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Mechanisms of neuronal loss in Alzheimer’s disease
(AD) are poorly understood. Here we show that apo-
ptosis is a major form of neuronal cell death in PS/
APP mice modeling AD-like neurodegeneration. Py-
knotic neurons in adult PS/APP mice exhibited
apoptotic changes, including DNA fragmentation,
caspase-3 activation, and caspase-cleaved a-spectrin
generation, identical to developmental neuronal ap-
optosis in wild-type mice. Ultrastructural examina-
tion using immunogold cytochemistry confirmed that
activated caspase-3-positive neurons also exhibited
chromatin margination and condensation, chroma-
tin balls, and nuclear membrane fragmentation.
Numbers of apoptotic profiles in both cortex and
hippocampus of PS/APP mice compared with age-
matched controls were twofold to threefold higher at
6 months of age and eightfold higher at 21 to 26
months of age. Additional neurons undergoing dark
cell degeneration exhibited none of these apoptotic
features. Activated caspase-3 and caspase-3-cleaved
spectrin were abundant in autophagic vacuoles, accu-
mulating in dystrophic neurites of PS/APP mice sim-
ilar to AD brains. Administration of the cysteine pro-
tease inhibitor, leupeptin, promoted accumulation of
autophagic vacuoles containing activated caspase-3 in
axons of PS/APP mice and, to a lesser extent, in those
of wild-type mice, implying that this pro-apoptotic
factor is degraded by autophagy. Leupeptin-induced
autophagic impairment increased the number of ap-
optotic neurons in PS/APP mice. Our findings estab-
lish apoptosis as a mode of neuronal cell death in
aging PS/APP mice and identify the cross talk between

autophagy and apoptosis, which influences neuronal
survival in AD-related neurodegeneration. (4m J
Pathol 2008, 173:665—-681; DOI: 10.2353/ajpath.2008.071176)

Alzheimer’'s disease (AD) is associated with the wide-
spread loss of neurons, which correlates with the severity
of clinical symptoms.™~* Little is known, however, about
the molecular mechanisms that mediate neuronal cell
death in AD. Complicating this analysis are observations
that multiple proteolytic systems are activated as neurons
slowly degenerate in AD brain, including calpains,®*© the
lysosomal system (cathepsins),” and caspases.®® Apo-
ptosis, a highly regulated process of cell death, is often
proposed as a possible mode of neuronal death in AD™
based on the presence in affected neurons of frag-
mented DNA detected by the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL),"™®
activated caspases,'®72° and products of caspase-spe-
cific protein cleavage.®'2°

Apoptosis is characterized morphologically by cyto-
plasmic shrinkage, chromatin condensation, nuclear and
cellular fragmentation, and the formation of apoptotic
bodies. Typical nuclear changes include highly compact
chromatin masses with geometrically regular shapes.
Cell membrane integrity and mitochondria are primarily
unchanged morphologically in the early stage. The pe-
riod from initiation to execution of apoptosis has been
estimated to be hours or days, and apoptotic bodies are
rapidly phagocytosed by adjacent cells or macrophages.
Therefore, at a single moment in time in a chronic neuro-
degenerative disease, only a few cells that are undergo-
ing apoptosis can be detected.'®?”32 Ultrastructural
features of in vivo neuronal apoptosis in mammalian
brains have been recently described in detail by Dikra-
nian and colleagues®* including formation of condensed
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chromatin balls (CBs) and apoptotic bodies, fragmenta-
tion of nuclear membranes, disassociation of the nucle-
olus, and either intact cytoplasmic organelles or transfor-
mation of cytoplasmic contents into nondescript particulate
or membranous debris, depending on the stages in the
apoptotic process. Activation of the caspase cascade is
the most central and pathognomonic biochemical event
in apoptosis. Various stimuli trigger the death receptor,
the mitochondrial or the endoplasmic reticulum stress
pathway to activate initiator caspases such as caspase-8, -9,
or -12, which, in turn, activate effector caspases includ-
ing caspases-3, -6, and -7. Activated effector caspases
cleave various vital cellular substrates including struc-
tural proteins such as lamin, actin, and spectrin resulting
in characteristic features of apoptotic morphology.3°-3°
DNA fragmentation— cleavage of chromosomal DNA into
mono- and oligonucleosome-sized fragments—is an-
other biochemical hallmark in apoptosis®® that can be
detected biochemically by agarose gel electrophoresis®’
or morphologically by the incorporation of labeled dUTP
by the TUNEL method.*?

A possible opposing influence on apoptosis is autoph-
agy,**~*® a major lysosomal pathway for the turnover of
organelles and cytoplasmic constituents, including patho-
logical protein aggregates.*®~°° During states of nutri-
tional deprivation or trophic factor withdrawal, autophagy
delays or prevents apoptosis by turning over nonessen-
tial cell constituents to provide substrates for energy.®’
Autophagy induction in injury states eliminates damaged
organelles that could trigger cell death. Autophagy is,
therefore, commonly considered a cytoprotective re-
sponse, which can become permissive or facilitative for
apoptosis or necrosis if autophagy fails in pathological
states.**“5 In certain conditions, overactivated autophagy
can also initiate an autophagic pattern of programmed cell
death distinct from apoptosis.®2°* Autophagy is induced
but impaired in affected neurons in AD brain®>*® causing
autophagic vacuoles (AVs) to accumulate profusely in dys-
trophic neurites. The relationship of autophagy to neuronal
survival or death, however, remains unclear.

Neuron loss is limited in most mouse models of B-amy-
loidosis, although it is significant in some animal models,
particularly those expressing mutations in two AD-related
genes. In PS/APP mice®” that express mutant human pre-
senilin 1 (PS) and mutant amyloid precursor protein (APP),
B-amyloid is deposited progressively in the brain beginning
at 8 weeks of age,®® and is associated with the extensive
dystrophy of neurites containing marked accumulations of
AVs 5658 Stereological analyses have demonstrated signif-
icant hippocampal neuronal cell loss in PS/APP mice at 22
months of age,®® which have not been seen in young adult
PS/APP mice®®; however, molecular events involved in the
compromise and loss of these cells are unexplained.

Here we investigated apoptosis as a possible basis for
neuronal cell death in the PS/APP mouse using, for the
first time, concurrent morphological and biochemical cri-
teria for apoptosis validated in the well-established model
of programmed neuronal cell death that occurs in early
postnatal mouse brain development. This combined ap-
proach demonstrated unequivocal apoptosis of neurons
in the PS/APP cortex and hippocampus and provided

evidence for cross talk between apoptosis and autoph-
agy in the neurodegenerative process.

