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It is well established that the extracellular deposition
of amyloid 8 (AB) peptide plays a central role in the
development of Alzheimer’s disease (AD). Therefore,
either preventing the accumulation of Af3 peptide in
the brain or accelerating its clearance may slow the
rate of AD onset. Neprilysin (NEP) is the dominant A3
peptide-degrading enzyme in the brain; NEP becomes
inactivated and down-regulated during both the early
stages of AD and aging. In this study, we investigated
the effect of human (h)NEP gene transfer to the brain
in a mouse model of AD before the development of
amyloid plaques, and assessed how this treatment
modality affected the accumulation of A3 peptide and
associated pathogenetic changes (eg, inflammation,
oxidative stress, and memory impairment). Overex-
pression of hNEP for 4 months in young APP/APS1
double-transgenic mice resulted in reduction in Af3
peptide levels, attenuation of amyloid load, oxidative
stress, and inflammation, and improved spatial ori-
entation. Moreover, the overall reduction in amyloid-
osis and associated pathogenetic changes in the brain
resulted in decreased memory impairment by ~50%.
These data suggest that restoring NEP levels in the
brain at the early stages of AD is an effective strategy
to prevent or attenuate disease progression. (4m J
Pathol 2008, 172:1342—1354; DOI: 10.2353/ajpath.2008.070620)

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder characterized by a loss of neurons in
discrete regions of the brain, particularly in the cortex and
hippocampus.'? The neuronal loss is accompanied by
extracellular deposition of AB peptide in a form of senile
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plagues and intracellular accumulation of neurofibrillary
tangles made of a hyperphosphorylated form of the mi-
crotubule-associated protein tau.® Clinically, AD is char-
acterized by a gradual decline in cognition, and changes
in behavior and personality including difficulty in reason-
ing, disorientation, and language problems. The exact
cause of AD is not yet clear, but it is widely assumed that
accumulation and aggregation of AB peptide is the initial
trigger for a complex, multistep cascade that includes
gliosis, inflammatory changes, oxidative stress, neuritic/
synaptic changes, tangle formation (microtubule changes),
and neurotransmitter loss, leading to dementia.* There-
fore, lowering the AB peptide levels in the brain would
stop or delay the onset of AD. NEP as one of the AB
peptide-degrading enzymes, has been reported to play a
key role in regulating the level of AB peptide in the
brain.>®

NEP [neprilysin, previously called CD10 or common
acute lymphoblastic leukemia antigen (CALLA)] is a type
Il membrane metalloendopeptidase composed of ~750
residues (~110 kDa) with an active site containing a
zinc-binding motif (HEXXH) at the extracellular carboxyl
terminal domain.”"'© NEP is capable of degrading the
monomeric and (possibly) the oligomeric forms of AB
peptide.”"'2 In recent years several reports have indi-
cated that the soluble (eg, oligomeric) forms of AB pep-
tide play a significant role in memory impairment and
AD,"®""5 however, it is noteworthy that the two types of AB
peptide assembly [soluble (eg, monomers and oli-
gomers) and insoluble (eg, fibrils)] exist in equilibrium.'®
This relationship means that affecting the formation and
metabolism of one structure also can affect the other, and
the end result will be either slowing or preventing the
progression of the disease. Thus, a mechanism to control
the degradable (monomeric) form of AB peptide by NEP
might prove to be a major factor in regulating the initiation
and progression of the disease. Moreover, a diverse line
of evidence suggested that down-regulation of NEP at
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the early stages of AD development,'”'® accompanied
with aging,'®?° genetic deficiency (knockout),® or treat-
ment with NEP in the inhibitors,?"22 results in increasing
the accumulation of AB peptide in the brain and thus led
to memory impairment. Therefore, increasing the expres-
sion or activity of NEP in the early phase of the disease
may reverse or halt the disease onset.

In this study, we used lentiviral vectors as a gene
delivery system to overexpress hNEP in the cortical/hip-
pocampal area of a mouse model of AD before the de-
velopment of amyloid plaques. This overexpression may
be important in restoring the function of NEP, which in
turn would enhance the clearance of AB peptide, mini-
mize the formation of AB aggregates and amyloid
plaques, and prevent the pathogenic changes in the
pbrain.

Materials and Methods

Lentiviral VVector Production

Vector plasmids were constructed for the production of
third generation lentiviral vectors. These vectors sepa-
rately express the hNEP gene (Lenti-hNEP), or the green
fluorescent protein (GFP) gene (Lenti-GFP, control), as
described previously.?>-2° Briefly, HEK 293T cells were
transfected with the vector and packaging plasmids, the
supernatants were collected, and viruses were concen-
trated by ultracentrifugation. Viral titers were estimated
by flow cytometry (see below).

Flow Cytometry

HEK 293T cells were counted and plated on six-well
plates before infection. Serial dilution of the lentivirus
preparations were made in culture medium and used to
infect the cultures by incubation with cells overnight in a
volume of 500 ul. On the next day, infected cells were
washed with fresh medium and incubated for 3 more
days to allow for the expression of the transgenes. The
transduced cells were then detached from the culture
plates with a buffer containing ethylenediaminetetraace-
tic acid, and washed twice with ice-cold phosphate-buff-
ered saline (PBS) buffer. The pellets of cells infected with
Lenti-hNEP were resuspended in 0.5 ml of PBS buffer
containing 10 ul of fluorescein isothiocyanate-conjugated
mouse anti-human CD10 antibody (Chemicon Interna-
tional, Temecula, CA) and incubated for 1 hour at 4°C.
Cells were then washed twice with ice-cold PBS and
analyzed by flow cytometry. The pellets of cells trans-
duced with Lenti-GFP were resuspended in 0.5 ml of
ice-cold PBS and directly analyzed by flow cytometry.
The percentage of positive cells expressing hNEP or GFP
was used to determine the number of transducing units
per ml according to the formula:

