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Progression of Amyloid Pathology to Alzheimer’s Disease
Pathology in an Amyloid Precursor Protein Transgenic
Mouse Model by Removal of Nitric Oxide Synthase 2
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Alzheimer’s disease (AD) is characterized by three primary pathologies in the brain: amyloid plaques, neurofibrillary tangles, and neuron
loss. Mouse models have been useful for studying components of AD but are limited in their ability to fully recapitulate all pathologies. We
crossed the APPSwDI transgenic mouse, which develops amyloid 3 (A3)-protein deposits only, with a nitric oxide synthase 2 (NOS2)
knock-out mouse, which develops no AD-like pathology. APPSWDI/NOS2 ~'~ mice displayed impaired spatial memory compared with
the APPSwDI mice, yet they have unaltered levels of A3. APPSwDI mice do not show tau pathology, whereas APPSwDI/NOS2 ~/~ mice
displayed extensive tau pathology associated with regions of dense microvascular amyloid deposition. Also, APPSwDI mice do not have
any neuron loss, whereas the APPSwDI/NOS2 ~/~ mice have significant neuron loss in the hippocampus and subiculum. Neuropeptide Y
neurons have been shown to be particularly vulnerable in AD. These neurons appear to be particularly vulnerable in the APPSwDI/
NOS2 ™'~ mice as we observe a dramatic reduction in the number of NPY neurons in the hippocampus and subiculum. These data show
that removal of NOS2 from an APP transgenic mouse results in development of a much greater spectrum of AD-like pathology and

behavioral impairments.
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Introduction

Three pathologies must be present in the brain for a definitive
diagnosis of Alzheimer’s disease (AD): amyloid plaques com-
posed of aggregates of amyloid B (AB) peptides; neurofibrillary
tangles composed of hyperphosphorylated, aggregated tau; and
neuron loss (Nagy et al., 1998). The amyloid hypothesis proposes
that B-amyloid accumulation is toxic to the brain resulting in
hyperphosphorylation of tau, neuronal death, and cognitive def-
icits (Hardy and Selkoe, 2002). Transgenic mouse models ex-
pressing mutant human amyloid 8 precursor protein (APP) suc-
cessfully produce amyloid plaques and some cognitive decline
but lack significant neuron loss and any tau pathology (Games et
al., 1995; Hsiao et al., 1996; Hsiao, 1998; Schwab et al., 2004;
Eriksen and Janus, 2007). Transgenic mouse models expressing
human tau with mutations associated with frontotemporal de-
mentia display tau pathology, but they fail to show amyloid dep-
osition (Lewis et al., 2000; Santacruz et al., 2005). Transgenic
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mice expressing mutant human APP and TAU genes have re-
cently been developed that display amyloid plaques and tau ag-
gregates (Oddo et al., 2003). We recently reported that Tg2576
APP transgenic mice crossed to a nitric oxide synthase 2 (NOS2)
knock-out (NOS2 /") develop neurofibrillary tangle-like pa-
thology from endogenous mouse tau and show evidence of neu-
rodegeneration assessed by staining for fluoro-jade C and acti-
vated caspase 3 (Colton et al., 2006).

In AD, there are specific neuronal subsets that appear more
susceptible to the disease and are affected more severely than
others. These include the cholinergic neurons and the neuropep-
tide Y (NPY) neurons. NPY is a 36 amino acid peptide that acts as
a neurotransmitter and has been localized to the CNS and in
peripheral nervous tissue (Dumont et al., 1992). NPY expression
is particularly high in the interneurons of the dentate gyrus and
cornu ammonis 3 (CA3) (Kohler et al., 1986) as well as the mossy
fiber pathway linking these two regions. Importantly, significant
reductions in NPY neurons in the hippocampal regions of AD
brains have been demonstrated (Kowall and Beal, 1988). APP
transgenic mice have failed to demonstrate significant loss of
NPY neurons; in fact, increased NPY immunoreactivity has been
observed in both the V717F APP transgenic (PDAPP) mice (Diez
et al., 2000) and the APP23 mice (Diez et al., 2003).

The NOS2 gene encodes inducible NOS (iNOS), one of three
isoforms of NOS that generate nitric oxide (NO), and is primarily
associated with the innate immune response in all tissues (Kro-
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ncke et al., 2000). Although NO is commonly considered a “cy-
totoxic” molecule, which is its function during acute disease, NO
is also progrowth and anti-apoptotic (Kroncke et al., 2001;
Thomas et al., 2004; Bayir et al., 2005; Brune, 2005; Hewett et al.,
2005). This apparent dichotomy of the functions of NO relates to
an integration of its tissue concentration, its levels of production,
and the wide variety of targets for NO and its metabolites (Wink
etal., 2001). Here, we show that the APPSwDI transgenic mouse
crossed to a NOS2 ~/~ mouse develops further cognitive decline
in behavioral tests despite unaltered levels of A3, has significant
neuron loss in disease-relevant regions, and a particularly dra-
matic loss of NPY neurons, in association with significant tau
pathology.

