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The autophagy-related protein beclin 1
shows reduced expression in early
Alzheimer disease and regulates
amyloid 3 accumulation in mice
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Autophagy is the principal cellular pathway for degradation of long-lived proteins and organelles and regulates
cell fate in response to stress. Recently, autophagy has been implicated in neurodegeneration, but whether it is
detrimental or protective remains unclear. Here we report that beclin 1, a protein with a key role in autophagy,
was decreased in affected brain regions of patients with Alzheimer disease (AD) early in the disease process.
Heterozygous deletion of beclin 1 (Becn1) in mice decreased neuronal autophagy and resulted in neurode-
generation and disruption of lysosomes. In transgenic mice that express human amyloid precursor protein
(APP), a model for AD, genetic reduction of Becnl expression increased intraneuronal amyloid 8 (Af) accu-
mulation, extracellular Af deposition, and neurodegeneration and caused microglial changes and profound
neuronal ultrastructural abnormalities. Administration of a lentiviral vector expressing beclin 1 reduced both
intracellular and extracellular amyloid pathology in APP transgenic mice. We conclude that beclin 1 deficiency
disrupts neuronal autophagy, modulates APP metabolism, and promotes neurodegeneration in mice and that

increasing beclin 1 levels may have therapeutic potential in AD.

Introduction

Familial Alzheimer disease (AD) mutations increase the toxicity
and amyloidogenicity of the amyloid 3 (AB) peptide, placing dis-
ruption of amyloid precursor protein (APP) metabolism and Af
production at the center of AD pathogenesis (1). However, less
than 2% of AD cases are caused by autosomal-dominant muta-
tions. Familial AD caused by these mutations and the remain-
ing nondominant sporadic AD cases are pathologically similar.
Therefore, factors that disrupt APP metabolism and Af produc-
tion, such as increased APP transcription, increased production of
amyloidogenic AP (2), and decreased APP degradation, may con-
tribute to the pathogenesis of sporadic AD as well.

The etiology of AD is distinct from that of other neurodegenera-
tive diseases, such as Parkinson disease and Huntington disease
(HD), but all are characterized pathologically by the presence of
abnormal protein aggregates and neuronal death (3, 4). Protein
aggregates may form by abnormal folding or proteolytic process-
ing of proteins or by the disturbance of intracellular protein deg-
radation pathways (3, 5). Autophagy is involved in the intracellular
degradation of aggregation-prone a-synuclein (6) and huntingtin
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(7, 8). Autophagic vacuoles have previously been identified in dys-
trophic neurites in AD brains and may be a site for Af} production
(9, 10). In parallel, elimination of basal neuronal autophagy is suf-
ficient to cause neurodegeneration in the absence of other insults
(11, 12). Therefore, we were interested in identifying if and how
autophagy is involved in the pathogenesis of AD.

Autophagy is the major pathway involved in degradation of long-
lived proteins and organelles, cellular remodeling, and survival dur-
ing nutrient starvation (5, 13). A cup-shaped isolation membrane
forms around cytosolic components, eventually fusing to form a
double membrane-bound vesicle. This autophagosome undergoes
several microtubule-dependent maturation events, including fusion
with endosomes and multilamellar vesicles, before fusion with
lysosomes (14, 15). Beclin 1 has a key role in autophagy (16-20),
regulates the autophagy-promoting activity of Vps34 (21), and
is involved in the recruitment of membranes to form autopha-
gosomes. Beclin 1 also interacts with Bcl-2 (22), and may thus be
involved in regulating cell death, but beclin 1-independent forms
of autophagy may exist as well (23). BECN1 mRNA and protein are
expressed in neurons and glia in human and mouse brains (22, 24).
Whereas knockout mice lacking Becn (Becnl~-) die during embryo-
genesis (17, 18), Becn1”~ mice are viable; they have reduced autopha-
gosome formation in skeletal muscle, bronchial epithelial cells, and
B lymphocytes (17). However, to our knowledge, the neuronal phe-
notype of these mice has not previously been characterized.

We report here that beclin 1 was strongly reduced in the brains
of AD patients. Beclin 1 deficiency in APP transgenic mice reduced
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Figure 1

Beclin 1 is decreased in AD. (A and B) Levels of beclin 1 in gray matter from the midfrontal cortex of
autopsy-confirmed brains of patients with AD (n = 8), MCI (n = 11), Lewy body variants of AD (LBV;
n =5), HD (n =7), and age-matched, nondemented, nonpathological controls (C; n = 11). (A) Repre-
sentative Western blot was probed with anti-beclin 1, anti-NSE, and anti-actin antibodies. (B) Beclin 1
bands were normalized to actin and NSE controls (not shown). Each point represents 1 sample.
(C) Ratios of BECN7T mRNA in the entorhinal cortex compared with dentate gyrus in control and
AD patients. (D and E) Beclin 1 and APP levels in the cortex of 24-month-old T41 mice (n = 6 APP
transgenic, 3 nontransgenic) and 34-month-old J20 mice (n = 5 APP transgenic, 4 nontransgenic).
APP expression and Ap deposition did not reduce beclin 1 levels. Values are mean + SEM; mean dif-
ferences were compared by ANOVA and Dunnett’s test (B) or unpaired Student’s t test (C and E).

neuronal autophagy, disrupted lysosomes, promoted intracellular
and extracellular AR accumulation, and resulted in neurodegen-
eration. Locally increasing beclin 1 expression reduced amyloid
pathology in APP transgenic mice. Our data provide what we
believe to be the first evidence that an essential component of the
autophagy pathway is reduced in a major neurodegenerative dis-
ease and reveal a potential novel therapeutic approach for AD.