Number of seeded cells at the time of infection X
% of GFP or hNEP-positive cells X 1000

wul of lentiviral vectors per plate
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Transgenic Mice

A total of 38, 3-month-old transgenic mice were used for the
studies. The mice expressed the mutant form of human
presenilin-1 (DeltaE9) and the mutant form of the chimeric
mouse/human amyloid precursor protein (APP695).26:27
The mouse prion protein promoter directed the expression
of both transgenes. The DeltaE9 mutation of the human
presenilin-1 gene is a deletion of exon 9 and corresponds to
a form associated with early-onset AD. The APP695 gene
harbors the K595N/M596L (Swedish) AD-causing muta-
tions. The coding sequence of mouse AB peptide domain
was humanized by replacing the three amino acids that
differ between the two species with the human residues.
These APP/APS1-Tg mice start developing amyloid
plagues at ~3 to 4 months of age. These mice were on a
C3H/Hed* C57BL/6J background.

Wild-Type Mice

Ten 7-month-old wild-type (C57BL/6) mice were used in
interleukin (IL)-6 enzyme-linked immunosorbent assays
(ELISAs) and protein carbonyl content assays.

Intracerebral Injections of Lentiviruses and
Preparation of Brain Tissue

Two sets of APP/APS1-Tg mice were separately injected
with ~3.0 ul (~3.0 X 10° transducing units/mouse) of
Lenti-GFP (18 mice) or Lenti-hNEP (20 mice) into the right
cortical/hippocampal area using a 5.0-ul Hamilton sy-
ringe (0.25 wl/minute) and stereotaxic frame (stereotaxic
coordinates: anteroposterior, 1.2 mm; mediolateral, 2.0
mm; dorsoventral, 2.0 mm). Four months after the viral
injection, animals were transcardially perfused under
deep anesthesia with 1X PBS and their brains removed
for further analysis. The right brain hemispheres were
immersion-fixed in 4% paraformaldehyde for 24 hours,
followed by immersion in 4% paraformaldehyde contain-
ing 30% sucrose for 2 to 3 days. After fixation, the right
brain hemispheres were frozen in OCT medium and sec-
tioned with a cryostat to obtain 30-um frozen sections for
immunohistochemical analysis. The left brain hemi-
spheres were frozen as quickly as possible and used to
quantitate the levels of AB peptide (ABi_40 and AB_40),
IL-6, and protein carbonyl content.

Immunohistochemistry Staining

Cryosections of the right brain hemispheres were washed
three times (5 minutes/wash) with Tris-buffered saline
(TBS) (pH 7.4) buffer, followed by washing one time with
0.1% Triton X-100-TBS buffer for 5 minutes. Sections
were then incubated in 3% H,O, and TBS buffer for 30
minutes at room temperature to eliminate endogenous
peroxidase activity. After 1 hour of blocking with 5.0%
serum (horse or goat), the sections were incubated over-
night with primary antibodies. Primary antibodies and
dilutions were: hNEP, mouse anti-human CD10 antibody
(1:100 dilution, SS2/36; DAKO, Carpinteria, CA); AB pep-
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tide, mouse anti-human AB peptide antibody (1:500 dilu-
tion, 10D5; Elan Pharmaceuticals, San Francisco, CA);
CD68-positive microglia, anti-mouse CD68 antibody (1:
400 dilution, KP1; Abcam, Cambridge, MA); 3-nitroty-
rosine (3-NT), rat anti-3-NT (1:500 dilution, 1A6; Upstate,
Charlottesville, VA); GFAP-positive astrocytes (1:200 di-
lution, 2E1; BD Biosciences, San Jose, CA); lba-1-posi-
tive microglia, rabbit anti-mouse Iba-1 antibody (1:500
dilution; Wako Chemicals, Richmond, VA). The next day,
sections were washed three times (5 minutes/wash) with
0.1% Triton X-100 and TBS buffer to remove excess
primary antibody. Thereafter, primary antibodies were
detected using horseradish peroxidase-conjugated
mouse or rat IgG Vectastain ABC kit and DAB/substrate
reagents (Vector Laboratories, Burlingame, CA) accord-
ing to the manufacturer’s instructions.

AB Peptide and IL-6 ELISA Assays

Left brain hemispheres were weighted and homogenized
with 4 vol of PBS buffer (125 mg/ml) containing complete
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO).
Half the volume of the homogenates were mixed with 8.2
mol/L guanidine-HCI (pH 7.4) to a final concentration of 5
mol/L for 4 hours at room temperature. Guanidine ex-
tracts were then diluted 1:50 in BSAT-DPBS buffer (Dul-
becco’s phosphate buffered saline with 5% bovine serum
albumin, 0.03% Tween 20, and 1X protease inhibitor
cocktail), mixed, and spun at 16,000 X g for 20 minutes
at 4°C. The supernatants were used to measure AB pep-
tide levels by human AB,_,, and AB,_4, ELISA kits (Bio-
source International, Camarillo, CA). The remainder of the
brain homogenates was subsequently centrifuged at
12,000 X g for 20 minutes at 4°C. The supernatant was
then collected and total protein was determined by the
BCA method (Pierce Biotechnology, Rockford, IL). IL-6
levels were measured with a mouse IL-6 ELISA kit (Bio-
source International).