Materials and Methods

Mouse strains

A bigenic mouse was produced by crossing APPSwDI (Swedish K760N/
M671L, Dutch E693Q, and Iowa D694N) transgenic mice with
NOS2 ~/~ (B6 129P2NOS2 “*'*4/]) mice (The Jackson Laboratory, Bar
Harbor, ME). The phenotype of these individual mice has been reported
previously (Laubach et al., 1995; Davis et al., 2004). All mice were geno-
typed by using standard PCR methods. APPSwDI transgenic mice were
also bred to generate age-matched controls. For stereological counts, we
also used age-matched wild-type and NOS2 ~/~ mice.

Behavioral analyses

APPSwDI (1 = 9) and APPSWDI/NOS2 ~/~ (n = 29) mice were tested at
52-56 weeks using both the 2 d radial-arm water maze (Alamed et al.,
2006) and the Barnes maze (Xu et al., 2007). The 2 d radial-arm water
maze has been described in detail previously (Alamed et al., 2006).
Briefly, a six arm maze is submerged in a pool of water, and a platform is
placed at the end of one arm. The mouse receives 15 trials per day for 2 d
and on each trial is started in a different arm while the arm containing the
platform remains the same for each mouse. Using visual cues around the
room, the mouse learns the position of the escape platform. The first 10
trials are considered training and alternate between a visible and a hidden
platform. The final trials for day 1 and all trials on day 2 use a hidden
platform. The number of errors (incorrect arm entries) are counted over
a 1 min period. The errors are averaged over three trials resulting in 10
blocks for the 2 d period.

The Barnes maze has also been described previously (Barnes, 1979; Xu
etal., 2007). Briefly, this task was performed over a 5 d period and used a
circular table with eight equidistant holes around the perimeter. An es-
cape box was placed under an escape hole, the location of which re-
mained constant over the 5 d for each mouse. Mice were tested twice daily
for 5 d. The number of nose pokes into incorrect holes was counted on
each trial. The two trials on each day were averaged to provide one value
per day. All behavioral tests were performed with genotypes blinded to
the investigator.

Tissue processing and histological methods

Mice were injected with a lethal dose of ketamine and perfused intracar-
dially with 25 ml of normal saline. Brains were rapidly removed and
bisected in the midsagittal plane. One half was immersion fixed in either
70% ethanol (APPSwDI, n = 4; APPSWDI/NOS2 /™, n = 4) or 4%
paraformaldehyde (APPSwDI, n = 4; APPSWDI/NOS2 /=, n=18).0ne
half was snap frozen in liquid nitrogen and stored at —80°C. The hemi-
brains fixed in 70% ethanol were embedded in paraffin, and 8 um sec-
tions were cut using a microtome. The hemibrains fixed in 4% parafor-
maldehyde were incubated for 24 h in 10, 20, and 30% sucrose
sequentially to cryoprotect them. Frozen sagittal sections (25 um) were
then collected using a sliding microtome and were stored at 4°C in PBS
with sodium azide to prevent microbial growth. Eight equally spaced
sections ~600 um apart were selected for free-floating immunohisto-
chemistry for neuronal-specific nuclear protein (NeuN) (mouse mono-
clonal, 1:3000; Chemicon, Temecula, CA), NPY (rabbit polyclonal,
1:30,000; Chemicon), paired helical filament (PHF)-tau (AT8, a mouse
monoclonal for PHF-tau recognizing phosphorylated Ser202 in tau,

Wilcock et al.  Transgenic Mouse Model of Alzheimer’s Disease Pathology

1:150; Pierce Endogen, Rockford, IL), total tau (tau-5, mouse monoclo-
nal anti-tau 5, 1:1000; Calbiochem, La Jolla, CA), cleaved caspase-3 (rab-
bit polyclonal, 1:300; Cell Signaling Technology, Beverley, MA), or CD45
(rat monoclonal; AbD Serotec, Raleigh, NC). The method for free-
floating immunohistochemistry has been described previously (Wilcock
etal., 2004a). Also, eight equally spaced sections were mounted on slides
and stained with 1% thioflavine-S, 0.0001% Fluoro-Jade C in 0.1% acetic
acid or terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) [using Dead-End Colorimetric TUNEL
System (Promega, Madison, WI) and stained according to manufacturer
instructions].

Four equally spaced sections spaced ~1.2 mm apart were taken from
three mice of each genotype and mounted on slides. Double immuno-
fluorescence was performed for neuron-specific B-tubulin (rabbit poly-
clonal, 1:1000; Abcam, Cambridge, MA) and AT8. Appropriate Alexa
fluor-conjugated secondary antibodies were used.