Results

Beclin 1 is reduced in brains of AD patients. To identify whether autoph-
agy — specifically the autophagy-inducing protein beclin 1 — is
involved in AD, we measured beclin 1 protein levels in midfrontal
cortex gray matter from 8 moderate to severe AD cases (mean age,
81.6 + 4.2 years; mini-mental state examination [MMSE] score, <14),
11 cases of mild cognitive impairment (MCI; mean age, 85.1 + 2.7
years; MMSE score, >26) and 11 nondemented controls (mean age,
77.2 + 2.3 years) (Figure 1, A and B, and Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI33585DS1). The clinical diagnosis of patients with amnestic
MCI, which can be considered an early, prodromal form of AD (25),
was confirmed by the presence of mild AD pathology postmortem
(datanot shown). In these MCI cases, beclin 1 levels were reduced to
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J20 Figure 1). Although immunostaining
in human postmortem brain sections
can be difficult to verify, the stain-
ing seemed consistent with the pan-
neuronal BECNI mRNA expression
pattern in mice reported in the Allen
Brain Atlas (24). Others have also
reported that beclin 1 is expressed in
both neurons and glia (8, 22, 26).

Beclin 1 was also reduced in AD
brains at the mRNA level. We relied on
the spatiotemporal profile of AD (27)
to address analytic limitations inherent
to microarray and identified mRNAs
differentially expressed in AD brains versus controls (28). Using
a previously generated microarray dataset (28), we divided mRNA
levels in the vulnerable entorhinal cortex by mRNA levels in the
relatively protected dentate gyrus to control for interindividual
variation. A 50% reduction in BECN1 mRNA was observed in AD
cases compared with controls (Figure 1C).

In summary, beclin 1 levels were specifically reduced in AD brains
in the entorhinal cortex. Because levels of the neuronal protein
neuron-specific enolase (NSE) were not significantly reduced in
any condition compared with nondemented controls (Figure 1A),
itis unlikely that the reduction in beclin 1 is entirely attributable to
neuronal cell loss. On the other hand, the immunohistochemistry
showed fewer beclin 1-immunopositive cells in the advanced
stages of AD, and it is likely that neuronal loss contributed to the
decrease in beclin 1 as well.

AD-like pathology in transgenic mice does not cause beclin 1 deficiency.
The reduction of beclin 1 in affected regions of AD brains (Fig-
ure 1, A-C) could cause or contribute to the development of AD,
could be unrelated, or could be a result of AD pathology. To
investigate this question, we analyzed cortical beclin 1 protein
levels in 2 different lines of very old APP transgenic mice (J20,
34 months old; T41, 24 months old; see Methods). Both lines
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express high levels of mutant human APP and develop extensive
AP deposits (29, 30), thus reproducing key aspects of AD pathol-
ogy. Beclin 1 levels were not reduced in either T41 or J20 mice
compared with nontransgenic, age-matched littermate control
mice (Figure 1, D and E). These data demonstrate that overpro-
duction of mutant APP and development of amyloid pathology
was not sufficient to cause beclin 1 deficiency in mice and leave
the possibility that the reduction in beclin 1 observed in AD cases
occurs upstream of APP pathology.

Becn1*/~ mice have reduced neuronal autophagy. Beclin 1 has a key
role in autophagy and is involved in the formation of autopha-
gosomes in peripheral cells (16). To determine whether reduced
beclin 1 levels affect autophagosome formation in neurons, we
crossed Becn1*/~ mice with transgenic mice that systemically express
a GFP-tagged microtubule-associated protein 1 light chain 3
(GFP-LC3) fusion protein under the control of a chicken p-actin
promoter (31). Because LC3 is a marker for autophagosomes (32),
we were able to count autophagosomes marked by GFP-LC3-dot
formation in cultured primary hippocampal neurons from GFP-
LC3*Becnl** and GFP-LC3*Becnl*/~ mice (Figure 2A). Neurons with
wild-type beclin 1 expression showed numerous autophagosomes.
Beclin 1-deficient neurons had fewer than half the number of
autophagosomes (Figure 2, A and B), indicating reduced neuronal
autophagy. These data are consistent with reports of reduced
autophagy in peripheral tissues of these mice (17).