Materials and Methods

Animals

All procedures were performed following the National
Institutes of Health Guidelines for the Humane Treatment of
Animals, with approval from the Institutional Animal Care
and Use Committee at the Nathan Kline Institute. Animals of
both sexes were used in this study. The transgenic PS/APP
mice, which expressed both the Swedish double mutations
of APP (K670N/M671L) and mutant PS7 (PS1M146L), were
generated as previously described.®” An equal number of
age-matched wild-type (WT) mice were used as controls.
Additional neonatal mouse brains were obtained from nor-
mal C57BL/6J mice on postnatal day 5. All of the animals
were anesthetized with a mixture (0.01 ml/g body weight,
i.p.) of ketamine (10 mg/ml) and xylazine (1 mg/ml) and
fixed by perfusion with aldehydes.

Immunocytochemistry

PS/APP and WT mice (n = 4 for each of 6 months old or
16 months old of each genotype; n = 8 for 21 to 26
months old of each genotype) or neonatal C57BL/6J mice
(n = 5) were fixed by cardiac perfusion using 4% para-
formaldehyde in 0.1 mol/L sodium cacodylate buffer. Af-
ter perfusion fixation, the brains were immersion-fixed in
the same fixative overnight at 4°C. Forty-um-thick vi-
bratome sections were cut and processed for immuno-
cytochemistry using the following primary antibodies:
polyclonal anti-activated caspase-3 (catalog no. 9661;
Cell Signaling, Beverly, MA), rabbit antibody Ab246 (rec-
ognizing caspase-cleaved a-spectrin fragments, a kind
gift from Dr. Robert Siman, University of Pennsylvania,
Philadelphia, PA),°"®? and monoclonal anti-NeuN (cata-
log no. MAB377; Chemicon International, Temecula, CA).
After overnight incubation with primary antibodies at 4°C,
sections were washed and processed using an avidin-
biotin complex method. Signal was detected with 3,3'-
diaminobenzidine tetrahydrochloride. Sections were coun-
terstained with cresyl violet. Immunocytochemical controls
consisted of either incubating tissue in nonimmune sera or
omitting incubation in primary antisera (Supplemental Fig-
ure 1, see http://ajp.amjpathol.org).

TUNEL

TUNEL was performed as described elsewhere.® Briefly,
the sections were permeabilized with proteinase K (20
ng/ml), treated with RNAase A (100 wg/ml), and incu-
bated with an equilibration buffer. The enzymatic reaction
was performed for 1 hour at 37°C with the terminal de-
oxynucleotidyl transferase (TdT; catalog no. 3333566,
Roche, Indianapolis, IN) and BODIPY TR-14-coupled
dUTP (catalog no. C7618; Molecular Probe, Eugene,
OR). The cyanine dye YOYO-1 (catalog no. Y3601, Mo-
lecular Probe) was used as a counterstain.



Ultrastructural Analyses

For conventional electron microscopy (EM), PS/APP mice
brains (n = 4, 16 months of age) were fixed by cardiac
perfusion using 2% glutaraldehyde-4% paraformalde-
hyde in 0.1 mol/L sodium cacodylate buffer and postfixed
in 1% osmium tetroxide. After alcohol dehydration, sec-
tions were embedded and ultrathin sections prepared
and stained with uranyl acetate and lead citrate. Material
was viewed with a Philips (Eindoven, Netherlands) CM
10 EM equipped with a Hamamatsu (Shizuoka, Japan)
C4742-95 digital camera aided by AMT (Danvers, MA) Im-
age Capture Engine software (version 5.42.443a). One-um-
thick sections were stained with toluidine blue for light
microscopic examination.

A modified pre-embedding staining technique
was used for immunoelectron microscopy (IEM). PS/APP,
WT mice of 24 months of age (n = 4 for each genotype),
or neonatal C57BL/6J mice (n = 3) were perfused-fixed
with 0.1% glutaraldehyde-4% paraformaldehyde in 0.1
mol/L sodium cacodylate buffer. The brains were re-
moved and immersion-fixed for 4 hours at 4°C and sub-
sequently transferred to 4% paraformaldehyde overnight
at 4°C. Seventy-um-thick vibratome sections were cut
into phosphate-buffered saline (PBS), and treated with
the following solutions alternating with PBS washes: 50%
ethanol in PBS for 20 minutes, 0.05% Triton X-100 in PBS
for 20 minutes, freshly made 1% sodium borohydride in
PBS for 10 minutes, and 3% H,O, for 10 minutes. After
blocking the sections in 10% normal goat serum for 1
hour at room temperature, they were briefly rinsed and
incubated in the anti-activated caspase-3 antibody [cat-
alog no. 9661, Cell Signaling; diluted 1:200 in 1% bovine
serum albumin (BSA)/PBS] overnight at 4°C. After wash-
ing in PBS, the sections were incubated in a biotinylated
goat anti-rabbit secondary antibody (diluted 1:250 in 1%
BSA/PBS; Vector Laboratories, Burlingame, CA) for 1
hour, then incubated in a Vector standard ABC solution
(Vector Laboratories) for 2 hours, and reacted with
0.025% 3,3’-diaminobenzidine tetrahydrochloride in PBS
in the presence of 0.006% H,O, for 10 minutes. The
3,3’-diaminobenzidine tetrahydrochloride reaction prod-
uct was then intensified with silver-gold treatment follow-
ing the protocol from Teclemariam-Mesbah and col-
leagues.®® The sections were then postfixed in 1%
osmium tetroxide in 0.1 mol/L cacodylate buffer for 30
minutes, dehydrated in ethanol, and flat-embedded in
resin. Areas of interest containing caspase-3-positive
neuron(s) were first identified by light microscopy and
ultrathin sections were placed on grids and not post-
stained. Note that optimization of immunolabeling by this
technique requires fixation with very a low percentage of
glutaraldehyde and treatment with Triton X-100, which
results in suboptimal structural preservation.

Postembedding IEM with gold-conjugated secondary
antibody was used to detect activated caspase-3 immu-
noreactivity in dystrophic neurites because this method
allowed us to use conventional EM tissues (see above)
fixed with high concentration of glutaraldehyde (ie, 2% in
this study), which best preserves membrane structures.
Ultrathin sections were placed on nickel grids, air-dried,
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and etched briefly with 1% sodium metaperiodate in PBS
followed by washing in filtered double-distilled water and
incubated with 1% BSA for 2 hours. Sections then were
incubated overnight in the anti-activated caspase-3 anti-
body (1:50) in a humidified chamber overnight at 4°C,
washed in PBS, and incubated in a secondary antibody
conjugated with 15-nm gold particles (Amersham, Buck-
inghamshire, UK) for 2 hours at room temperature. Grids
were washed and briefly stained with uranyl acetate and
lead citrate before examination. Immunocytochemical
controls consisted of either incubating tissue in nonim-
mune sera or omitting incubation in primary antisera
(Supplemental Figure 1, see http.//ajp.amjpathol.org).