AB immunohistochemistry was performed on 70% ethanol fixed 8
pm paraffin-embedded sections. Briefly, sections were deparaffined in
xylene and rehydrated. After incubations in hydrogen peroxide and de-
tergent, sections were incubated overnight at 4°C with primary antibody
(rabbit polyclonal anti-AB N terminal, 1:3000; Biosource, Camarillo,
CA). The sections were then incubated with biotinylated anti-rabbit sec-
ondary antibody (1:3000; Vector Laboratories, Burlingame, CA) for 2 h
at room temperature followed by incubation in streptavidin ABC (Vec-
tastain elite ABC kit; Vector Laboratories). The peroxidase was devel-
oped using a DAB substrate kit (Vector Laboratories).

Quantification

Percentage immunoreactive area. Images of the immunohistochemical
stain were collected using the 20X objective lens on the Nikon (Tokyo,
Japan) Eclipse TE200 microscope with a Nikon DXM1200 digital camera
attached. Images from the frontal cortex, CA1, CA3, dentate gyrus, sub-
iculum, and thalamus were collected from each section. An average of
four to five sections for each animal were analyzed. Using the Image-Pro
Plus software, we identified the positive stain on two to three represen-
tative images, and the red, green, and blue values were saved to a file. This
file was then applied to all images to yield measurements of percentage
area occupied with positive stain and average intensity of the positive
stain for every image. Anatomical landmarks on the sections were used to
ensure that the same region was assessed for each section examined.
Images for each marker were also collected on the same day to ensure the
same illumination on every image. The data were then exported to an
Excel spreadsheet (Microsoft, Seattle, WA) where statistical analysis was
performed.

Stereological analysis. Neurons that were immunopositive for NeuN or
NPY were counted in the hippocampus, CA3, and the subiculum using
the optical fractionator method of stereological counting (West et al.,
1991) with commercially available stereological software (StereoInvesti-
gator; MBF Bioscience, Williston, VT). A systematic random sampling of
sections throughout the left hippocampus were stained as described
above and coded to ensure blinding. The regions of interest were defined
using specific landmarks within the hippocampus to maintain consis-
tency. A grid was placed randomly over the region of interest slated for
counting. At regularly predetermined positions of the grid, cells were
counted within three-dimensional optical dissectors. Within each dissec-
tor,a 1 uwm guard distance from the top and bottom of the section surface
was excluded. Section thickness was measured regularly on all collected
sections to estimate the mean section thickness for each animal after
tissue processing and averaged 12.34 = 0.32 wm for all sections analyzed.
The total number of neurons was calculated using the following equa-
tion: N = Q~ X 1/ssf X 1/asf X 1/hsf, where N is total neuron number,
Q" is the number of neurons counted, ssf is section sampling fraction,
asf is the area sampling fraction, and hsf is the height sampling fraction.

AP ELISA

Soluble and insoluble pools of AB1-40 and AB1-42 were measured by
sandwich ELISA as described previously (Miao et al., 2005). Briefly, fro-
zen hemibrains were pulverized using a mortar and pestle on dry ice.
Samples were homogenized using carbonate for the soluble A pool.
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A B S assays that have been shown previously to
’ detect spatial learning and memory defi-
$ ..l cits in APP transgenic mice (Wilcock et al.,
g 2004b). Figure 1A shows that the
é I *E g &0 | APPSWDI/NOS2 ~/~ mice make signifi-
u T = B cantly more errors in the radial-arm water
L TN E sl maze than the APPSwDI mice (two-way
‘-9 -0 - E ANOVA; p < 0.005). This difference is
S s 3 4 & 8 7w s A 2 00 e particularly apparent on day 2 when the
Day1  BlockNumber  p. d o 2 oy 2 APPSwDI mice are making less than one
error, indicating acquisition and retrieval
c of the task, whereas the APPSwDI/
Genotype Sohuble |[Sohble |[Insoluble |[Insohible |[Ratio |[Ratio msolub e NOS2 ~/~ mice are still making two errors
AB40 AB42 AB40 AB42 AB40:4 842 soluble . .

APPSWDI || 12202185 || 4428 |[2403754580]| 16622224 Ti=1 215 or more. Regression analysis of the slopes
L —_— L also showed significant differences (p <

APPSWDUNOSZ./ || 116089 || 415 |[2s00224423|| 2284sssl || 172 2554 > .
0.05) suggesting slowed learning and/or

Figure 1. APPSWDI/NOS2 ~/~ mice have significant spatial memory impairment compared with the APPSwDI mice with no
significant differencein A3 levels. 4, Two day radial-arm water maze task. Mice receive 15 trials per day, and each block represents
the average of three trials. The circles and dashed line indicate data from the APPSwDI mice (n = 9
line indicate data from the APPSWDI/NOS2 ~/~ mice (n = 29). *p << 0.05, for the individual data points; **p << 0.01, for the
individual data points. B, Barnes maze. Mice receive two trials per day for 5 d, and the two trials are averaged to give a single value
for each day. The circles and dashed line indicate data from the APPSwDI mice (n = 9), and the diamonds and solid line indicate
data from the APPSWDI/NOS2 /™ mice (n = 29). **p << 0.01, for the individual data points. €, A ELISA from brain lysates +
SEs. No significant differences were found for total A3 or soluble and insoluble A340 and A342 between APPSWDI/NOS2 '~

and APPSwDI mice.