Beclin 1 deficiency promotes extracellular and intraneuronal AB depo-
sition in APP transgenic mice. To study the role of Becnl deficiency
on amyloid pathology in a model of AD, Becn1”~ mice (17) were
crossed with the above-described T41 APP heterozygous transgenic
mice, which develop progressive AD-like amyloid pathology start-
ing in the frontal cortex at 3-5 months of age (30). As expected,
beclin 1 protein levels were reduced by half in APP*Becnl*/~ mice
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Figure 2

Beclin 1 and neuronal autophagy are
reduced in Becn1+- mice. (A and B)
Autophagosomes (arrows) were counted
in 50 primary hippocampal neurons cul-
tured from GFP-LC3*Becn1++ and GFP-
LC3*Becn1+- mice (n = 3 per group).
Shown are representative images (A)
and quantification (B). (C and D) RIPA
buffer—soluble proteins from the cortex
of 9-month-old female APP+Becn1+- and
APP+Becn1++mice (n =7 per group) were
analyzed by Western blot and probed for
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compared with APP*BecnI*/* littermates at both 9 (Figure 2, C and
D) and 3.5 months of age (data not shown). This deficiency in
beclin 1 was associated with reduced autophagy, as demonstrated
by a decrease in the relative levels of LC3-II compared with LC3-I
(Figure 2, E and F). While LC3-I is present in the cytosol, the lipi-
dated LC3-II form is associated mainly with autophagosomal
membranes, serving as a good indicator of autophagosomes (32,
33). These data are consistent with reduced neuronal autophagy
in GFP-LC3*Becn1*~ mice (Figure 2, A and B).

Beclin 1 deficiency and reduced autophagy were accompanied by a
nearly 2-fold increase in extracellular AB-immunoreactive deposits in
9-month-old female APP*BecnI*/~ mice compared with APP*Becnl**
litcermate controls (Figure 3, A and B). Af} deposition is accelerated
in female compared with male T41 mice; therefore, we analyzed
only females here. In agreement with the A results, the number of
thioflavin S-positive plaques (extracellular fibrillar amyloid) with
globular shapes increased 3-fold in APP*Becn1*~ mice compared
with APP*Becn1** mice (APP*Becnl1**, 0.5 + 0.15; APP*Becnl*/-,
1.88 + 0.3; n = 7-8 per genotype; P = 0.002). In addition, intraneu-
ronal AP was increased in APP*Becn1*/~ mice (Figure 3, C and D) in
both the frontoparietal cortex and the hippocampus. The role of
intracellular AP in AD is unclear, but evidence from neuropatholog-
ical studies in humans suggests that it accumulates early in the dis-
ease process, a finding that has been replicated in some AD mouse
models (reviewed in ref. 34). In T41 mice, we found prominent
intracellular AP that increased with age while APP levels remained
constant (Supplemental Figures 3 and 4). Interestingly, intraneuro-
nal AP colocalized in part with cathepsin D (Supplemental Figure 4),
a marker for lysosomes and mature autophagosomes (35).

In support of these histological data, levels of formic acid-soluble
AP« measured by ELISA in APP*Becnl*~ mice more than doubled
compared with APP*Becn1** mice in the neocortex (Figure 3E) and
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significantly increased in the hippocampus (Table 1). Trends for
increased formic acid soluble AP_4> were also seen in APP*Becn1*
mice (Table 1). Importantly, levels of formic acid-soluble Af in these
mice correlated inversely with beclin 1 protein levels in the neocortex
(Figure 3F), further linking reduced beclin 1 levels with increased Af
deposition. Beclin 1 deficiency did not result in significant differences
in APP or the C-terminal fragments of APP (APP-CTF) steady-state
levels or formic acid extractable Af levels in young mice, although a
trend toward increased total AP levels was noted (Table 1 and Supple-
mental Figure 2). Together, these data show that beclin 1
deficiency in young mice does not prominently alter APP

Figure 3

APP*Becn1+- mice have increased amyloid pathology. (A and B)
AB immunoreactivity in the frontal cortex of 9-month-old female
APP*Becn1+- and APP+Becn1++ mice. Coronal brain sections
were immunostained with biotinylated anti-AB+_s antibody (3D6). A
deposition was defined by the percent area of A immunoreactiv-
ity (IR). (C and D) Intracellular A immunoreactivity (4G8) in the
hippocampus (Hip) and frontoparietal cortex (Ctx) of 9-month-old
female APP+Becn1+- and APP+Becn1** mice. (E) Total formic
acid—soluble AB1 levels measured by ELISA in the neocortex of
female APP+Becn1+- and APP+Becn1++ mice. (F) Total formic
acid—soluble Api levels were inversely correlated with relative
beclin 1 protein levels in the cortex. Values are mean + SEM; mean
differences were compared by unpaired Student’s ¢ test. n = 7-8 per
genotype. Scale bars: 100 um (A); 10 um (C).

ized calcium-binding associated protein-1 (Iba-1), another macro-
phage/microglia marker with unknown function, was not changed
by beclin 1 deficiency in APP mice (Figure 4, A and C). The increase
in CD68 expression of microglia clustered around AP deposits in
the absence of changes in Iba-1 expression indicates that beclin 1
deficiency alters the microglial response to AP.

