect on premature mortality in hAPP-J20 mice depends on the genetic background strain. Kaplan—Meier
cumulative survival plots (top panels) and cumulative hazard plots (bottom panels) demonstrate premature mortality in hAPP-
J20 and hAPP-J20/NEP mice, compared with NTG and NEP mice, on the (57BL/6J (4) and B6D2 (B) backgrounds ( p < 0.001,
Logrank test). Premature mortality was significantly greater in hAPP-J20/NEP mice than in hAPP-J20 mice on the (57BL/6)
background ( p < 0.01, Logrank test), but not on the B6D2 background. The incidence of premature mortality in hAPP-J20/NEP
mice was also greater in the (57BL/6J background than in the B6D2 background ( p << 0.01, Logrank test). Number of mice
observed (C57BL/6) vs B6D2): NTG (142, 112), hAPP-J20 (102, 84), NEP (150, 95), and hAPP-J20/NEP (82, 66).

NEP overexpression had a surprising effect on premature
mortality in hAPP-J20 mice. Premature mortality occurs in
diverse hAPP lines with high AB levels (Hsiao et al., 1995;
Moechars et al., 1999b; Moechars et al., 1999a; McLaurin et al.,
2006; Cheng et al., 2007; Roberson et al., 2007). hAPP-J20/
NEP mice on a mixed B6D2 background lived longer than
hAPP-J20 mice (Leissring et al., 2003). In our study, NEP
overexpression did not decrease premature mortality in
hAPP-J20/NEP mice on a B6D2 background and increased it
on a C57BL/6] background. Differences in husbandry condi-
tions and procedures to detect early deaths may account for
the difference. Our results agree with a study demonstrating
that NEP overexpression reduces Af3 accumulation but does
not prevent neurodegeneration or premature mortality in A3
transgenic flies (Iijima et al., 2008).

Because NEP overexpression reduced overall AB levels, but
not AB oligomers or premature mortality in hAPP mice, prema-
ture mortality may be related more closely to A oligomers than
to AB monomers. Manipulations that increase or decrease A3
oligomer-related memory deficits also increase or decrease pre-
mature mortality in hAPP mice, respectively (McLaurin et al.,
2006; Cheng et al., 2007; Roberson et al., 2007). What increased
premature mortality in hAPP-J20/NEP mice on the C57BL/6]
background is unknown. Premature mortality in hAPP mice is
not understood in general, although AB-induced epileptic activ-
ity may be involved (Moechars et al., 1999a; Lhatoo and Sander,
2005; Palop et al., 2007; Roberson et al., 2007). A range of alter-
native NEP substrates regulates neuronal activity (Sakurada et al.,
1990; Turner et al., 2001); alterations in their levels might sensi-
tize C57BL/6] mice to pathogenic A effects.

Our study suggests that increasing NEP activity in the context
of high A oligomer levels may have limited therapeutic benefit
and could be associated with untoward side effects. Identifying
and harnessing alternative AB-degrading enzymes that more ef-
fectively destroy pathogenic oligomers are more promising
objectives.
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