Protein Carbonyl Content

Protein carbonyl content was determined by the Oxyblot
kit (Biosource International) and Western blot assay.
Briefly, samples (20 ng proteins/supernatant) were deri-
vatized by 10 mmol/L of 2,4-dinitrophenolhydrazine
(DNPH) to 2, 4-dinitrophenylhydrazone (DNP). The deri-
vatized proteins (DNP proteins) were analyzed by West-
ern blot using the rabbit primary antibody against the
DNP moiety of the proteins, followed by secondary anti-
body (horseradish peroxidase-conjugated goat anti-rab-
bit 1gG), and visualization by enhanced chemilumines-
cence reagents (Amersham Bioscience, Piscataway,
NJ).

Coomassie Brilliant Blue Staining

Duplicate samples used to measure protein-carbonyl
content were analyzed on sodium dodecyl! sulfate-poly-
acrylamide gel electrophoresis and stained to control for
loading differences between samples. These duplicate

gels were stained with Coomassie brilliant blue solution
[0.025% Coomassie brilliant blue (Sigma-Aldrich), 40%
methanol, 7% acetic acid] for 45 minutes and destained
with 40% methanol and 7% acetic acid overnight.

Thioflavin-S Staining

Cryosections of mouse brains stained with anti-3NT anti-
body were mounted on glass slide and incubated with
1% thioflavin-S (Sigma, St. Louis, MO) in 70% ethanol for
20 minutes; sections were then rinsed with 70%, 95%,
and 100% ethanol. Thioflavin-S was visualized by confo-
cal microscopy using a specific filter set (excitation, 405
to 445 nm; emission, 515 to 565 nm).

Morris Water Maze Test

A circular water tank, made from aluminum (diameter,
100 cm; height, 40 cm) was filled to a depth of 25 cm with
water (23°C) and rendered opaque by the addition of a
small amount of nontoxic white powder. Four positions
around the edge of the tank were arbitrarily designated
north (N), south (S), east (E), and west (W); to provide
four alternative start positions and define the division of
the tank into four quadrants: NE, SE, SW, and NW. A
square white Perspex escape platform (10 X 10 X 2 cm)
was submerged 1.0 cm below the water surface and
placed at the midpoint of NE quadrant. The platform was
invisible to the mice. Four visible cues to assist the mice
for spatial analysis were placed outside the wall of the
pool. A video camera, connected to SMART video track-
ing system (San Diego Instruments, San Diego, CA), was
fixed 1.6 m above the center of the swim tank, and all
swimming trials were recorded for further analysis. Four
months after viral injection, each APP/APS1-Tg mouse
overexpressing hNEP or GFP was trained for 4 consec-
utive days to reach the platform from the four different
starting points. Starting points were randomized every
day during the 4 day trials. Each mouse was placed
gently in the pool facing the tank wall. Every mouse was
allowed to swim and reach the platform within 60 sec-
onds (spatial learning). If the mouse reached the plat-
form, it was allowed to stay on the platform for another 30
seconds. If the mouse failed to reach the platform, it was
gently placed on the platform for 30 seconds. Before the
next trial, each mouse was allowed to rest for 10 minutes.
On the day after the last training session, the platform
was removed, and each mouse was allowed to search for
the platform within 60 seconds (memory retention). To
compare the spatial learning and memory retention be-
tween the mice overexpressing hNEP or GFP, the escape
latency and distance taken by the mice to reach the
platform were measured on the 4th day before removing
the platform. In addition, the percent time that each
mouse spent in the NE quadrant and in the outer annular
were measured on the last day in absence of the
platform.



Statistical Analysis

Results were expressed as mean = SEM. Multiple com-
parison of amyloid plaque numbers, concentration of AB
peptide (AB;_40 and AB4_4») and IL-6 were performed by
one-way analysis of variance followed by Tukey’s multiple
comparison tests. A two-way analysis of variance was
used to evaluate the differences in number of CD68-
positive microglia and GFAP-positive astrocytes in the
hippocampus and cortex areas. Statistical analysis of the
Morris water maze test was performed using a two-way
analysis of variance. In all comparisons, a difference with
a P value less than 0.05 was considered statistically
significant.

Results

Expression of hNEP in the Brain Attenuates the
Level of AB Peptide

The APP/APS1-Tg mice used in this study began to ex-
hibit an increased level of AB peptide and deposition of
amyloid plaques in the cortex at the age of 3 months
(Figure 1, A-D). The increase of amyloid load in the brain
was associated with small numbers of GFAP-positive
astrocytes in the cortex area, along the hippocampus
region (data not shown), without signs of microgliosis.
Therefore, 3-month-old APP/APS1-Tg mice exhibit early
stages of AD-like pathology and were selected for testing
lentiviral gene therapy. Moreover, these mice show a
dramatic increase in amyloid load and memory impair-
ment by 6 to 8 months,?”?® at which time the effect of
hNEP gene therapy could be measured.
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Figure 1. Amyloid plaque deposition in the brain of 3-month-old APP/
APS1-Tg mice. Brain sections of 3-month-old APP/APS1-Tg mice were im-
munostained with anti-AB peptide antibody (10D5) to detect the amyloid
plaque deposition. A: Right brain hemisphere was examined in different
areas and under increasing magnification (B-D) (black, blue, and red
boxes) as indicated in the figure. Arrows point to the amyloid plaques in the
cortex.
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Three-month-old APP/APS1-Tg mice were injected
with 3 wl (1 wl = 9.0 X 10° transducing units) of Lenti-
hNEP or Lenti-GFP in the right hippocampal/cortex area
(Lenti-hNEP, n = 20; Lenti-GFP, n = 18). Age-matched,
untreated transgenic mice were also used in these ex-
periments. Four months later, all mice were sacrificed
and sections of the right brain hemisphere were sub-
jected to immunohistochemistry. Sections were stained
with GFP or hNEP-specific antibodies (Figure 2). As
shown in the figure, mice injected with Lenti-GFP had no
or low detectable levels of NEP expression (Figure 2L)
comparable to that seen in control animals (Figure 2, D
and H). However, mice injected with Lenti-hNEP had
significant overexpression of the protein that appeared
mainly in the neurons and occasionally in glial cells (Fig-
ure 2T and data not shown). hNEP expression was ob-
served around and distally to the site of injection. The
expression of both proteins (GFP and hNEP) was re-
stricted to the cortex area with occasional, weak expres-
sion in the hippocampus region. The expression in the
cortex extended to ~2.0 mm on both sides from the
center of the injection site. Western blot analysis showed
a threefold increase in NEP expression in the hNEP mice
(Figure 3).