Acid Phosphatase Histochemistry

Enzyme histochemistry for acid phosphatase was per-
formed using a lead capture technique with cytidine 5'-
monophosphate as the substrate as previously de-
scribed.®” Sections were postfixed in 1% osmium tetroxide
and processed for EM embedding.

Intracerebroventricular Infusion of Leupeptin

Leupeptin (10 mg/ml in HEPES) or HEPES was infused
into the lateral ventricle of 6-month-old PS/APP or WT
mice (n = 6 for each treatment of each genotype) for a
period of 2 weeks using an Alzet osmotic pump brain
infusion kit (Alza, Mountain View, CA) with model 2004
miniosmotic pumps (0.25 ul/hour delivery rate). Alzet
pumps were loaded with leupeptin or HEPES and con-
nected to the brain infusion assembly with polyethylene
tubing and incubated in sterile saline at 37°C for 48 hours
before implant. Mice were anesthetized with pentobarbi-
tal (40 to 50 mg/kg i.p.) and placed in a stereotaxic
apparatus with a mouse adapter (David Kopf Instru-
ments, Tujunga, CA). The scalp was shaved and a mid-
line incision made starting slightly behind the eyes, ex-
posing the skull area. Through this opening, a hemostat
was used to open a pocket on the back of the mouse to
house the pump. The pump was inserted and its tubing
length cut to fit the cannula, while still allowing free move-
ment. The coordinates for the cannula placement in the
lateral ventricle were AP —0.22 mm to bregma, ML 1.0
mm to bregma, and DV 2.5 mm to cranium. Cannula
length was adjusted with spacers, or cannulas were
made to order from Plastic Products Co. (Lindstrom, MN),
thereby minimizing assembly protrusion. A hole was drilled
in the skull, the cannula was glued to the cleaned and
scraped skull with Loctite 454 (Henkel Technologies, Irvine,
CA), and the incision closed over the assembly.

Immunoblotting

Samples for cleaved caspase-3 Western blotting were
prepared by homogenizing brains from leupeptin- or
HEPES-infused mice in a tissue-homogenizing buffer
(250 mmol/L sucrose, 20 mmol/L Tris, pH 7.4, 1 mmol/L
EDTA, 1 mmol/L EGTA) containing protease inhibitors.
The samples were diluted with 2X sample buffer and
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heated for 10 minutes at 95°C, then vortexed for ~15
seconds to shear DNA. Forty ug of each sample were
loaded into a 16% Tris-glycine gel (catalog no.
EC6498BOX; Invitrogen, Carlsbad, CA), and then the
gels were transferred to 0.2-um nitrocellulose mem-
branes. The blots were blocked for 1 hour in 5% nonfat
milk in Tris-buffered saline (TBS), rinsed in TBST (TBS +
0.1% Tween-20), then incubated with a polyclonal anti-
body for cleaved caspase-3 (catalog no. AF835; R&D
Systems, Minneapolis, MN) diluted 1:250 in TBS with 1%
BSA and 0.1% Tween-20 overnight at 4°C. The mem-
brane was washed three times in TBST then incubated in
the donkey anti-rabbit horseradish peroxidase-conju-
gated secondary antibody (catalog no. 711-035-152;
Jackson ImmunoResearch Laboratories, West Grove,
PA), diluted 1:7500 in TBS with 1% BSA and 0.1% Tween-
20, for 1 hour at room temperature. The membrane was
again washed and then incubated in a Western Lightning
chemiluminescence reagent (catalog no. NEL100; Perkin
Elmer, Emeryville, CA) for 1 minute and exposed to film.

Results

Neuronal Apoptosis in Neonatal Mouse Brains

We used multiple approaches to study the mode(s) of
neurodegeneration that exists in the brains of adult PS/
APP mice. To demonstrate the validity of the various
methods used here for detecting neuronal apoptosis, we
first applied them to brains of neonatal (P5) WT mice, as
positive controls, where programmed neuronal death by
apoptosis is well established.®®~7° We identified numer-
ous TUNEL-positive neurons in sections of the cerebral
cortex (Figure 1A) and cerebellum (not shown) from the
neonatal brains. On the same sections, the compact
nuclei identified by TUNEL, also stained with the DNA-
binding cyanine dye YOYO-1 (Figure 1B) and showed the
condensed nuclear chromatin pattern associated with
apoptosis in these cells. Additional histological evidence
of nuclear condensation in the neonatal brain tissue was
seen using Nissl stain (Figure 1A, inset). Immunocyto-
chemical analysis using the neuronal marker, NeuN, con-
firmed the TUNEL-YOYO staining in these animals and
revealed many atrophic neuronal profiles in neonatal
mouse brains at P5 (not shown).

We next probed for the activation of caspases in de-
generating neurons, a biochemical change associated
with apoptotic cell death, using immunocytochemistry
and antibodies recognizing the activated form of
caspase-3 or a caspase-specific cleavage product of
a-spectrin. Antibodies to activated caspase-3 immunola-
beled a small number of scattered, distinct neurons in the
cerebral cortex (Figure 1C) and other brain regions in-
cluding cerebellum, hippocampus, striatum, and thala-
mus (not shown) and activated caspase-3 immunoreac-
tivity was concentrated both in perikaryon and processes
of degenerating neurons, similar to that seen in previous
studies.”” The morphology of caspase-3-positive neu-
rons ranged from normal appearing neurons with elabo-
rate neuritic arbors to small, shrunken cell bodies with

apparently fragmented processes, clearly indicating on-
going degeneration. The morphologies of activated
caspase-labeled cell bodies/nuclei included other typical
apoptotic features such as marginalized chromatin, frag-
mented nuclei and apoptotic bodies (eg, Figure 1C, in-
set). Ab246, which detects caspase-cleaved a-spectrin
fragments, revealed similar apoptotic features in degen-
erating neurons in the neonatal brain including small,
condensed cell bodies, apoptotic bodies, and frag-
mented neuronal processes (Figure 1D).