Beclin 1 deficiency promotes synaptodendritic degeneration and results in
neuronal loss in APP mice. Synaptic degeneration occurs early in AD
pathogenesis (38-41), and complete knockout of 2 essential autoph-

. Table 1
prg;;j:?i:}é;i:g\;:%m in microglial changes in APP trans- Effept of. beclin 1 deficiency on cerebral AR accumulation in APP trans-
genic mice. Microglia in the brain are a sensitive indicator genic mice
of brain injury, and we sought to determine whether these ) ) o o
cells show abnormal activation or changes in response Age  Brainregion  Genotype n Formic acid Formic acid
to increased AP accumulation associated with beclin 1 (mo) Ap1«(ng/g)  Apr (ng/g)
deficiency. Relative expression of microglial CD68 in the 3.5 Neocortex  APP<Becn?* 3-5  10.7+0.5 105:6.5
neocortex of female APP*Becnl*”~ mice increased 2.5-fold 35  Neocortex  APP+Becn?*” 3-5 18.1£5.2 8.7+38
compared with APP*Becn1*/*littermates and was clustered 9 Neocortex  APP+Becn?** 6-8 25351 +6,010 2,833 +700
around AB deposits (Figure 4, A and B). CD68, or mac- 9 Neocortex ~ APP+Becni*~ 6-8 52,530 +3,537% 4,275+ 423
rosialin, is a heavily glycosylated transmembrane protein 3.5 H@ppocampus APP+BecnT** 35 35.4+11.6 18x7.8
expressed in late endosomes and — to a smaller extent 3.5 Hippocampus  APP+Becn?+”  3-5 il 141251
— on the cell surface of myeloid cells. Increased CD68 9 Hippocampus ~ APP+Becni*+  6-8 32,834+6,108 2,509+ 643

9 Hippocampus APP+Becni+~ 6-8 48,646 +3,8448 5110 +1,043C

expression has previously been used to indicate activa-
tion or increased phagocytic activity of macrophages and
microglia (36, 37). On the other hand, expression of ion-
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Values are mean + SEM. AP < 0.005; BP < 0.05; P < 0.10 versus age-matched lit-
termate control mice (unpaired Student’s t test).
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agy genes (AtgS or Atg7) in neurons resulted in accumulation of ubiqg-
uitinated proteins and neuronal loss (11, 12). We hypothesized that
beclin 1 deficiency, similar to that observed in AD, would promote neu-
rodegeneration in transgenic mouse models of AD. Indeed, beclin 1
deficiency in 9-month-old APP*Becn1”~ mice resulted in a significant
reduction of synaptophysin-immunoreactive synaptic terminals in
the neocortex (APP*Becnl1¥~;21.8 + 0.95, APP-Becnl*/*; 26.5 + 0.60,
P=0.0003; Figure SA) and hippocampus (Figure 5B) compared with
wild-type littermate controls. Similarly, expression of the dendritic
marker microtubule-associated protein 2 (MAP-2) was significantly
reduced in APP*Becn1?~ mice compared with wild-type littermate
controls (Figure 5, C and D). In wild-type mice, strong MAP-2 immu-
noreactivity was detected both in soma and in neuronal processes,
whereas in APP'Becn 1~ mice the immunoreactivity in neuronal pro-
cesses was disrupted. These markers of synaptodendritic integrity
have been used as sensitive, early indicators of neuronal degeneration
in AD and various mouse models of the disease (29, 42-45). A similar
decrease in calbindin immunoreactivity, which was previously shown
to correlate closely with APP-associated memory deficits in APP mice
(46), was also observed in APP'Becn1"~ mice (Figure SE). Notably,
beclin 1 deficiency alone in APP-Becnl*/~ mice resulted in a signifi-
cant decrease in all 3 markers.

Intriguingly, beclin 1 deficiency resulted in a significant loss of
neurons in layer II of the entorhinal cortex in APP*Becnl*~ com-
pared with wild-type or APP-Becn1*/~ mice (Figure SF). In line with
other studies (47), APP*Becn1*/* mice showed no significant loss
of neurons; similarly, APP-BecnI*/~ mice had no significant loss
(Figure SF). There was no gross difference in the size of the hip-
pocampus or frontal cortex in APP*Becnl** or APP'Becn1"~ mice
(Supplemental Table 2). Together, these findings demonstrate
that beclin 1 deficiency is sufficient to cause synaptic degenera-
tion in the absence of human APP overexpression and that beclin 1
is required for maintaining neuronal integrity.
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Figure 4

Microglial changes in APP+Becn1+- mice. (A—C) Microglial changes in
the frontal cortex of 9-month-old female APP+*Becn1+-and APP+Becn1++
mice assessed by immunostaining with antibodies against CD68 and
Iba-1. Shown are representative images (A) and quantification (B and
C). Arrows denote microglial clusters around amyloid deposits. Values
are mean + SEM; mean differences were compared by unpaired Stu-
dent’s t test. n = 7-8 per genotype. Scale bar: 50 um.