To evaluate the effect of hNEP overexpression on the
AB peptide levels in the brain, we measured the levels of
ABi_a0 and AB,_4, peptides and the number of amyloid
plagues. Immunostaining of 10 random cryostat sections
(each spaced by at least five unused sections to prevent
double counts) of each right brain hemisphere was per-
formed on APP/APS1-Tg mice overexpressing hNEP or
GFP (Figure 4). As seen in Figure 4, A and B, the number
of amyloid plaques was reduced 4 months after the Lenti-
hNEP injection. The overexpression of hNEP correlated
with a 50% decrease in the number of amyloid plaques
(control, 279 = 32.6; GFP, 290 = 56.6; NEP, 145 + 29.6)
in the right brain hemispheres (Figure 4C). In addition,
the concentrations of AB peptide (AB;_4o and AB,_45) in
the brain (left hemisphere) were analyzed by ELISA (Fig-
ure 4, D and E; and Table 1). The guanidine-extractable
AB4.40 and AB,_,- peptides in the brain were decreased
by 33% and 40% in the brain, respectively.

AB Peptide Levels and Inflammation in the Brain

To investigate whether there were any measurable ef-
fects on the brain of treated APP/APS1-Tg mice as a
result of amyloid load attenuation, we performed immu-
nohistochemical staining on the right brain hemisphere
sections obtained from mice overexpressing hNEP or
GFP. The density of CD68-positive microglial cells were
reduced in mouse brains overexpressing hNEP (Figure 5,
A-C) compared to mouse brains overexpressing GFP
(Figure 5, D-F). We also stained the tissue with antibod-
ies against Iba-1 (ionized binding calcium adapter mol-
ecule), which is a novel calcium-binding protein and is
specifically expressed in microglia in the brain, and
showed the same expression pattern as CD68 (Figure
6).2° A quantitative analysis of CD68-positive microglia
revealed that the number of cells was reduced to 53.8%
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Figure 2. Expression of GFP and hNEP in the brain 4 months after viral injection of 3-month-old APP/APS1-Tg mice. A=H: Right brain hemisphere sections
(30 pm) of nontreated 8-month-old APP/APS1-Tg mice were THC stained with antibodies against GFP (A-D) or hNEP (E-H). I-L: Sections of right brain
hemisphere (around the injection site, red arrow) obtained from mice overexpressing GFP were immunostained with anti-hNEP antibody as a negative
control. M—P: Sections of right brain hemisphere obtained from mice overexpressing GFP were immunostained with anti-GFP antibodies to detect GFP
expression. Q-T: Sections of right brain hemisphere obtained from mice overexpressing hNEP were immunostained with anti-hNEP antibody to detect
hNEP expression. A, E, I, M, and Q were examined at different magnification (black, blue, and red boxes) as indicated. Black arrows show examples
of GFP (P)- and hNEP (T)-positive neurons.
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Figure 3. NEP expression in lentiviral injected animals. A: Western blot
analysis was performed on brain tissue from mice injected with Lenti-hNEP
(hNEP) or Lenti-GFP (GFP). Three hundred mg of brain tissue (around the
injection site) was homogenized and 20 pg of protein homogenates were
immunoblotted with CD-10 antibody (1:100 dilution, Novocastra). Mice in-
jected with Lenti-hNEP show an increase in NEP expression compared to
Lenti-GFP mice. Black arrow indicates the ~110-kDa band of hNEP protein
on Western blot. B: Densitometry measurements of developed NEP bands on
Western blots were made using NIH image software (ImageJ1.36b) and
assigned as arbitrary integrated density values (IDV) (*P = 0.0222).