This sample was centrifuged at high speed and the supernatant removed.
The remaining pellet was then homogenized with guanidine for the in-
soluble A pool. Again, this sample was centrifuged at high speed and the
supernatant extracted. Total AB1-40 and 1-42 levels were obtained by
adding the values of the soluble and insoluble levels.

Western blotting

Protein was extracted from pulverized brain powder and quantified us-
ing the BCA protein assay kit (Pierce) and performed according to man-
ufacturer instructions. Protein samples (10 ug) from each brain lysate
were run on a denaturing 4—20% SDS-PAGE gel. The gel was then trans-
ferred onto a nitrocellulose membrane. The transferred membrane was
then blocked in 5% nonfat milk and incubated overnight at 4°C in AT8
anti-PHF tau antibody (1:150) diluted in 5% nonfat milk. The following
day, the membrane was washed in TBST (Tris-buffered saline with 1%
Tween 20) and incubated for 1 h in HRP-conjugated anti-mouse second-
ary antibody (1:2000) dissolved in 5% nonfat milk. The membrane was
then washed in TBST and developed using the ECL advance Western
blotting detection kit (GE Healthcare, Buckinghamshire, UK). Autora-
diography film was exposed to the blot and developed. The blot was
stripped using Restore stripping buffer (Pierce) and was then reprobed
using the above protocol for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (mouse anti-GAPDH, 1:10,000; Advanced ImmunoChemi-
cal, Long Beach, CA) to ensure accurate gel loading. Western blot images
were captured using the Kodak Image Station 440 (Carestream Health,
Rochester, NY), and densitometry analysis was performed using the
Kodak Molecular Imaging software (Carestream Health).

Statistics

The significance of behavioral changes over time was analyzed by one-
way ANOVA. Significance of genotype-specific changes was analyzed by
the unpaired Student’s t test or two-way ANOVA. The slope of the rela-
tionship between number of errors and time was measured using regres-
sion analysis and compared across genotypes using two-way ANOVA. All
immunohistochemical, stereological, ELISA, and Western blot data were
analyzed by one-way ANOVA. The GraphPad Prism 4 program (Graph-
Pad, San Diego, CA) was used to perform all statistical analyses.

Results
APPSwDI and APPSWDI/NOS2 '~ mice were tested for spatial
memory at 52-56 weeks of age using two different behavioral

retrieval of the task by the APPSwDI/
NOS2 '~ mice. We also performed the
Barnes maze, another spatial memory test
previously shown to detect deficits in APP
transgenic mice (Xu et al., 2007). Figure
1B shows that the APPSWDI/NOS2 '~
mice are also significantly impaired in this
task (two-way ANOVA, p < 0.05; slope
difference, p < 0.001). Control APPSwDI
transgenic mice at this age have been
shown to have impairment in the Barnes
maze and, thus, the removal of NOS2 results in further cognitive
decline in these mice. This further decline is not caused by in-
creased amyloid production or deposition, because no change in
soluble or insoluble A340 or A342 levels were observed (Fig. 1C).
In AD, tau becomes hyperphosphorylated and redistributed
where it aggregates to form neurofibrillary tangles in the neuro-
nal soma. We examined APPSwDI and APPSwDI/NOS2 '~
mice for presence of abnormally phosphorylated tau using the
ATS antibody. AT8 is a well-recognized antibody used to detect a
pathologically relevant hyperphosphorylated tau epitope that is
common to both mouse and human tau (Igbal and Grundke-
Igbal, 1997). Protein extracted from the right hemisphere of
NOS2 ™/~ (N2), APPSwWDI (A) and APPSWDI/NOS2 ™'~ (AN2)
mice were examined by Western blot. Included in the Western
blot was protein from P301L mutant human tau transgenic mice
(JNPL3) that carry mutant human tau and are known to have
extensive tau pathology (Fig. 2A). Densitometric analysis of the
bands, normalized to GAPDH as a loading control, showed in-
creased density in the APPSWDI/NOS2 ~/~ mice when compared
with the parental NOS2 ~/~ and APPSwDI mice (Fig. 2A). The
levels of AT8 were not as high, however, as in the JNPL3 brains. It
is important to note that the APPSWDI/NOS2 ™'~ mice do not
have mutant human tau and all tau hyperphosphorylation is that
of normal mouse tau. Immunohistochemistry was also per-
formed using the AT8 antibody and analysis of percentage area
occupied with positive stain showed significant increases in stain-
ing in all regions examined (Fig. 2B). To ensure that the AT8
antibody labeled intraneuronal protein, we performed double
immunocytochemistry for AT8 (Fig. 2C) and neuron-specific
B-tubulin (Fig. 2 D). Merging the two images revealed AT8 stain-
ing in the soma of neurons (Fig. 2E).
ABimmunohistochemistry showed dense hippocampal stain-
ing in APPSwDI (Fig. 3A) and APPSWDI/NOS2 '/~ (Fig. 3C)
brains, although no significant differences in regional staining
patterns were observed between genotypes. In both APPSwDI
and APPSwDI/NOS2 ~/~ mice, the subiculum and thalamus ex-