To establish ultrastructural criteria for in vivo neuronal
apoptosis to be applied to our later EM study in the
PS/APP brains, we performed conventional EM analyses
on neonatal mouse brains. These analyses revealed neu-
rons with typical apoptotic features (Figure 2, A-D)
strongly resembling those described for developmentally-
regulated apoptosis in infant rat brains or induced apo-
ptosis by head trauma or by drug treatments in rat and
mouse brains.®* The most striking apoptotic changes
involved nuclei, including the formation of one or more
CBs with different sizes and densities (Figure 2, A-C) and
migration of chromatin to the periphery or one pole of the
nucleus (Figure 2D). Nucleolar disassociation was also
detectable (Figure 2B, arrow). Nuclear membrane was
either visible (Figure 2A), fragmented, or undetectable
(Figure 2, B and C) depending on the stage of the apo-
ptotic degeneration. Detected cytoplasmic features were
variable, ranging from intact organelles (Figure 2, A and
C) to nondescript particulate or membranous debris with
only a small number of visible organelles (Figure 2B),
depending on the stage of apoptosis and was influenced
by the plane of section of the cells as described previ-
ously.®* CBs surrounded by a small amount of con-
densed cytoplasmic components (Figure 2C) may repre-
sent apoptotic bodies once they were pinched off from
the cell.

We next performed pre-embedding immunogold cyto-
chemistry on sections of neonatal brains with an antibody
directed against activated caspase-3 to verify whether or
not caspase-3-positive neurons undergo similar apopto-
tic changes to those detected by conventional EM, par-
ticularly alterations in nuclear morphology. As shown in
Figure 2, E and F, activated caspase-3-positive neurons,
whose perikarya were usually smaller or shrunken, con-
tained silver-gold labeling particles throughout the cyto-
plasm and within the nucleus, but the neighboring normal
neurons were unlabeled, underscoring the specificity of
immunogold labeling for caspase-3-positive nuclei in ap-
optotic neurons. The caspase-3-positive neurons exhib-
ited typical patterns of apoptotic nuclear change includ-
ing margination of chromatin (Figure 2, E1 and E2) and
formation of compacted CBs (Figure 2, E2, F1, and F2).
The cell depicted in Figure 2F2 is the one in Figure 2F1
but on a separate ultrathin section and stained with uranyl
acetate. The black appearance of the CBs in Figure 2F2
indicated that the gray appearance of CBs and margin-
ated chromatin in Figure 2, E2 and F1, as a result of the
omission of poststaining with either uranyl acetate or lead
citrate, did represent condensed chromatin masses. The
nuclear membrane was either visible (Figure 2E2) or
undetectable (Figure 2, F1 and F2). The cytoplasm con-
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Figure 1. Apoptosis in the neonatal mouse brain. Sections of the cerebral cortex from neonatal brains stained by the TUNEL method (A) and by conventional
microscopy with cresyl violet (A, inset, black arrowheads) reveals the presence of apoptotic nuclei (white arrowheads). The same sections counterstained
with the DNA-binding dye YOYO-1 (B) show nuclear chromatin condensation (white arrowheads)—a structural change consistent with apoptosis. Increased

caspase activity, a biochemical event associated with apoptosis, was detected using antibodies to activated caspase-3 (C) or Ab246, which detects cas

ase-cleaved

a-spectrin fragments (D), which intensely stained populations of apoptotic neurons and small intraneuronal spheroids that may represent the formation of
apoptotic bodies (C, inset). Inset in D denotes that Ab246 immunostaining is predominantly within cytoplasm. However, because of the strong staining nature
and the thickness of the sections (ie, 40 um) it is difficult to determine whether the nucleus (in a dumbbell shape because of apoptotic nuclear changes) is also

immunostained. Scale bars = 20 um.

tained relatively intact cytoplasmic organelles (Figure
2E2), or particulate or membranous debris (Figure 2F1),
unlike neurons that undergo necrotic cell death in which
cytoplasmic organelles are usually lysed. The affected
cells did not display large accumulations of AVs typical
in autophagic cell death. These results, similar to those
revealed by conventional EM (Figure 2, A-D), con-
firmed that activated caspase-3 immunostaining does
signify ongoing apoptotic ultrastructural changes
rather than merely reflecting caspase activation. More-
over, the results show that pre-embedding IEM with
anti-caspase-3 antibody can be a useful tool for de-
tecting neurons undergoing apoptosis that are techni-
cally very difficult to be detected by conventional EM

analysis because of their rare occurrence in the PS/
APP brain (see below).

Detection of Apoptotic Neurons in PS/APP Brains

Using the same techniques, we examined the brains of WT
and PS/APP mice at 6, 16, and 21 to 26 months of age.
TUNEL revealed the presence of isolated positive, small,
compact cell bodies/nuclei in the brains of the older PS/APP
mice (Figure 3A1). The nuclei of these same cells were also
stained with the DNA-binding cyanine dye YOYO-1 (Figure
3A2). Immunocytochemistry with anti-activated caspase-3
(Figure 3, B1 and B2) or Ab246 (Figure 3, C1 and C2)
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Figure 2. Apoptosis in the neonatal mouse brain: ultrastructural features. A-D: Electron micrographs from conventional EM analysis depicting typical neuronal
apoptotic features. A: A neuron in an early apoptotic stage containing condensed small CBs in the nucleus. The nuclear membrane is intact and cytoplasmic
organelles such as mitochondria (arrowheads) are relatively normal. Ncl, nucleolus. B: Depiction of later stage apoptotic changes in a neuron surrounded by
a glial cell (G). Two CBs are highly packed and electron-dense, and the nucleolus (arrow) is undergoing separation of its elements. The nuclear membrane is
not visible at this stage. The cytoplasm, intermixed with nucleoplasm, is undergoing transformation of its contents into nondescript particulate or membranous
debris. C: Another late-stage apoptotic neuron containing three CBs, each surrounded by a small amount of condensed cytoplasmic components. D: On the left
of the image, a neuron in the mid to late stage of apoptotic degeneration exhibits migration of chromatin to one pole of the nucleus; a normal neuronal nucleus
(asterisk) is shown on the right. E-F: Electron micrographs from pre-embedding IEM depicting silver/gold-enhanced ultrastructural analyses of the same
apoptotic neurons visualized by light microscopy after immunostaining with the anti-activated caspase-3 antibody (insets in E1 and F1). To enable better signal
(ie, 3,3'-diaminobenzidine tetrahydrochloride product/silver-gold particles representing the immunostaining) to background ratio, ultrathin sections were usually
unstained with either uranyl acetate or lead citrate as in E and F1. The apoptotic neurons display strong caspase-3 immunoreactivity as indicated by silver-gold
particles (E2 and F1) (compare with the unlabeled neighboring normal neurons; asterisks in E1, E2, and F1). E2 is a higher magnification photomicrograph of
E1, depicting an immunolabeled neuron (left) in the early apoptotic stage exhibiting two small CBs and marginated chromatin in the nuclear periphery
(arrowheads), visible nuclear membrane, and relatively unaltered cytoplasmic organelles (white arrowheads). F2, taken from a uranyl acetate-stained ultrathin
section, shows the same apoptotic neuron as the one in F1 (top in both images) to denote that the CB is highly electron-dense and condensed, similar to CBs
revealed by conventional EM (A—C). Nuclear membrane of the apoptotic neuron in F1 and F2 has become fragmented and undetectable, in contrast to the intact
nuclear membrane (arrowheads in F1) in the neighboring normal neuron (asterisk). Although some cytoplasmic organelles remain in the apoptotic neuron in
F1 (left side of the cell), the majority of the cytoplasm contained particulate or membranous debris. Note that empty space seen between apoptotic neurons and
their neighboring cells is usually because of shrinkage of the apoptotic cells—one of the apoptotic features. Scale bars = 1 pm.