in the cortex areas (Figure 7A) (175.3 = 25.73 versus
379.8 + 70.30) and 58.0% in the hippocampus areas
(Figure 7B) (49.71 £ 3.78 versus 118.6 = 17.04) of
mouse brains overexpressing hNEP compared to mouse
brains overexpressing GFP. Similarly, the density of
GFAP-positive astrocytes was reduced in mouse brains
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overexpressing hNEP (Figure 5, G-1) compared to mouse
brains overexpressing GFP (Figure 5, J-L). The number
of GFAP-positive astrocytes was reduced by 60.1% in the
cortex areas (334.3 + 64.3 versus 839.3 + 164.3) (Figure
7C) and by 58.7% in the hippocampus areas (242.4 +
31.6 versus 587.3 = 71.0) (Figure 7D) of mouse brains
overexpressing hNEP compared to mouse brains over-
expressing GFP. In addition, we measured by ELISA the
levels of IL-6 (another indicator of inflammation) in the
homogenates obtained from the left brain hemisphere of
control and treated mice (Figure 7E).2° APP/APS1-Tg
mice (Tg) had a significant increase in IL-6 levels com-
pared to the wild-type animals (Wt). Interestingly, the GFP
injected APP/APS1-Tg mice (GFP) had an increase in
IL-6 although this increase was not significant. However,
the hNEP-injected APP/APS1-Tg mice had a significant
reduction in IL-6 levels compared to untreated APP/
APS1-Tg mice as well as to mice injected with GFP virus
(Figure 7E, Table 2). The reductions in IL-6 levels were
33% compared to the untreated mice, and 54% com-
pared to GFP-injected mice.

Reduction of AB Peptide by hNEP Decreased
Oxidative Stress

Next, we examined the oxidative stress level in mouse
brains overexpressing hNEP or GFP by performing im-
munohistochemical staining for 3-nitrotyrosine (3-NT),

Figure 4. Level of amyloid load after 4 months of

¥ overexpressing GFP or hNEP in APP/APS1-Tg

. mouse brains. Right brain hemisphere sections ob-

tained from mice injected with Lenti-GFP (A) or

Lenti-hNEP (B) vectors were immunostained with

s e mouse anti-human A peptide (clone 10D5) anti-

body to detect amyloid plaques. The number of

amyloid plaques in the brain sections (10 sections

per mouse) from each set of mice injected with

\ Lenti-GFP or Lenti-hNEP vectors were counted and

g averaged (C). The left-brain hemisphere was ex-

amined for guanidine-extractable AB, 4, (D), and

< AB,_4 peptides (B). Tg-control: 7-month-old APP/

APS1-Tg mice that were not injected with either

lentiviral vectors (Lenti-hNEP or Lenti-GFP) were

used as controls (*P < 0.0008, **P < 0.0001, **P =
0.0064).

E.

1 Tg-control C— Lenti-GFP m Lenti-hNEP

10

L 400 0 9 > — __
5 350 2 81 1 T 2 49
5 § 300 1 = 77 x = el
85 .50 E 61 £ 3
g 200 & 5 S
5 g 150 Eo 4 % ]
£ 100 £ 3 g,
z 50 1

0 0 0

Table 1. A Peptide Levels in APP/APS1 Bitransgenic Mice Injected with Lentiviruses
Control GFP NEP

AB1-40 (pmol/g) 7.395 = 0.858 7.635 = 0.580 5.292 + 0.322
AB1-42 (pmol/g) 4.424 + 0.089 4.168 = 0.139 2.829 = 0.144




1348 EI-Amouri et al
AJP May 2008, Vol. 172, No. 5

Figure 5. Density of activated microglia and astrocytes in APP/APS1-Tg mouse brain after 4 months of Lenti-GFP or -hNEP vector injection. A—=F: Brain sections
from APP/APS1-Tg mice overexpressing hNEP (A-C) or GFP (D-F) were immunostained with anti-mouse CD68 antibody to detect the distribution of activated
microglial cells. G-L: Brain sections of APP/APS1-Tg mice overexpressing hNEP (G-I) or GFP (J-L) were immunostained with anti-mouse GFAP antibody to detect
the distribution of activated astrocytes. The figures (A, D, G, and J) were examined at different magnification (blue and red boxes) as indicated. Black arrows
in C and F show examples of CD68-activated microglia, whereas in I and L they indicate activated GFAP-positive astrocytes.

which is a biomarker of reactive nitrogen species and is
observed when large amounts of peroxynitrite are pro-
duced. Right brain hemisphere sections from the mice
overexpressing GFP showed strong parenchymal 3-NT

immunoreactivity (Figure 8, A and B) compared to sec-
tions obtained from mice overexpressing hNEP (Figure 8,
C and D). The number of 3-NT immunoreactivity was
reduced by 64% in both the cortex and hippocampus
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Figure 6. Density of Iba-1-positive microglial cells in APP/APS1-Tg mouse brains after 4 months of Lenti-GFP or -hNEP vectors injection. Az Right brain hemisphere
sections of APP/APS1-Tg mice overexpressing GFP (A=F) or hNEP (G-L) were immunostained with anti-mouse Iba-1 antibody (dilution 1:500; Wako Chemicals,
Richmond, VA) to detect the distribution of activated microglial cells. The figures (B--F) and (H-L) represent an examination of A and J, respectively, at different
parts and different magnification (black, blue, red, green, and yellow boxes) as indicated. Black arrows show examples of Iba-1-positive microglia.

(Figure 8, E and F) of mice treated with Lenti-nNEP com-
pared to mice treated with Lenti-GFP. Most of the 3-NT
staining was observed around the amyloid plagues, par-
ticularly in mouse brain hemispheres overexpressing
GFP [Figure 8, B (white circles), G and H]. Furthermore,
we analyzed the protein carbonyl content (a biomarker of
reactive oxygen species) in the left brain hemisphere,
and found that the level of oxidized proteins was less
(~50%) in mice overexpressing hNEP than in mice over-
expressing GFP (Figure 9, A-C).