Disrupted lysosomes in APP*Becnl*~ mice. To gain further insight
into the pathological changes caused by beclin 1 deficiency in the
brain, the ultrastructure of neurons in 5-month-old APP*Becn1*/~
mice was examined by electron microscopy (Figure 6 and Supple-
mental Figure 5). Beclin 1 deficiency led to a striking accumula-
tion of abnormal, enlarged lysosomes with electron-dense material
(Figure 6). While this was evident in APP-Becn1*/~ mice, it was much
more pronounced in the context of APP and AP overproduction in
APP*BecnI*/~ mice, highlighting a potential synergism between the
2 genetic alterations. As previously reported, APP transgenic mice
(i.e., APP*Becn1”*) show multilaminated dense core bodies, some of
which may be autophagosomes, in dystrophic neurites (35). However,
these mice did not show the prominent lysosomal abnormalities
we observed in APP*Becnl*/~ mice. In addition, APP*Becnl*/~ mice
showed an accumulation of lamellar bodies in synapses, autopha-
gosome-like laminar bodies, and an accumulation of fibrils and
electron-dense bodies in axons (Supplemental Figure 5). These
ultrastructural changes support the synaptodendritic abnormali-
ties documented by immunohistochemistry (Figure S).

Beclin 1 overexpression reduces intracellular and extracellular AP. To
determine whether increasing beclin 1 levels could reduce AD-like
pathology, 6-month-old APP transgenic mice were injected in the
frontal cortex and hippocampus with lentivirus encoding mouse
beclin 1 (right hemibrain) or GFP (left hemibrain, internal control).
After 8 weeks, GFP and mouse beclin 1 were expressed prominently
(Figure 7A). Hemibrains expressing mouse beclin 1 had significantly
less intracellular AP immunoreactivity than did their respective GFP-
expressing hemibrains (Figure 7, B and C). In addition, extracellular
AP deposition, as assessed by thioflavin S in the frontal cortex, was
also reduced by mouse beclin 1 expression (Figure 7D).

Discussion

Our data implicate beclin 1 and autophagy in AD pathogenesis.
They suggest that beclin 1 deficiency, which was observed in AD
but not in related dementias, can promote neurodegeneration and
accelerate AP accumulation. Beclin 1 levels were reduced early in AD
in the affected midfrontal cortex (Figure 1, A and B), but were not
reduced in the largely unaffected cerebellum, even at late stages of
the disease. Beclin 1 levels were reduced equally whether they were
compared with actin levels or with the neuronal marker NSE, indi-
cating that the relative amount of beclin 1 per neuron is reduced.
However, immunohistochemistry also showed that both the num-
ber of neurons and the relative intensity of staining decreased with
advancing disease, making it likely that beclin 1 levels decrease both
as a consequence of reduced expression overall and as a result of
neuronal loss. There was no decrease in beclin 1 in the midfrontal
cortex from patients with the related Lewy body variant of AD, sug-
gesting that the prominent decrease in beclin 1 has specificity to the
most common form of AD. In the context of recent studies impli-
cating autophagy in HD (7, 8) and the observation that beclin 1
is recruited to intraneuronal inclusions in this disease (8), it is intet-
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Neurodegeneration in 9-month-old APP+Becn1+-
mice. (A-E) Synaptophysin (A and B), MAP-2 (C and
D), and calbindin (E) immunoreactivity in 9-month-old
female APP+Becn1+- mice and control litermates.
Brain regions analyzed are frontal cortex (A, C, and
D), hippocampus (B), and dentate gyrus (E). Coronal
brain sections were immunostained with the respec-
tive antibodies, and the mean percentage immu-
noreactive area (A-D) or OD (E; diaminobenzidine
staining) per mouse was calculated and analyzed by
ANOVA and Tukey-Kramer post-hoc test (n = 7-8
per genotype). (A and C) Note the disruption of syn-
aptic and dendritic morphology in APP-Becn1+- and
APP*Becn1+-mice. (F) Neuronal cell counts in layer
Il of the entorhinal cortex were estimated using the
optical dissector method. Results were analyzed by
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esting that some cases with HD had very low beclin 1 levels (Figure
1B). Sequestration of beclin 1 may provide a mechanism for locally
reducing beclin 1 levels that may affect neuronal integrity in a man-
ner similar to the net beclin 1 reductions described here.

It is pertinent at this point to ask whether AD pathology itself
drives beclin 1 reduction, perhaps by overstimulating or exhausting
the autophagy pathway. Indeed, increased numbers of autophagic
vacuoles have previously been identified in dystrophic neurites in
brains of humans with AD (35, 48) and in APP transgenic mice (10,
35). We also found that beclin 1 levels were lower in moderate and
severe AD than in early AD and/or MCL On the other hand, BECNI
mRNA was specifically decreased in the entorhinal cortex of AD
patients (Figure 1C and ref. 28), and BECN1 mRNA and protein lev-
els decrease with age in the human brain independent of AD pathol-
ogy (8). Moreover, beclin 1 was not reduced in 2 mouse models of AD
that overexpress APP (Figure 1D). These findings showed that AD-
like amyloid pathology observed in mice was not sufficient to deplete
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beclin 1 levels in vivo, although they do not exclude the possibility
that beclin 1 is reduced in more chronically injured neurons in AD.