), and the diamonds and solid
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hibited particularly dense A immunore-
activity, part of which was associated with
cerebral microvessels within that region.
Typical views of the vascular A staining
are shown for the thalamus (Fig. 3E,
APPSwDI, G, APPSWDI/NOS2 /") and
subiculum (Fig. 3I, APPSwDI, K,
APPSWDI/NOS2 /7). We also examined
the thalamus and subiculum for tau pa-
thology, particularly in those regions with
dense AB immunoreactivity. AT8 immu-
nocytochemistry showed only back-
ground staining in the APPSwDI mouse
(Fig. 3B), whereas we found intense AT8
staining in the hippocampus of the
APPSWDI/NOS2 ™'~ mouse (Fig. 3D).
Importantly, the high-density areas of AT8
staining matched the dense regions of A3
staining (Fig. 3, compare C and D). Addi-
tional examination at a higher magnifica-
tion showed processes filled with AT8-
positive tau associated with blood vessels
in the thalamus (Fig. 3H) and subiculum
(Fig. 3L). These data indicate that hyper-
phosphorylation of tau occurs in the same
location as dense AP deposition but only
in APPSwDI mice that also lack the NOS2 gene.

To further distinguish patterns of tau staining, we used the tau
5 antibody that detects total tau levels in mice. Staining for total
tau showed a light, diffuse staining pattern in the APPSwDI
mouse (Fig. 4A), whereas in the APPSwDI/NOS2 ~/~ mouse
(Fig. 4 D), dense somatodendritic staining was also observed. So-
matodendritic redistribution of tau was found in the cortex only
in the APPSWDI/NOS2 ™/~ brain and was localized to the same
regions where AT8-positive neuronal soma were also observed
(Fig. 4 B,E). To determine whether the hyperphosphorylated tau
was also aggregated, sections from the APPSwDI and APPSwDI/
NOS2 ~/~ mice brains were stained using thioflavin-S, a fluores-
cent dye that reacts with proteins in the 3-pleated sheet forma-
tion. Such proteins would include dense core amyloid deposits
and neurofibrillary tangles in AD. Staining of the control
APPSwDI mouse showed only staining of blood vessels (Fig. 4C),
which is the primary location of amyloid in this mouse. In the
APPSwWDI/NOS2 '~ mouse, we saw neuronal staining with
thioflavin-S (Fig. 4F), indicating intraneuronal aggregates of
protein. Because intraneuronal A staining was not observed in
either mouse strain, it is unlikely that thioflavin-positive staining
represented AB. Instead, the combination of AT8-positive tau
and thioflavin-S$ staining in cortical neuronal soma strongly sug-
gests that tau is both hyperphosphorylated and aggregated in the
APPSwWDI/NOS2 '~ mouse brain.

The consensus in the field is that tau pathology most closely
correlates with disease severity (Arriagada et al., 1992); therefore,
we examined the brains in APPSwDI/NOS2 /" mice for evi-
dence of neurodegeneration. Fluoro-jade C stains degenerating
neurons regardless of the cause of damage (Schmued et al., 2005).
We observed numerous fluoro-jade C-positive neurons in the
APPSwWDI/NOS2 ™'~ mice (Fig. 4J) compared with only back-
ground staining in the APPSwDI mice (Fig. 4G). We then exam-
ined two markers of apoptosis to determine whether the neuronal
death was attributable to, at least in part, apoptotic mechanisms.
Caspase 3 cleavage is a critical step in the apoptotic pathway and
has been associated with AB-mediated neuronal death (Su et al.,
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Figure 2.  Tau hyperphosphorylation is observed in APPSWDI/NOS2 ~/~ mice. A, Westen blot for AT8 performed on brain
protein lysates. N2, NOS2 ~/~+ AN2, APPSWDI/NOS2 ~/~; A, APPSWDI; JNPL3, JNPL3 tau transgenic. Below the AT8 band is the
same blot probed for GAPDH as a control for protein loading. Densitometry analysis was normalized to the GAPDH values and is
shown below the Western blot images. Immunocytochemistry for AT8 was performed on brain tissue. B, Quantification of
percentage area occupied by positive stain. The black bars show data for APPSwDI, whereas gray bars show data for APPSwDI/
NOS2 ~/~. *p < 0.05; **p < 0.01, compared with the APPSWDI. (=, Double immunofluorescence images where Cis neuron-
specific B-tubulin, Dis AT8, and Eis a merged image.