Overexpression of h(NEP in APP/APS1-Tg Mice
Decreases the Memory Impairment

APP/APS1-Tg mice exhibit considerable amyloid plaque
deposition at 6 to 8 months of age. Also they show signs
of memory impairment at this age as it has been reported
recently.2”28 Therefore, 4 months after the injection of
Lenti-hNEP and Lenti-GFP in the brain, mice were tested
for spatial learning and memory retention using the Morris
water maze test. This test has been used widely for
investigating different aspects of learning and memory in
mice and rodents (APP/APS1-Tg mice at 3 and 8 months
are shown in Figure 10A). On the 4th day of training and
before removing the hidden platform, each group of mice
overexpressing hNEP or GFP was tested for the spatial

learning ability; ie, escape latency and total distance
traveled by mice to reach the platform in the presence of
distal visual cues outside the swimming pool. The group
of mice overexpressing hNEP showed a significantly en-
hanced spatial learning ability compared to that overex-
pressing GFP (Figure 10, B and C). The escape latency
and average distance were 12.77 = 1.26 inches and
64.04 * 9.07 inches for the mice overexpressing hNEP,
respectively. For the mice overexpressing GFP, the es-
cape latency and average distance were 21.08 += 3.98
inches and 103.9 = 17.20 inches, respectively. In addi-
tion, in the spatial probe (memory retention) trial, in the
absence of platform, the mice overexpressing hNEP
showed significantly less cognitive impairment (better
memory retention) compared to mice overexpressing
GFP (Figure 10, D and E). In particular, the percentage of
time spent in the NE quadrant by mice overexpressing
hNEP was 28.70 = 3.01 seconds compared to 18.74 +
3.27 seconds spent by mice overexpressing GFP. In
addition, the time percentage spent by both groups of
mice overexpressing hNEP or GFP in the outer annular
area were 24.44 = 501 seconds and 4514 = 7.07
seconds, respectively. This significant difference in thig-
motaxic behavior (ie, the innate nature of animals to hide
in sheltered areas) between the two groups of mice indi-
cates that hNEP mice were better able to navigate in the
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Figure 7. Quantitative analysis of activated microglia, astrocytes, and IL-6 in
the brain of APP/APS1-Tg mice after 4 months of hNEP or GFP overexpres-
sion. Brain sections from APP/APS1-Tg mice overexpressing GFP or hNEP
were stained with anti-mouse CD68 antibody to detect the activated micro-
glial cells. Five sections of each mouse (around the injection site) were
counted and averaged for the number of CD68-activated microglia in the
cortex (A) and hippocampus (B) (*P = 0.0232, **P = 0.0066). C and D: Brain
sections from APP/APS1-Tg mice overexpressing GFP or hNEP were immu-
nostained with anti-mouse GFAP antibody to detect the activated astrocytes.
Five sections of each mouse (around the injection site) were counted and
averaged for the number of GFAP-activated astrocytes in the cortex (A) and
hippocampus (B) P =0.0093, 2p=0.0016). E: Homogenized extracts from
left brain hemispheres obtained from wild-type (C57BL/6) mice (Wt), non-
treated APP/APS1-Tg mice (7 months old) (Tg), and APP/APS1-Tg mice
overexpressing hNEP (hNEP), or GFP (GFP) were tested for IL-6 levels by the
IL-6 ELISA kit (**P = 0.0017).

120+

pg/mg protein

Morris water maze test by using learned visual cues and,
thus, had better retention (memory) of spatial learning
compared to mice overexpressing GFP.

Discussion

NEP is one of the major AB peptide-degrading enzymes
in the brain.>®3' To date, several studies have shown
that NEP is reduced in brain regions that are vulnerable to
AB peptide accumulation, such as the hippocampus and
associated cortices in AD.'7"'92% We and others reported
that overexpression of NEP in the brain of aged AD
animal models as via gene therapy resulted in the reduc-
tion of amyloid load.?®*? In addition, it has been shown
that transgenic or cell-grafting overexpression of NEP
prevented amyloid deposition.®33* However, the effect of

1.
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Figure 8. Oxidative stress assessment in the brain of APP/APS1-Tg mice after
4 months of viral injection. Brain sections from APP/APS1-Tg mice overex-
pressing GFP (A and B) or hNEP (C and D) were immunostained with
anti-3-NT antibody. A and C were examined under different magnification (B
and D) (red boxes) as indicated. Arrows indicate the 3-NT immunoreac-
tivity, whereas white circles represent 3-NT immunoreactivity around the
amyloid plaques. E and F: Five sections of each mouse (around the injection
site) were counted and averaged for the number of 3-NT immunoreactivity in
the cortex (E) and hippocampus (F) (*P = 0.0229, **P = 0.0092). G and H:
Co-localization of amyloid plaques and 3-NT, brain sections of APP/APS1-Tg
mice overexpressing GFP, were immunostained with anti-3NT antibody (G),
and double stained with the fluorescent amyloid stain thioflavin-S (HD.

NEP lentiviral overexpression in the brain before the dep-
osition of AB plaques is yet to be determined. Therefore,
in this study, we investigated the effect of hNEP overex-
pression on reducing AB peptide accumulation in the
brain of young APP/APS1 transgenic mice. In addition,
we investigated the effects of the hNEP-mediated reduc-
tion in AB peptide accumulation and amyloid load on
inflammation, oxidative stress, and memory impairment.
We found that overexpression of hNEP in the cortex-
hippocampal area of 3-month-old APP/APS1-Tg mice at-
tenuated the number of amyloid plaques by 50% at 7
months compared to mice overexpressing GFP. This was
most likely attributable to the reduction in AB peptide
levels (ABi..o and AB;_,.) hNEP-mediated (Figure 4,
A-E). Because the lentiviruses were injected only into one
region of the brain, and a reduction in AB peptide levels
and amyloid deposits was seen in other regions of the
brain as well, our observations suggest that a modest