detected isolated immunoreactive neurons similar to those
seen by TUNEL-YOYO scattered throughout the brains of
PS/APP mice. The majority of caspase-3-immunoreactive
neurons were grossly shrunken or fragmented without rec-
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ognizable processes (Figure 3, B1 and B2), but some ap-
parently intact cells were also observed (Figure 3, B1 and
B2, insets). Similar to the patterns found in neonatal brains,
in the brains of PS/APP mice, Ab246 immunoreactivity was
predominantly found in condensed cell bodies (Figure 3CH1,
inset) or fragmented profiles that may represent apoptotic
bodies (Figure 3, C1 and C2), without detectable immuno-
labeled processes. Double-label immunofluorescence with
antibodies to activated caspase-3 and NeuN (Figure 3D)
revealed that 89% of caspase-3-stained cells were also
NeuN-positive, indicating the majority of caspase-3-positive
cells detected were neurons. Morphometric analysis of the
numbers of apoptotic neurons in the cortex and the hip-
pocampus detected by TUNEL (not shown), activated
caspase-3 antibody (Figure 3E), or Ab246 (not shown) in
brain sections from PS/APP mice ranging in age from 6 to
26 months showed that apoptotic profiles were twofold
higher in the 6- and 16-month groups and eightfold greater
in the 21- to 26-month group compared to age-matched
control mice (Figure 3E).

Neurons positive for a number of activated caspases
have previously been detected in the AD brain, however,
apoptosis has not been unequivocally established as a
mechanism for neuronal cell death in AD attributable in
part to the lack of evidence linking caspase activation
with typical apoptotic ultrastructural morphology. We,
therefore, performed additional analyses at the ultrastruc-
tural level to demonstrate both caspase activation and
typical apoptotic morphology concurrently in brain sec-
tions from PS/APP mice.

Given that the number of caspase-3-positive apoptotic
cells in each vibratome section is small as shown in
Figure 3E, the estimated ratio of the total volume for all
caspase-3-stained cells in the 21- to 26-month-old group
to the total volume of cortex and hippocampus in each
section is ~1in 33,000, which makes detecting apoptotic
neurons by conventional EM unfeasible. Therefore, we
performed ultrastructural analyses of brain sections from
24-month-old PS/APP mice using a pre-embedding im-
munogold technique. We used the anti-caspase-3 anti-
body that was validated in neonatal brains (Figure 2) to

Figure 3. Detection of apoptotic neurons in the PS/APP brain. In brain
sections from 16-month-old PS/APP mice, TUNEL-positive cells like the one
represented in Al (arrowhead) are also visible by YOYO-1 (A2, arrow-
head). Activated caspase-3 (B) and Ab2467positive cells (C, arrowheads)
could be seen in the cortex (B1, B1 inset, C1, and C1 inset) and hippocam-
pus (B2, B2 inset, and C2). The small round immunostained profiles in B2,
C1, and C2 may represent apoptotic bodies rather than whole cells. Inset in
C1 denotes that Ab246-immunostaining is predominantly within cytoplasm.
However, because of the strong staining nature and the thickness of the
sections (ie, 40 um) it is difficult to determine whether or not the nucleus (the
lighter area in the upper part of the cell) is also immunostained. Double-label
immunofluorescence with anti-activated caspase-3 (D1) and anti-NeuN (D2)
detects cells positive for both NeuN and caspase-3 (arrowheads). In E,
morphometric analysis of activated caspase-3-positive apoptotic cells in the
cortex and hippocampus of both WT and PS/APP (7 = 4 each genotype for
the 6- and 16-month-old groups, five sections each mouse; n = 8 each
genotype for the 21- to 26-month-old group, two to five sections each
mouse) was performed from sagittal brain sections obtained, with equal
spacing, from the region between lateral 0.48 mm and lateral 2.16 mm of
Paxinos and Franklin, 2001,'°% ie, the region between the two straight vertical
lines shown in the inset. The average number of positive cells per section
obtained for each animal was then used to calculate the mean % SEM for
each group. Data were analyzed by unpaired Student’s t-test. *P < 0.05, **P <
0.0001. Scale bars: 20 um (A—C, the bar in B1 is also for C1); 10 um (C1
inset); 50 um (D).
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detect apoptotic morphologies at the ultrastructural level,
which we found to be similar to those revealed by con-
ventional EM. Thus, in addition to silver-gold immunola-
beling throughout the cytoplasm and within the nucleus,
caspase-3-positive neurons in the PS/APP brain exhib-
ited ultrastructural features of apoptosis similar to those
found in the neonatal brains: chromatin condensation,
formation of highly compacted CBs (Figure 4, A and B;
Supplemental Figure 2, see http://ajp.amjpathol.org), nu-
clear membrane fragmentation (Figure 4A2; Supplemen-

tal Figure 2, see http.//ajp.amjpathol.org), and distortion of
nuclei (Figure 4B). In addition, depending on the stage in
the apoptotic degeneration, the cytoplasm in the apopto-
tic cells contained relatively intact cytoplasmic organelles
(Figure 4A2) or particulate or membranous debris (Figure
4B).

Additional Caspase-3-Independent Neuronal
Degeneration in PS/APP Brains

Occasional neurons in brain sections of older PS/APP
mice stained with anti-NeuN antibody (not shown) or
toluidine blue (Figure 5A) displayed abnormal morpho-
logical changes such as cell shrinkage, condensed nu-
clei and cytoplasmic organelles, and evidence of plas-
malemmal blebbing. These features and the appearance
of corkscrew-like dendrites in some neurons corre-
sponded to the so-called “dark neurons” previously de-
scribed.”?"* At the EM level, dark neurons in PS/APP
brains displayed electron-dense nucleus and cytoplasm
(Figure 5, B-D), distorted nuclei (Figure 5B), dilated Golgi
apparatus, mitochondria and endoplasmic reticulum
(Figure 5, B and D2; white arrowheads), and accumula-
tion of lysosomal compartments such as lipofuscin, which
were reactive when stained for enzyme cytochemical
evidence of lysosomal acid hydrolase activity (Figure 5C,
white arrows). Although the nuclei appeared to be abnor-
mal, ie, distorted and the whole nucleus evenly con-
densed, dark neurons usually did not display CBs. On
sections processed with anti-activated caspase-3 anti-
body, few, if any, silver-gold particles were detected in
dark neurons (Figure 5, D1 and D2) indicating that
caspase-3 is not activated in the dark neurons.