2001; LeBlanc, 2003; Rissman et al., 2004). Immunocytochemis-
try for cleaved caspase 3 showed positive staining of the neurons
in the APPSWDI/NOS2 ~'~ mice (Fig. 4K). TUNEL is a staining
technique used to detect fragmented nuclear DNA, which is in-
dicative of apoptosis. We also detected numerous TUNEL-
positive neurons in the APPSwDI/NOS2 ~/~ mice (Fig. 4L). To-
gether, all of these data indicate that the APPSWDI/NOS2 '~ has
significant neurodegeneration that may involve apoptotic
mechanisms.

We then examined neuronal integrity in hippocampal re-
gions. Immunostaining for the neuronal marker, NeuN, on
equally spaced sagittal sections revealed thinning of the CA3 (Fig.
5B,D) and subiculum (Fig. 5B,F) in APPSwDI/NOS2 /™ mice
when compared with the APPSwDI mice (Fig. 5A, C,E). Stereo-
logical counting of neurons was performed using the optical frac-
tionator method in the entire hippocampus as well as in the CA3
region and in the neighboring subiculum (Fig. 2G). We found a
30% loss of neurons in the hippocampus ( p < 0.05 compared
with wild type, NOS2 ~/~, or APPSwDI), a 35% loss of neurons in
the subiculum ( p < 0.01 compared with wild type, NOS2 ~/~, or
APPSwDI), and a 40% loss of neurons in the CA3 region of the
hippocampus ( p < 0.01 compared with wild type, NOS2 ', or
APPSwDI).

In AD, it is known that certain subpopulations of neurons are
particularly vulnerable to the disease process. We examined NPY
neurons as one of these subpopulations. Because of the large
microvascular involvement in the pathology of APPSwDI and
APPSwWDI/NOS2 ™/~ mice brains, we elected to examine NPY
neurons, because these are known to be intimately involved in
maintaining cerebrovascular tone at the neurovascular unit (Ed-
vinsson et al., 1987). In the wild-type, NOS2 /=, and the
APPSwDI mice, we found strong NPY immunoreactivity of the
mossy fiber tract from the dentate gyrus to the CA3 region of the
hippocampus along with strong NPY immunoreactivity in the
CA1 region (APPSwDI shown in Fig. 6A). A similar pattern of
NPY staining was observed in each of the control mice. However,
when we examined the APPSwWDI/NOS2 ~/~ mice, we found re-
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Figure 3.  AT8-positive staining is associated with A3 in blood vessels of the thalamus and subiculum in the APPSWDI/NOS2 ~'~ mice. A, E, and I show A3 immunohistochemistry of the
APPSwWDI mouse, whereas €, G, and K show the APPSWDI/NOS2 ~'~ mouse. B, F, and Jshow AT8 immunocytochemistry in the APPSwDI mouse, whereas D, H, and L show the APPSwDI/NOS2 =
mouse. Eand /, Fand J, G and K, and H and L are high-magnification images of the thalamus and subiculum as indicated in A-D. The arrows in E, I, G, and K indicate examples of perivascular A3
staining. The arrows in H and L indicate AT8 staining around blood vessels. A-D are 40X magnification, and E-L are 200X magnification. Scale bars: (in A) A=D, 120 um; (in E) E-L, 25 um.

duced intensity of NPY staining throughout the hippocampus
(Fig. 6B). Closer examination revealed loss of NPY-
immunopositive neurons particularly in the CA3 region (Fig.
6D) and in the subiculum (Fig. 6 F). Stereological counts of NPY
neurons revealed a 50% reduction overall throughout the hip-
pocampus, a 65% reduction in the CA3 region, and a 50% reduc-
tion in the subiculum (Fig. 6G) in the APPSWDI/NOS2 '~ mice
compared with wild-type mice brain (in all cases, p < 0.001, when
compared with wild-type, NOS2 /", or APPSwDI mice). Inter-
estingly, we observed a statistically significant 20% reduction in
NPY neurons in the subiculum of the APPSwD], although the
level of neuronal loss remained significantly greater than the NPY
neuronal loss in the APPSWDI/NOS2 /™ mice. This is likely be-
cause of the extremely high levels of microvascular amyloid dep-
osition in subiculum.

Discussion

Replication of AD-like pathology in mice by the sole accumula-
tion of amyloid peptides leading to abnormal tau pathology, neu-
ronal loss, and cognitive dysfunction has proven to be elusive.
Incomplete pathological models that show abundant amyloid
deposition with little or sparse tau pathology, rare neuronal loss,
and limited changes in learning and memory behaviors have been
most commonly generated (Games et al., 1995; Hsiao et al., 1996;
Hsiao, 1998; Holcomb et al., 1998). We report here a method to
progress an amyloid depositing APP transgenic mouse to more
complete Alzheimer’s-like pathology with robust behavioral def-
icits. This is accomplished by genetically removing NOS2, and its
iNOS protein product in mice that concomitantly express mu-
tated human APP and deposit AB. These mice appear to closely

replicate the human disease showing native tau pathology and
neuron loss in the presence of amyloid deposition. Particularly,
one subset of neurons known to be vulnerable in human AD is
also particularly vulnerable in this mouse model, the NPY
neurons.