How beclin 1 is regulated in neurons and why it decreases with age
or in AD is unclear at this time. Future studies will show whether
other factors associated with AD pathology promote beclin 1 defi-
ciency and whether individuals with low beclin 1 levels in the brain
are at risk of developing neurodegeneration and AD. Bcl-2, Vps34,
and the recently described protein UV irradiation resistance-asso-
ciated gene (UVRAG) can all bind to beclin 1 and thereby regulate
autophagy (20,21, 49-51). Whether these factors also affect beclin 1
transcription is not known. In addition, it is possible that beclin 1
deficiency has effects involving these or other proteins independent
of autophagy. Autophagy in AD may be misregulated not only by
beclin 1 deficiency, butalso by disruption of axonal transport (52-54)
or by dysfunction of presenilins, which are part of a y-secretase
complex and have previously been implicated in fusion of autopha-
gosomes with lysosomes (10, S5, 56).
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Beclin 1-deficient APP mice had higher levels of Af than did
APP mice at 9 months of age, as assessed by immunohistochemical
and biochemical methods (Figure 3 and Table 1). In contrast,
beclin deficiency did not change AR, APP, or APP-CTF levels sig-
nificantly in young mice (Supplemental Figure 2 and Table 1)
and is thus unlikely to affect processing of APP to a prominent
extent. Cellular and molecular studies will be necessary to deter-
mine whether autophagy or beclin 1 have more subtle effects on
APP metabolism and A secretase activities. The mechanism by
which beclin 1 deficiency promotes AB accumulation is of great
interest. One possibility is that beclin 1 is necessary for the deg-
radation of intracellular AR or APP by autophagy. In support of
this, we showed that autophagy was reduced in beclin 1-deficient
neurons (Figure 2). Beclin 1 deficiency promoted the accumu-
lation of AP in neurons (Figure 3, C and D), and intracellular
AP colocalized with the lysosomal hydrolase cathepsin D (Sup-
plemental Figure 4). In addition, electron microscopy revealed
that beclin 1-deficient neurons had abnormal lysosomes that
contained electron-dense bodies and that these were much more
prevalent and enlarged in the presence of APP. Moreover, beclin 1
overproduction by viral delivery reduced intraneuronal (and
extracellular) AP (Figure 7). Disruptions to the endosomal/lyso-
somal system have been consistently reported in AD (57); how-
ever, to our knowledge, the ultrastructural disruptions caused by
beclin 1 deficiency were previously unknown. The reduction in
neuronal autophagy and disruption of the lysosomes in beclin 1-
deficient conditions may be explained by separate actions of beclin 1
both on autophagy and on endosome/lysosome fusion (58),
as found in yeast. Recent data suggest that the Vps34/beclin 1
complex may be differentially regulated by additional binding
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Figure 6

Abnormal lysosomes in APP+*Becn1+- mice. Electron micrographs
of neurons from 5-month-old mice. APP-Becn1++ mice had nor-
mal lysosomes (single arrows). APP+Becn1++ mice had multilami-
nated dense core bodies in dystrophic neurites (double arrows).
APP-Becn1+- mice had lysosomes containing electron-dense bod-
ies (single arrowheads). APP+*Becn1+- mice had abundant enlarged
lysosomes containing electron-dense bodies (double arrowheads).
Original magnification, x25,000.

proteins to function in either the autophagy or endosome path-
ways (51). For example, UVRAG binds Vps34/beclin 1 in mam-
malian cells and forms several distinct complexes (51). Alterna-
tively, beclin 1 may be directly involved only in autophagy, but
disruption of the autophagy pathway may subsequently affect
the flux of other intracellular organelles (e.g., endosomes), result-
ing in the disruption of lysosomes. This explanation is supported
by evidence that beclin 1 only modulates the autophagy function
of Vps34 in mammalian cells (21).

Another possibility is that beclin 1 deficiency disrupts intracellular
organelle dynamics, thereby shifting the distribution of APP to dif-
ferent subcellular compartments that generate more Ap. While
APP processing occurs in many intracellular compartments, Af is
generated at high levels in the acidic endosome/lysosome system
(59). The expansion of this compartment, as revealed by electron
microscopy in APP*Becn1"/~ neurons (Figure 6 and Supplemental
Figure 5), could result in increased AR production. These possibili-
ties are not mutually exclusive and may not be restricted to neu-
rons. It is interesting to note that levels of CD68, a late endosomal
marker of microglia, were strongly increased in microglia clustered
around AP deposits in beclin 1-deficient APP mice (Figure 4). Itis
therefore possible that these cells are also less efficient in clearing
AP taken up from the extracellular milieu. Furthermore, it remains
to be shown whether the primary toxic action of AR occurs inside or
outside the cell (34). Our finding that beclin 1 deficiency resulted in
increased intracellular and extracellular Af accumulation provides
an example of how the intracellular action (or deficiency) of a pro-
tein can affect extracellular accumulation of Af.