Protein Markers of Apoptosis Are Present in
Dystrophic Neurites in PS/APP Brains

In addition to caspase-3-positive perikarya, immunocyto-
chemical analyses using activated caspase-3 (Figure 6,
D and E) or Ab246 (Figure 6F) antibodies in brain sec-
tions from 21- to 26-month-old PS/APP revealed intense

Figure 4. Ultrastructural analysis of activated caspase-3-positive neurons in
the PS/APP brain. Brain sections of PS/APP and WT mice were processed for
pre-embedding IEM using anti-activated caspase-3 antibody. A and B: Elec-
tron micrographs from PS/APP brains are shown. Insets in A1 and B are light
microscopic photomicrographs from resin-embedded sections showing
caspase-3-positive neurons that were used to generate the ultrathin sections
shown in A1 and B. Ultrathin sections were not poststained with either uranyl
acetate or lead citrate as explained in Figure 2. The apoptotic neurons display
strong caspase-3 immunoreactivity as indicated by silver-gold labeling par-
ticles throughout the cytoplasm and within the nucleus (A2 and B), but the
neighboring normal neurons (asterisks in Al and B) are unlabeled. Al: A
caspase-3-positive apoptotic neuron (center) contains two large-sized, highly
compacted CBs (compare to the chromatin nature in the nuclei of neighbor-
ing neurons). A2 is a higher magnification view of the boxed area in Al in
which cytoplasmic organelles (as those in the top left of the cell) are still
recognizable but discontinuous ends (white arrowheads) of the nuclear
membrane are visible indicating ongoing nuclear membrane fragmentation.
B: A caspase-3-positive apoptotic neuron (right) possesses a distorted nu-
cleus containing two small CBs with different densities (each demarked by
four arrowheads). Note that these nuclear features are completely different
from what is seen in the neighboring normal neuron (left). The cytoplasmic
organelles in the apoptotic neuron are undergoing transformation into par-
ticulate or membranous debris. Scale bars: 2 um (A1, B); 500 nm (A2).
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Figure 5. Dark degenerating neurons in the PS/APP brain. A: Toluidine blue-stained 1-um-thick sections from 16-month-old PS/APP brains show intensely
stained, shrunken neurons with various morphologies consistent with so-called dark neurons (black arrowheads). These degenerating cells were found
throughout the cortical laminae and frequently were seen close to amyloid plaques (A3—AS5, asterisks; the main portion of the plaque is not shown). Electron
micrographs depict dark neurons from older PS/APP brains after conventional EM processing (B), pre-embedding histochemical staining for acid phosphatase (C),
or pre-embedding IEM using anti-activated caspase-3 antibody (D1). The neuron depicted in D1 was found on the same ultrathin section as the caspase-3-positive
neuron shown in Figure 4A1. In the magnified boxed area of D1 (D2), few, if any, silver-gold particles are evident within the cell (compare with magnified images
in Figure 3). Scale bars: 10 um (A1-A5); 2 um (B, C, D1); 500 nm (D2). See text for description of white arrowheads in B and D2, and for description of white
arrows in C.
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Figure 6. Protein markers of apoptosis are present in the dystrophic neurites in the PS/APP brain. Plaques (arrowheads) in the cortex (A) or hippocampus (B
and ©) of 6-month-old PS/APP brains show weak immunoreactivity for activated caspase-3 (A and B) or Ab246 (C). In brain sections from older 21- to 26-month
PS/APP mice, amyloid plaques in the same brain regions are intensely immunoreactive with antibodies to activated caspase-3 antibody (D and E) or Ab246 (F),
where labeling is stronger within degenerating neurites. Higher magnification photomicrographs of immunolabeled plaques (inset in E) reveals a punctate
staining within a caspase-3-positive neuritic profile. Ultrastructural examination (G and H) shows that many dystrophic neurites are associated with the plaque
corona (asterisk indicating the plaque core). At higher magnification (H), these neurites are filled predominantly with AVs (non-AV structures such as dense
bodies, lysosomes, and synaptic vesicles are demarked with arrowheads). The AVs display caspase-3 immunoreactivity detected by postembedding immunogold
labeling shown in I1 and I2. Scale bars: 40 um (A, B); 60 um (C); 20 pm (D-F); 10 um (G); 500 nm (H); 200 nm (D).



immunoreactivity for activated caspase-3 and caspase-
cleaved spectrin in the neuritic compartments of numer-
ous neuritic plaques of PS/APP mouse brains. In contrast,
plagues in the brains of younger, 6-month-old PS/APP
mice exhibited weak immunoreactivity to activated
caspase-3 (Figure 6, A and B) or Ab246 (Figure 6C).
Immunopositive regions in close proximity to the confines
of the plaque and in the plaque corona were identified by
ultrastructural examination as dystrophic neurites (Figure
6G). We found that the normal cytoplasmic content of
these neurites was almost completely replaced by vesic-
ular organelles (Figure 6H). In addition to small numbers
of dense bodies, lysosomes, and synaptic vesicles, most
of these organelles were AVs, based on their morpholo-
gies as previously described in this mouse model®® and
in the brains of AD patients.>® Postembedding immuno-
gold labeling with anti-activated caspase-3 antibody con-
firmed the localization of activated caspase-3 in dystro-
phic neurites and within the neurites, gold particles
reflecting activated caspase-3 immunoreactivity (Figure
6, 11 and 12) were exclusively located in AVs.