The role of iNOS in neuropathology has been associated with
neuronal damage and death. Higher levels of NO (>400 nm), as
observed in eradication of pathogens during an acute immune
response, have pathophysiological consequences. At pathogenic
levels, p53 activation and the induction of apoptosis can occur
(Brown and Bal-Price, 2003; Thomas et al., 2004). Clearly, the
exposure of cells to high levels of NO in an acute manner will
produce cell damage and death (Dawson and Dawson, 1998).
However, using cyclic GMP activity, a well described surrogate
marker of the action of NO, Duport and Garthwaite (2005) have
challenged the idea that iNOS production by immune cells in
brain slice culture kills adjacent cells. Numerous studies have also
shown that iNOS activity can be neuroprotective (Sinz et al.,
1999; Kroncke et al., 2000; Ciani et al., 2002; Tang et al., 2006).
For example, Sinz et al. (1999) reported that cognitive behavioral
responses after head injury are worse in iNOS knock-out mice
than in wild-type controls. The large, long-term functional loss in
these mice is accompanied by decreased brain ascorbate levels
leading to brain oxidative stress (Bayir et al., 2005). A fourfold
decrease in hippocampal levels of iNOS is observed in aged spon-
taneously hypertensive rats that also demonstrate significantly
poorer performance in the Morris water maze compared with
age-matched control rats (Huang et al., 2006). Again, the de-
creased iNOS levels were associated with increased oxidative
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stress. Our present data on the APPSwDI/
NOS2 ~/~ mouse and our previously pub- A
lished study on the Tg2576 APP mouse on
aNOS2 knock-out background (Colton et
al., 2006) add to the increasing evidence
suggesting that NO generated by iNOS un-
der conditions of long-term injury or dis-
ease reduces functional loss and mitigates

pathological changes in brain (Akasso- f
glou, 2005; Culmsee et al., 2005; Pannu D
and Singh, 2006).

We have shown previously that NOS2
removal in the APPSw (Tg2576) mouse re-
sults in tau hyperphosphorylation and ev-
idence of neurodegeneration (Colton et
al., 2006). This original report focused pri-

marily on the critical characterization of
the tau pathology, because this was one of
the first reports on initiation of normal
mouse tau pathology in an APP transgenic
mouse. In the current study, we have not G
only replicated these findings in another
APP transgenic mouse, but we also have
now shown that genetic removal of iNOS
results in a further cognitive impairment,
loss of neurons, and, more specifically, a
dramatic loss of the NPY neurons. Also of
significance is that the current report uses
an APP transgenic mouse, which has high
microvascular ~ amyloid  deposition,
whereas our previous report used an APP
transgenic mouse model, which has pri-
marily parenchymal amyloid deposition.
In both cases, the highest density of tau
pathology was in association with the
amyloid.

In human AD brains, tau hyperphos-
phorylation and aggregation has been
linked to neuronal damage and loss and is
predicted to be a downstream effect of A
action (Igbal et al., 1994; Braak and Braak,
1998; Binder et al., 2005). It is also impor-
tant to note than in AD, it is normal human tau that becomes
pathological and, as yet, no mutations have been located in the
tau gene in AD. This is in contrast to frontotemporal dementia,
where numerous mutations in tau, producing the same tau pa-
thology as AD in the absence of amyloid, have been found (Goe-
dert, 2005). Although transgenic mouse models expressing mu-
tated human tau with amyloid have been useful to study some
interactions between amyloid and tau (Lewis et al., 2001; Oddo et
al., 2003), they are not ideal, because the tau pathology generated
by mutated human tau can occur independently of amyloid
(Lewis et al., 2000). In the APPSWDI/NOS2 ~/~ mouse, we found
hyperphosphorylation and aggregation of the native mouse tau
in regions where amyloid deposition is particularly dense. In this
bigenic mouse, the most dense regions of amyloid deposition are
the small blood vessels of the thalamus and subiculum (Fig. 3)
(Davis et al., 2004). The tau pathology appears in processes
within close proximity of these blood vessels that contribute to
the neurovascular unit. In human AD where capillary amyloid
angiopathy is particularly prevalent, it has been shown that tau
also accumulates in these areas (Oshima et al., 2006).