Beclin 1 deficiency alone, in the absence of the human APP
transgene, was sufficient to cause synaptodendritic degeneration
in vivo, which indicates that beclin 1 deficiency does not require
AP to cause neurodegeneration. In beclin 1-deficient mice, synap-
tophysin, calbindin, and MAP-2 immunoreactivities were reduced.
MAP-2 distribution was disrupted (Figure 5), and lysosomes con-
tained abnormal electron-dense granules (Figure 6). Although this
did not lead to frank neuronal loss in layer II of the entorhinal
cortex (Figure SF), these data support previous reports that com-
plete knockout of the autophagy genes AtgS or Atg7 in postnatal
neurons result in a neurodegenerative phenotype (11, 12). Our
data also extend the previous findings to show that a pathologi-
cally relevant reduction in another key autophagy protein was suf-
ficient to cause a neurodegeneration that mimicked aspects of AD.
APP*BecnI*/~ mice had increased synaptodendritic degeneration,
and the number of neurons measured in layer II of the entorhi-
nal cortex were significantly reduced. These data are consistent
with previous reports that synaptic degeneration precedes gross
neuronal loss in AD (40, 41).

In summary, we identified beclin 1 and autophagy as impor-
tant modulators of neurodegeneration and AP accumulation in
a mouse model for AD. We also found beclin 1 was significantly
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reduced in early stages of AD in affected brain regions. Because
overexpression of beclin 1 can reduce AP pathology in mice, restor-
ing beclin 1 and autophagy may be novel approaches to treat AD.

Methods

Mice. The APP transgenic mice J20 (PDGF-hAPP695,751,770v1715, km670/671NL)
and T41 (mThy-1-hAPP751y1711, kme7o/671nL) have been described previously
(29, 30). Becn1”/~ mice (17) were crossed with heterozygous T41 transgenic
mice or heterozygous CAG-GFP-LC3 transgenic mice (31). All lines were
maintained on a C57BL/6 genetic background. Mice were anesthetized with
400 mg/kg chloral hydrate (Sigma-Aldrich) and transcardially perfused
with 0.9% saline. Brains were dissected, and 1 hemibrain was fixed for 24 h
in 4% paraformaldehyde and cryoprotected in 30% sucrose. Serial coronal
sections (30 wm) were cut with a freezing microtome (Leica) and stored in
cryoprotective medium. The other hemibrain was dissected into hippocam-
pus, neocortex, and remaining parts of the brain; tissues were weighed and
frozen immediately at -80°C. All animal procedures were conducted with
approval of the animal care and use committees of Stanford University and
Palo Alto VA Medical Center.

Antibodies for immunobistochemistry and immunoblotting. The following anti-
bodies were used: 3D6 (1 ug/ml; Elan Pharmaceuticals), biotinylated mouse
monoclonal specific to human AR s, biotinylated using EZ-link NHS Biotin
(Pierce Biotechnology); 4G8 (diluted 1:500; Senetek), mouse monoclonal
specific to human AP17.,4; 8ES (Elan Pharmaceuticals), mouse monoclonal
specific to human APPas4_s02; beclin (diluted 1:1,000, clone 20; BD Biosci-
ences), mouse IgG2a monoclonal specific to human beclin 1171291 (cross-
reacts with mouse and rat beclin 1); LC3 (diluted 1:1,000; Ab2389, gener-
ously provided by R. Kopito, Stanford University), rabbit polyclonal specific
to N-terminal human LC3B; APP-CTF (diluted 1:1,000; generously provided
by T. Golde, Mayo Clinic Jacksonville, Jacksonville, Florida, USA), rabbit
polyclonal specific to the C-terminal of human APP; actin (A-5060; Sigma-
Aldrich), rabbit polyclonal specific to actin; a-tubulin (diluted 1:2,000;
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Invitrogen), mouse monoclonal to bovine a-tubulin; MAP-2 (Chemicon),
mouse monoclonal specific to MAP-2; synaptophysin (Chemicon), mouse
monoclonal specific to synaptophysin; CD68 (diluted 1:50, FA-11; Serotec);
rat polyclonal specific to mouse CD68; Iba-1 (diluted 1:2,500; Wako Bio-
products), rabbit anti-Iba-1; NSE (diluted 1:200; Labvision), mouse mono-
clonal specific to human NSE.

Protein analysis. Proteins were extracted sequentially using 1x radioim-
munoprecipitation assay (RIPA) buffer and 70% formic acid. Western blots
were run as described previously (60). Multiple exposures were taken to
select images with density within the dynamic range of the film. After
development, films were scanned at 600 dpi, and band intensity was quan-
tified using Metamorph software (version 6.1; Molecular Devices). Bands
of interest were normalized to the corresponding actin, NSE, or a-tubulin
bands as indicated. For human and mouse data, most samples were run 3
times each, and mean values were determined for each sample to reduce
experimental error. Multiple control samples were run on each gel to nor-
malize across blots.