Activated Caspase-3 Immunoreactivity
Accumulates in AVs of Dystrophic Neurites
when Autophagic Proteolysis Is Impeded

The very striking localization of activated caspase-3
within AVs of dystrophic neurites, coupled with previous
evidence that autophagic vacuole clearance is impaired
in PS/APP mice and AD brain,®*°® raised the possibility
that autophagy is a pathway for eliminating apoptosis-
inducing molecules such as caspases that might accu-
mulate if autophagic digestion is impaired. To test this
hypothesis, we infused leupeptin (10 mg/ml), an inhibitor
of cysteine proteases, into the ventricles of WT or PS/APP
brains for 2 weeks to impede proteolysis by the lysosomal
cathepsin B, H, L, and S.”®7% Leupeptin infusion in
6-month-old PS/APP brains induced increased caspase-3 im-
munolabeling in amyloid plagues, and strong immuno-
staining in hippocampal mossy fibers, ie, axons from the
granule cells of the dentate gyrus, especially those lo-
cated in the stratum lucidum of the hippocampal CA3
sector (Figure 7, B and C) compared to the PS/APP mice
receiving HEPES vehicle (Figure 7A). Caspase-3 immu-
noreactivity also appeared in the same CA3 region of WT
mice infused with leupeptin (not shown) but was consis-
tently weaker than the staining observed in leupeptin-
infused PS/APP. At the ultrastructural level, enlarged dys-
trophic neurites containing large numbers of AVs were
detected in the stratum lucidum of the hippocampal CA3
sector in leupeptin-infused PS/APP (Figure 7D) or WT (not
shown) mice. Within dystrophic neurites, activated
caspase-3 immunoreactivity detected by immunogold
EM was confined to AVs (Figure 7E). In addition to the
hippocampal region, leupeptin infusion in 6-month-old
PS/APP also induced caspase-3 immunoreactivity in
many profiles in other brain regions including cortex,
striatum, thalamus, and brainstem (Supplemental Figure
3, see http.//ajp.amjpathol.org)—the number of caspase-
3-positive neurons after leupeptin treatment was much
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larger compared to that in untreated PS/APP, which was
usually less than five at this age as quantified in Figure
3E. Immunoblotting of brain homogenates (Figure 7F)
using an anti-caspase antibody (catalog no. AF835, R&D
Systems), which predominantly detects the 17-kDa frag-
ment of activated caspase-3, revealed a higher level of
the caspase-3 fragment in leupeptin-infused PS/APP
brain sample than that from HEPES-infused PS/APP
brain. Similarly, leupeptin-infusion into the WT brain in-
creased the level of the caspase-3 fragment compared to
that from HEPES-infused WT brain sample.

Leupeptin Treatment Accelerates Apoptosis

The accumulation of activated caspase-3 in AVs within
neuronal processes after leupeptin infusion (Figure 7;
Supplemental Figure 3, see http.//ajp.amjpathol.org) im-
plied decreased caspase-3 clearance because of inhibi-
tion of autophagic-lysosomal function by leupeptin, which
might cause increased apoptosis. This notion was sup-
ported by the observation of many caspase-3-positive
profiles including neurons in various regions of leupeptin-
infused brains (Supplemental Figure 3, see http.//ajp.
amjpathol.org). To further examine the extent of cell death
induced by leupeptin, we performed TUNEL on leupep-
tin-infused brain sections compared with HEPES-infused
sections (Figure 8). Many TUNEL-positive profiles were
observed in leupeptin-treated PS/APP brain sections
(>100 profiles per section). By contrast, only a very small
number of TUNEL stained profiles (two to seven per
section) was detected in HEPES-infused PS/APP brain
sections. Almost all TUNEL-positive profiles were also
stained by the DNA-binding dye YOYO-1 (Figure 8). The
nature of condensation and fragmentation of TUNEL-
positive nuclei, determined with the facilitation from the
YOYO-1 counterstaining, suggested that the TUNEL-pos-
itive cells were undergoing apoptosis.

Discussion

Apoptosis Is a Mode of Neuronal Cell Death in
Aging PS/APP Mice

In the relatively few investigations of neuronal cell
death mechanisms in AD mouse models, apoptosis
has been proposed as one mode of cell death in trans-
genic mice expressing an AB minigene,”” PS1 muta-
tions,”® or APP with the Swedish double mutations.”®
The results of these studies were based primarily on
TUNEL assay, which demonstrates DNA strand breaks,
in affected neuronal populations. Because DNA dam-
age occurs in apoptosis and necrotic types of cell
death, however, TUNEL assay alone cannot definitively
establish an apoptotic mechanism of cell death 33898
Rarely have multiple criteria been applied concurrently
to brain tissues to establish modes of cell death
unequivocally.

In our study, we used multiple approaches to show that
neurodegeneration in the PS/APP mouse model of AD is
associated with a series of typical morphological and
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Figure 7. Activated caspase-3 immunoreactivity is prominent in AVs of dystrophic neurites after impeding lysosomal proteolysis 7 vivo. Immunocytochemical
analysis reveals strong immunostaining for activated caspase-3 in neuronal processes in the hippocampus in leupeptin-infused 6-month-old PS/APP (B) mice. The
stained neuronal processes span from the hilus of the dentate gyrus (top left; see Figure S3 for higher magnification view) to the stratum lucidum of the CA3 region
(bottom), indicating that these processes are the hippocampal mossy fibers. Moderate or strong immunostaining is also observed in amyloid plaques
(arrowheads). In contrast, HEPES-infused PS/APP mice (A) show no immunoreactivity in the same region except weak staining in amyloid plaques
(arrowheads). Higher magnification photomicrographs of the stratum lucidum (C) demonstrates the distribution of caspase-3 immunolabeling to small, punctate
profiles. EM analysis (D) of the section from the leupeptin-infused PS/APP mouse brain shown in B reveals dystrophic neurites (arrowheads) in the stratum
lucidum. Postembedding immunogold labeling with the anti-activated caspase-3 antibody (E) shows the presence of caspase-3 (arrows) within the AVs in these
dystrophic neurites. F: Immunoblotting of brain homogenates using an anti-caspase antibody predominantly detecting the 17-kDa fragment of activated caspase-3.
Lane 1: HEPES-infused WT brain; lane 2: leupeptin-infused WT brain; lane 3: HEPES-infused PS/APP brain; lane 4: leupeptin-infused PS/APP brain. Scale bars:
60 um (A, B); 20 um (C); 10 um (D); 500 nm (E).
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Figure 8. Leupeptin infusion induces apoptosis. Brain sections from HEPES-infused PS/APP (top) or leupeptin-infused PS/APP (bottom) were processed with
TUNEL/YOYO-1 labeling. TUNEL-positive profiles (arrowheads), which are also stained with YOYO-1, are increased in leupeptin-infused brains compared to
HEPES-infused brains. Insets in the bottom panels are higher magnification views showing condensation and fragmentation of TUNEL-positive nuclei. Scale
bar = 2 um (inside the inset at the bottom left).