An important aspect of human AD that results from the other

Figure 4.
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Tau is redistributed, hyperphosphorylated, and aggregated, and there is evidence of neurodegeneration in the
APPSwDI/NOS2 ~/~ mouse. A-F, Tau staining in the APPSwDI mouse (4-C) and the APPSwDI/NOS2 ~/~ mouse (D-F). 4, D,
Tau 5 staining. B, E, AT8 staining. C, F, Thioflavin-S staining. All are 400X magnification. G-L, Neurodegenerative markers for
APPSWDI (G—I) and APPSWDI/NOS2 ~/~ mice (J~L). G, J, Fluoro-jade C staining. H, K, Cleaved caspase 3 staining. /, L, TUNEL
staining. All are 400X magnification. Scale bars, 12.5 wm.

pathologies of the disease is hippocampal and cortical neuron
loss. This is an outcome that, for the most part, has eluded scien-
tists working on AD transgenic mouse models. In fact, only one
APP transgenic mouse has been shown to have significantly de-
creased neuron number (Calhoun et al., 1998). In the mouse
model that has provided the most information to date regarding
amyloid and tau interactions, the triple transgenic mouse model
(Oddo et al., 2003), no neuron loss is observed (Morrissette and
LaFerla, 2007). We see significant neuron loss in the APPSwDI/
NOS2 /" mice as quantified by stereological neuron counting in
the hippocampus, the CA3 region, and the subiculum. Although
it is unclear why removal of the NOS2 gene in the APPSwDI
mouse results in progression from amyloid pathology to amyloid
and tau pathology and neuronal loss, a possible reason is the
differences between mouse and human iNOS expression and ni-
tric oxide production. It has been known for some time that
human macrophages in vitro produce significantly less NO when
stimulated under conditions that produce high NO levels in
mouse macrophages in vitro (Weinberg et al., 1995; Colton et al.,
1996). Also, more recently, it has been shown that microglia iso-
lated from mice expressing the human NOS2 gene have signifi-
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Figure5. Significant neuron loss is observed in the APPSWDI/NOS2 '~ mouse. A~F, NeuN
immunocytochemistry inthe APPSWDI (4, C, E) and the APPSWDI/NOS2 '~ mouse (B, D, F).A,
B, Whole hippocampus (40 X magnification). Scale bar, 120 um. €, D, CA3 region. E, F, Subic-
ulum (100X magpnification). Scale bar, 50 p.m. @, Stereological quantification of NeuN staining
in the hippocampus, CA3, and subiculum. *p << 0.05, compared with all other genotypes;
*¥p <0.01, compared with all other genotypes.

cantly lower NO production than wild-type mouse microglia af-
ter the same stimulation (Vitek et al., 2006). These data coupled
with the multiple differences that have been observed in the pro-
moter region of the human versus the mouse NOS2 gene support
the idea that NO production may be significantly different be-
tween mouse and human microglia. One hypothesis could be that
high levels of NO production in APP transgenic mice are neuro-
protective, and therefore pathology does not progress beyond
amyloid deposition. By removing iNOS, the nitric oxide balance
is now more like the human brain, and therefore amyloid depo-
sition can stimulate the other AD pathologies. Additional studies
will be required to test this hypothesis.

NPY is an important peptide neurotransmitter in interneu-
rons throughout the brain and has been implicated in learning
and memory. Injection of NPY into the brains of CD-1 mice
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Figure 6.  Significant neuropeptide Y neuron loss is observed in the APPSWDI/NOS2 ~/~
mouse. A—F, NPY immunocytochemistry in the APPSwDI (4, C, E) and the APPSWDI/NOS2 ~/~
mouse (B, D, F).A, B, Whole hippocampus (40X magnification). Scale bar, 120 m. C, D, CA3
region. E, F, Subiculum (200X magpnification). Scale bar, 25 m. G, Stereological quantifica-
tion of neuronal NPY staining in the hippocampus, CA3, and subiculum. *p << 0.05 compared
with all other genotypes; **p < 0.01, compared with all other genotypes.

improves spatial memory (Flood et al., 1987), whereas NPY Y2
receptor knock-out mice (NPY Y2 /~) demonstrate impaired
cognition (Redrobe et al., 2004). CSF NPY levels (Minthon et al.,
1990; Martignoni et al., 1992) and NPY-positive neurons in the
hippocampus are significantly reduced in AD brains (Kowall and
Beal, 1988). Furthermore, NPY has been shown to affect cerebral
blood flow causing either direct vasoconstriction or indirect NO-
mediated vasodilation (Suzuki et al., 1989) (Kobari et al., 1993).
Because the APPSWDI/NOS2 ™/~ mouse has a large vascular
component to its pathology, we examined the NPY neurons in
this mouse model in the same brain regions where total neuronal
number was reduced. Using stereological methods, we found a
more profound loss of NPY neurons than overall losses in total
neuron numbers. This would suggest that the NPY neuron pop-
ulation is particularly vulnerable in the APPSWDI/NOS2 '~
mice as is the case in human AD.

To summarize, we have progressed amyloid pathology in an
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APP transgenic mouse to further develop tau pathology and neu-
ronal loss by genetically deleting the NOS2 gene. This mouse
represents a significant advancement over commonly used
mouse models of Alzheimer’s disease, because the tau pathology
is that of normal mouse tau. Furthermore, in addition to in-
creased loss of total neurons, at least one of the well-known vul-
nerable neuron populations in AD, the NPY neurons, are de-
pleted in this mouse model. The APPSWDI/NOS2 /= mouse
now provides the means to truly test the amyloid hypothesis of
AD and also provides a potentially useful model in which to test
therapeutic interventions for the treatment of AD.
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