Histochemistry and immunobhistochemistry. Investigators were blinded with
respect to the genotype of the mice for all experiments. Coronal sections
(30 um) at 360-um intervals through the hippocampus and frontal cortex
(n = 3-6 per region) were stained using standard immunohistochemistry
techniques. AR and CD68 immunoreactivity were analyzed at x4 or x10
magnification on an Olympus IX71 microscope using Metamorph soft-
ware, and the mean percent immunoreactive area was calculated per
mouse. MAP-2 and synaptophysin are reliable indicators of synaptic and
dendritic damage, respectively, and have previously been demonstrated to
correlate well with loss of cognitive function in mouse models of neuro-
degeneration and in humans with AD (41, 46, 61, 62); their relative abun-
dance was measured as previously described (46, 63). Briefly, sections were
immunostained with MAP-2 or synaptophysin primary antibodies fol-
lowed by a secondary FITC-tagged anti-mouse IgG and analyzed with a

laser scanning confocal microscope (BioRad). Digitized images were then
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analyzed with NIH Image version 1.63 (http://rsb.info.nih.gov/nih-image/)
to determine the percent area of the neuropil occupied by MAP-2-immu-
noreactive dendrites or synaptophysin-immunoreactive presynaptic termi-
nals. For calbindin quantification, digitized images of immunostained sec-
tions were obtained with a video camera mounted on a Zeiss microscope
ata final magnification of x30 and then analyzed with Image ProPlus soft-
ware (version 4.5.1; Media Cybernetics). For each mouse, 3 sections were
selected, and from each section 3 random fields of 1,024 x 1,024 pixels were
analyzed. The total density of positive cells was averaged and expressed as
normalized, corrected OD. For 4G8, sections were pretreated in 88% for-
mic acid before incubation. Regions of intracellular or extracellular immu-
noreactivity were analyzed following the protocol used for calbindin. To
assess the levels of f-pleated amyloid deposits in the APP mice, brain sec-
tions were stained with thioflavin S as described previously (64). Briefly,
5-6 sections per mouse were air-dried on superfrost slides, stained with
a 1% aqueous thioflavin S solution for 8 min, and developed with several
washes of ethanol and water. The area of thioflavin S fluorescent deposits
was quantified using fluorescence microscopy and Metamorph software as
described for Ap and CDG68.

Stereology. For stereological analysis, sections were analyzed with the
optical dissector method as described previously (65). Briefly, 3 coronal
sections (30 wm) at systematic random intervals through layer II of the
entorhinal cortex were stained with cresyl violet, and the number of nuclei
ina46.3 x 31.5 x 6 um dissector were counted. At least 100 nuclei were
counted in 45 dissectors per mouse. From each genotype, 3 mice were
selected at random, and 3 sets of counts from each mouse were averaged.
Mean results are shown as total number per mm?.

AP ELISA. ELISAs were performed as described previously (60) using
antibody 266 (5 ug/ml, APi3 2s; Elan Pharmaceuticals) as the capture anti-
body for total AP, or antibody 21F12 (5 ug/ml, ABs7-42; Elan Pharmaceu-
ticals) as the capture antibody for APy 4, and biotinylated 3D6 (2 ug/ml,
APy_s; Elan Pharmaceuticals) as the detection antibody. After incubation
with the secondary antibody, samples were incubated with avidin-HRP
(diluted 1:4,000; Vector Laboratories), and the signal was developed using
1-step Turbo TMB ELISA solution (Pierce Biotechnology).

Neuron autophagy assay. Dissociated hippocampal neurons were prepared
as described previously (66) from 1-day-old GFP-LC3*Becn1*/~ and GFP-
LC3*BecnI*”* mice (17) and cultured in neurobasal A medium (Invitrogen).
After 10 days in culture, neurons were fixed with 4% paraformaldehyde, and
GFP-LC3 staining was visualized using an Axioplan Zeiss microscope and
x100 Plan Neofluar objective. The number of GFP-LC3 punctate dots per
neuron was determined for 50 neurons per mouse for 3 mice per genotype.

Electron microscopy. Electron microscopy was performed as described
previously (67). Briefly, perfused brains were fixed in 2% glutaraldehyde
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and 2% paraformaldehyde in 0.15 cacodylate buffer for 24 h at 4°C. After
fixation, brains were divided sagittally, and 0.2 x 0.2 cm blocks were taken
from the frontal cortex and hippocampal region of the right hemibrain
for processing and embedding in epon. The epoxy-embedded blocks were
sectioned with the Reichert Ultracut-E ultramicrotome (Leica), placed on
200-mesh copper grids, and stained in saturated ethanol/uranyl acetate
and bismuth subnitrate. Sections (80 nm thick) were analyzed with a Zeiss
EM10 Electron Microscope.

Beclin 1 lentivirus. Lentivirus expressing either mouse beclin 1 or GFP
(8.8 x 10 transducing units/ml) was generated as described previously
(68). Virus was injected (2 ul) into the frontal cortex and hippocampus
of each mouse at 6 months of age. Lentivirus expressing mouse beclin 1
was injected into the right hemisphere, and lentivirus expressing GFP was
injected into the left hemisphere as an internal control. Mice were sacri-
ficed 8 weeks later and analyzed immunohistochemically.

Statistics. Data are presented as mean + SEM. Differences between and
among groups were determined by ANOVA (with or without Tukey-
Kramer post-hoc test or Dunnett’s test) or unpaired Student’s ¢ test, as
indicated in the figure and table legends. A P value less than 0.05 was
considered significant.
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