Table 2. IL-6 Levels in APP/APS1 Bitransgenic Mice after Lentiviral Injection
Wt GFP hNEP Tg
IL-6 (pg/mg protein) 34.64 + 5.068 109.1 = 11.08 5410 = 15.49 86.92 + 6.902
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Figure 9. Carbonyl protein content in the brain of APP/APS1-Tg mice overexpressing hNEP and control. Az Extracts of left brain hemisphere obtained from mice
overexpressing GFP (lanes 1 and 2), hNEP (lanes 3 and 4), as well as noninjected APP/APS1-Tg mice of the same age (Tg-control) (lanes 5 and 6) were analyzed
for the level of oxidized proteins by Oxyblot and Western blot assays. B: Protein concentrations of samples used in A were run under similar conditions on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and identified by Coomassie blue staining to control for loading differences between samples. C: Densitometry
measurements of development of oxidized protein bands on Western blots were made using NIH image software (ImageJ 1.36b) and assigned as arbitrary
integrated density values (IDV) (*P = 0.0390 compared to Lenti-GFP or Tg-control IDV).

increase in NEP expression or activity in one part of the
brain may have a significant effect on reducing the AB
peptide accumulation in the entire brain. The effect at a
distance of NEP overexpression on the clearance of AB
peptide in the brain and body fluids was also reported
elsewhere.3336 Disruption of NEP in mice resulted in
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Figure 10. Morris water maze analysis. A: Memory impairment comparison
of APP/APS1-Tg mice at 3 and 8 months (mon) of age ("2 < 0.001). B and C:
Each group of mice overexpressing hNEP (Lenti-hNEP) or GFP (Lenti-GFP)
were tested on the 4th day of training for spatial learning (B and C) and
memory retention (D and E). To test the mice for spatial learning, the escape
latency (B), and total distance (C) taken by both groups of mice to reach the
hidden platform were measured. To test for memory impairment (working
memory retention), both groups of mice were tested for the percentage of
time spend in the NE quadrant (D) and the percentage of time spent in the
outer annular (around the wall of the tank) (E) after the hidden platform was
removed (*P = 0.0031, **P = 0.0077, **P = 0.0013, **P < 0.0001). Morris
water maze analysis was accomplished by the SMART video tracking system.

increased AB peptide in the whole brain and plasma.
Moreover, NEP has a high affinity toward AB peptide
compared to other small neuropeptides'®3'35 and, in the
AD brain, up-regulation of NEP activity will be mostly
directed to degrade excess AB peptide. Thus, gene ther-
apy of NEP represents a potential therapeutic approach
for AD.

NEP overexpression in the brain has been reported to
be well tolerated by mice.33 In the present study, the NEP
gene transfer resulted in at least 4 months of hNEP ex-
pression in the brain and it will be necessary to determine
how long this expression lasts and the effects of its long-
term overexpression. Thus, it is necessary to characterize
such gene transfer in different animal models, especially
in those more relevant to humans, such as nonhuman
primates.

Inflammation and oxidative stress have been linked to
a number of age-related diseases including AD. These
acute-phase processes are mediated by activated micro-
glia and astrocytes that release an array of neurotoxic/
inflammatory mediators such as cytokines and free rad-
icals that contribute directly or indirectly to the
degeneration of neurons.*2"~*" This hypothesis is sup-
ported by the fact that senile plaques appear to be the
site of inflammatory and oxidative stress processes, as
evidenced by the presence of reactive microglia and
astrocytes in and around these plaques,®®*? and AB
peptide has been shown to activate both cells.*%4344 |n
fact, nearly all of the proinflammatory markers that have
been studied in AD, including IL-18, IL-6, and tumor
necrosis factor-a, seem to be up-regulated in AD com-
pared with control individuals,**¢ and IL-6 has been
reported to inhibit long-term potentiation both in mice and
rats.*”*® Among the indices of oxidative stress in AD
brain are protein nitrotyrosylation and carbonylation,
which are the markers of protein oxidation. On activation,
glia cells can damage or kill neurons by generating ni-
trogen species such as nitric oxide*® 52 and peroxyni-
trite.% Peroxynitrite (formed from nitric oxide and super-
oxide radicals®*) can both mediate DNA fragmentation
by oxidative damage and prevent protein phosphoryla-
tion by tyrosine nitration, thus interfering with signal trans-
duction mediated by tyrosine kinases. Thus, peroxynitrite
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appears as a strong player in neuronal cell death in
AD.555% Indeed, 3-nitrotyrosine (3-NT), a marker for the
presence of peroxynitrite, has been reported to be ele-
vated five- to eightfold more in AD patients than in cog-
nitively normal patients.>”-°® Moreover, peroxynitrite has
been implicated in AB peptide mediated N-methyl-p-as-
partate receptor excitotoxic damage.®® On the other
hand, carbonyl derivatives are formed by reactive oxy-
gen species-mediated oxidation of side chains of some
amino acid residues. Protein oxidation often converts
proteins to forms that are more susceptible to proteinases
and, therefore, promotes their degradation by proteoly-
sis.®% Conversely, interactions of proteins with reactive
oxygen species play controlling roles in cellular signal-
ing, which affect cell remodeling, growth, and death 562
Therefore, alterations in the rate of production and re-
moval of oxidized proteins may contribute to the accu-
mulation and damaging actions of oxidized proteins in
normal and pathological aging.®®®* Hence, increased
reactive nitrogen and oxygen species production and
oxidative modification of brain proteins may affect cellular
functions and, eventually, lead to neuronal death in AD.
Therefore, we investigated the affect of reducing amyloid
load by hNEP on the inflammatory and oxidative stress
level.