biochemical features characteristic of apoptosis such as
cell shrinkage, caspase activation, nuclear changes, and
DNA fragmentation. Using TUNEL in combination with the
cyanine nucleic acid dye, YOYO-1, to visualize chromatin
condensation, and immunocytochemistry for activated
caspase-3 and caspase-cleaved a-spectrin, we identi-
fied at the light microscopic level small numbers of neu-
rons undergoing apoptosis in affected regions of the
PS/APP brain. These findings were verified using EM
analysis. At the EM level, the same caspase-3-positive
cells demonstrated nuclear chromatin condensation,
clumping, and formation of CBs, together with nuclear
membrane fragmentation. The use of pre-embedding
IEM with anti-activated caspase-3 antibody therefore un-
equivocally linked proximal caspase activation to distal
apoptotic nuclear morphology. These features of apopto-
sis closely resembled those that we observed in devel-
opmental neuronal cell death, a well-established model
of apoptosis. To our knowledge, these results provide the
first demonstration of IEM-verified apoptosis in this
mouse model (ie, the PS/APP) of AD-related B-amyloid-
osis. Previous studies®® of the PS/APP mice®” described
neurodegeneration and dark atrophic neurons, similar to
our evidence for a second type of neurodegeneration
also occurring in PS/APP mice (see below), but mode(s)

TUNEL
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of cell death had not been characterized by specific
markers in the earlier study.

Muttiple Distinct Modes of Neurodegeneration in
the PS/APP Brain

Although some neurons in PS/APP mice unequivocally
undergo apoptosis, other neurons appear to degenerate
by a different mechanism. In confirmation of previous
studies of PS1 and PS/APP mice,*®”® we observed neu-
rodegeneration of the dark cell type, a poorly understood
degenerative state. Dark degenerating neurons, or dark
neurons, have been detected in various pathological
conditions including ischemia, epilepsy,”® and chronic
neurodegenerative states, such as Huntington’s disease
and models of this disease.”*®283 Qur data provide clear
evidence that caspase-3 is minimally activated in neu-
rons undergoing dark cell degeneration; however, it re-
mains to be investigated whether or not dark cell degen-
eration leads to neuron loss and whether it represents a
distinct type of neuronal cell death, a stage of apoptosis
preceding the activation of caspase-3, or a form of apo-
ptosis involving a different set of caspases.
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The existence of at least two modes of neurodegen-
eration in the same mouse model underscores the com-
plexity of cell death patterns in chronic neurodegenera-
tive disease. Cross talk is extensive between different cell
death pathways,**584=8¢ which include multiple types
of caspase-dependent and caspase-independent pro-
grammed cell death,®”®® as well as necrosis involving
calpains and lysosomal cathepsins in AD brain and AD
mouse models.>” 4589 To determine the existence of
other modes of neurodegeneration and to elucidate the
cross talk between different cell death pathways in the
brains of PS/APP mice will require further studies.

Autophagy—Apoptosis Cross Talk in the
PS/APP Brain

Autophagy plays roles in both cell survival and cell death,
and its involvement in aging or neurodegenerative dis-
eases such as Alzheimer’s, Parkinson’s, and Hunting-
ton’s Diseases has recently gained attention.”® In the
brains of AD patients and AD-related APP or PS/APP
mouse models, it is evident that AVs accumulate within
enormously swollen dystrophic neurites,®%:°¢:°091 which
may reflect autophagy induction, but more significantly,
imply impairment of the autophagy machinery in these
pathological conditions.®® A striking finding in our study
was the accumulation of activated caspase-3 in AVs within
dystrophic neurites associated with amyloid plaques of old
PS/APP mice. These observations and the localization of
immunoreactivity to caspase-cleaved a-spectrin with acti-
vated caspase-3 in the plaques supports the idea that
caspase-3 activation is unlikely to be occurring simply dur-
ing the autophagic turnover of caspase but occurs, instead,
before its autophagic sequestration. The moderate accu-
mulation of caspase-3 in AVs of hippocampal neuronal
processes in WT mice treated with leupeptin suggests that
a low level of activated caspase-3 turnover by autophagy
may be a normal process, although it is possible also that
toxic effects of leupeptin induce this caspase-3 activation.
The greater accumulation of activated caspase-3 in PS/APP
mice and larger effect of leupeptin in promoting this phe-
nomenon in various brain regions particularly in hippocam-
pal neurons is consistent with a greater production and/or
lesser turnover in PS/APP mice than in WT mice. The later
possibility is strengthened by the observation that leupeptin
increases the content of activated caspase-3 in AVs of
dystrophic neuritis in amyloid plaques (Figure 7B) in PS/
APP mice, which accords with other evidence that neuronal
autophagy is impaired in dystrophic neurites, where matu-
ration of autophagosomes to lysosomes is delayed and
protein digestion is slowed.®® Thus, in this situation, the
effect of additional protease inhibition in these AVs deterio-
rates protein turnover.

Previous studies in AD brains have found that 13 to
20% of neurons in the CA1 and subiculum contain gran-
ules of granulovacuolar degeneration.'® These are 1- to
5-um cytoplasmic vesicles primarily found in the hip-
pocampus, which may represent a specific type of AVs/
autophagosomes.®® Interestingly, granules in more than
50% of the granulovacuolar degeneration-containing

neurons show immunoreactivity to activated caspase-
3,'6:199% implying an interrelationship between apoptosis
and autophagy. Therefore, the observation in our study
that activated capase-3 accumulates in AVs in dystrophic
neurites in PS/APP mouse brains, which is enhanced by
leupeptin treatment, suggests that localization of acti-
vated caspase-3 in granulovacuolar degeneration may
indicate impaired autophagic function such as slowed
turnover of activated caspases in neurons of the hip-
pocampal region in AD brains.

These findings, along with the observation that leupep-
tin induces TUNEL labeling in many condensed and/or
fragmented nuclei (Figure 8), support growing evidence
of cross talk between autophagy and apoptotic path-
ways*®9597 including the regulation of both apoptosis
and autophagy by common regulatory factors such as
growth factors, Bcl-2 protein, and ER stress®®~19C: anti-
apoptotic effects of autophagy®''°"; proapoptotic effects
of defective autophagy'®>'°%: and autophagy activation
during the execution of apoptosis.’®*~1°7

In conclusion, the turnover of pro-apoptotic factors like
activated caspase-3 by autophagy, as seen here, are
consistent with a possible protective effect of autophagy
against apoptosis. Our studies demonstrate the impor-
tance of using a validated battery of criteria to establish
apoptosis in brain and to distinguish it from other patterns
of cell death that may be occurring in some cell types as
part of the same disease process. In addition, the studies
underscore the concept that multiple proteolytic path-
ways may concurrently influence neuronal survival and
the pattern of cell death in certain populations of neurons.
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