To examine how glial cells respond to AB peptide
clearance by hNEP, we correlated the cerebral level of
AB peptide with the density and number of activated
CD68 microglia and GFAP astrocytes in the contralateral
brain hemispheres of hNEP- or GFP-treated mice. Both
cells were reduced in density and number by >50% in
the right brain hemisphere of mice that overexpressed
hNEP (Figure 7, A-D) compared to mice that overex-
pressed GFP. This parallel reduction of amyloid level and
activated glial cells is consistent with our observation that
3-month-old APP/APS1-Tg mice display less amyloid
plaque deposition in the cortex area (Figure 1, A-D) and,
consequently, smaller numbers of GFAP-reactive astro-
cytes can be detected in that region along the hippocam-
pus area (data not shown), whereas there is no presence
of the CD68-activated microglial cells (data not shown). It
is noteworthy that astrocytes are the predominant type of
glial cell in the central nervous system and, probably, the
first cell type to encounter and respond to AB peptide
accumulation. Thus, AB peptide first activates the astro-
cytes that, in turn, lead to activation of microglia. These
results are consistent with previous data showing in a
mouse model of AD, that amyloid plaque-related astro-
gliosis was reduced as a result of increased NEP expres-
sion in mice injected unilaterally in the brain with fibrillar
form of AB,_,. peptide.®® Thus, our findings suggest that
amyloid load has a direct impact on the inflammatory
changes found in the brain of APP/APS1-Tg mice consis-
tent with the amyloid cascade hypothesis. Moreover, the
reduction of inflammatory processes was not restricted to
the right brain hemisphere where hNEP overexpression
occurred but was also observed in the left brain hemi-
sphere. We found that IL-6 was reduced by 51% in the
ipsilateral brain side of hNEP overexpression compared
to that of mice that overexpressed GFP (Figure 7E). Al-
though the reduction of total AB peptide was <50% in the

left brain hemispheres (33% and 40% for AB;_40 and AB4_4o,
respectively), the reduction of IL-6 by >50% could be
attributed not only to decreased production of IL-6 from
glial cells, but also to its decreased production from
vascular endothelial cells. Because this mouse model of
AD has been reported to develop cerebral amyloid angi-
opathy at ~7 months of age,®® loss of NEP function would
promote cerebral amyloid angiopathy.3® Likewise, these
results are in agreement with clinical studies, which sug-
gest that nonsteroidal anti-inflammatory drugs, such as
those used in arthritis, may delay or slow the progression
of AD.*>%¢ However, a major impediment to using of this
class of drugs for treatment of AD is the number of
serious side effects associated with the chronic use of
nonsteroidal anti-inflammatory drugs such as gastric
bleeding, heart attack, and stroke. Moreover, people 65
years and older are at high risk of developing these
serious complications. Thus, NEP gene therapy seems to
be a better treatment for AD.

In this study, we also investigated the influence of
clearing AB peptide and decreasing the amyloid load in
APP/APS1-Tg mouse brains on the oxidative stress levels
by measuring oxidized proteins. We found that mice that
overexpressed hNEP for 4 months in the right brain hemi-
sphere had 64% less 3-NT immunoreactivity (Figure 8, E
and F) compared to mice that overexpressed GFP. In
addition, 3-NT immunoreactivity showed strong co-local-
ization with the amyloid plagues, which was apparent in
the mice that overexpressed GFP compared to mice
overexpressing hNEP [Figure 8, D (white circles), G, and
H]. In the same context, we also found that the carbonyl
protein content was less (~50%) in left brain hemi-
spheres of mice that overexpressed hNEP than that of
control mice (Figure 9, A-C). These findings suggest that
the amyloid accumulation and deposition precede the
oxidative stress in the brain, which is consistent with the
amyloid cascade hypothesis. These results also support
the assumption that reactive oxygen and nitrogen inter-
mediates play a vital role in the pathogenesis and pro-
gression of AD. Furthermore, although the reduction of
total AB peptide concentration and attenuation of amyloid
plaque deposition led to reduction of oxidative stress in
the brain, the key form of AB peptide that results in the
induction of such response is still to be determined. Our
data are in agreement with the in vitro studies showing
that both the monomeric®” and fibrillar®® forms of AB
peptide play an important role in activating glial cells and
producing oxidative stress responses.

Thus far, several reports have indicated that decreas-
ing the accumulation of AB peptide in the brain could
prevent or reduce AD pathology and improve behavioral
deficits.®®~"2 On the other hand, continuous inhibition of
NEP in the hippocampus by thiorphan®'?2 or NEP ge-
netic deficiency led to increased AB peptide accumula-
tion and memory impairment. In this study we found that
NEP gene therapy at an early stage of AD reduced the
memory impairment by ~50%. Interestingly, the behav-
ioral data showed that the APP/APS1-Tg mice spend
more time circling the pool indicating a lack of spatial
orientation. When the APP/APS1-Tg mice were treated
with NEP lentiviruses there was a significant decrease in



the circling behavior suggesting an improvement in the
spatial orientation. Our results are consistent with re-
cently published studies®*”* reporting that NEP/APP
double-transgenic mice showed a reduction in amyloid
load in the brain of aged mice, reduction in glial cells, and
an improved Morris water maze memory performance.
Thus, these data collectively confirm the importance of
AB peptide-lowering strategies at early stages of the
disease to prevent the AB peptide-related cognitive
decline.
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