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Parkin mediates beclin-dependent autophagic
clearance of defective mitochondria and
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Intraneuronal amyloid- (AB) may contribute to extracellular plaque deposition, the characteristic pathology
of Alzheimer’s disease (AD). The E3-ubiquitin ligase parkin ubiquitinates intracellular proteins and induces
mitophagy. We previously demonstrated that parkin reduces A levels in lentiviral models of intracellular
AB. Here we used a triple transgenic AD (3xTg-AD) mouse, which over-expresses APPg,,., Taupzgq_ and
harbor the PS1y146v knock-in mutation and found that lentiviral parkin ubiquitinated intracellular Ap
in vivo, stimulated beclin-dependent molecular cascade of autophagy and facilitated clearance of vesicles
containing debris and defective mitochondria. Parkin expression decreased intracellular Ap levels and extra-
cellular plaque deposition. Parkin expression also attenuated caspase activity, prevented mitochondrial dys-
function and oxidative stress and restored neurotransmitter synthesis. Restoration of glutamate synthesis,
which was independent of glial-neuronal recycling, depended on mitochondrial activity and led to an increase
in y-amino butyric acid levels. These data indicate that parkin may be used as an alternative strategy to
reduce Ap levels and enhance autophagic clearance of Ap-induced defects in AD. Parkin-mediated clearance
of ubiquitinated A may act in parallel with autophagy to clear molecular debris and defective mitochondria
and restore neurotransmitter balance.

INTRODUCTION

ARy, is found in multivesicular bodies of neurons in the

Alzheimer’s disease (AD) is an aging disorder, characterized
by extracellular deposits known as amyloid plaques, which
consist of aggregates of amyloid-B (AB) peptide (1,2). Proteo-
Iytic cleavage of amyloid precursor protein (APP) by the
B-site APP cleaving enzyme (BACE1) near the C-terminus
results in the formation of APP C-terminal fragment (CTF()
C99. Subsequent cleavage of CTFB by +y-secretase generates
AR of 40 (AB4o) or 42 (AB4,) residues (3), which is the pre-
dominant isoform in plaques (4). Alternatively, APP cleavage
by a-secretase to generate APP (CTFa) C83 occurs within the
AR region, precluding its formation (5,6). Intracellular
accumulation of AP in transgenic animals and brains of
human patients with AD and Down’s syndrome (7) provides
evidence for the presence of intracellular AR within neurons.

human brain, where it is associated with synaptic pathology
(8). In triple transgenic AD (3xTg-AD) mice, which overex-
press APPg,., Taupyp;r and harbor PSly46v knock-in
mutation, soluble and oligomeric A accumulate within neur-
onal cell bodies, but the intraneuronal pool decreases when
extracellular plaques appear (9), consistent with the data
from human brain tissue (10—12). Taken together, these data
suggest that in early stage AD the human brain might have
abundant intraneuronal AR, which then becomes extracellular
as the disease progresses and neurons die.

Mutations in the gene coding for the E3-ubiquitin (Ub) ligase
parkin have been associated with autosomal recessive forms of
Parkinson’s disease (PD) (13). Parkin is ubiquitously expressed
in neurons and astrocytes (14,15), and glial dysfunction is
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observed in parkin-null mice (16). Parkin acts in parallel with
the PTEN-induced putative kinase 1 to mediate selective autop-
hagy of defective mitochondria (17—-20). Upon mitochondrial
membrane depolarization, parkin ubiquitinates mitochondrial
proteins, induces microtubule-associated protein light chain 3
(LC3) and forms autophagosomes (21-25), suggesting a link
between parkin and autophagic clearance. In mammalian
cells, ubiquitination facilitates selective autophagy of diverse
substrates, including protein aggregates, ribosomes, peroxi-
somes and pathogens (22,26). This process may contribute to
the removal of damaged organelles or protein aggregates in
neurodegenerative diseases.

In AD, AB and Tau aggregation are associated with mito-
chondrial damage, oxidative stress as well as structural and
functional alterations of neurons (27-30). Parkin can be
used as an alternative strategy to stimulate autophagic clear-
ance of cellular and molecular debris associated with accumu-
lation of amyloid proteins. To determine whether parkin could
promote A} clearance, we injected 3xTg-AD mice with lenti-
viral parkin. We examined the effects of parkin on possible
AB clearance mechanisms, including ubiquitination and
autophagy. We also investigated the effects of AP clearance
on mitochondrial tricarboxylic acid (TCA) cycle and neuro-
transmitter synthesis, including glutamate and +-amino
butyric acid (GABA). Understanding the effects of parkin-
mediated attenuation of AB-induced mitochondrial dysfunc-
tion, oxidative stress and alteration of neurotransmitter levels
may help clarify the role of intraneuronal AR in disease
progression.

RESULTS

Western blot, enzyme-linked immunosorbent assay and
mass spectroscopy show that parkin expression decreases
ubiquitinated AP levels in 3xTg-AD mice

To examine the effects of the E3-Ub ligase parkin on AP
levels, we used 3xTg-AD mice and injected lentiviral parkin
in the right (ipsilateral) hippocampus and compared the con-
tralateral left hemisphere. Animals (» = 23) were injected at
10—13 months of age and sacrificed 3 months post-injection
(13—16 months), the hemispheres were separated and com-
parison was made between detergent and formic acid (FA)
extracted right and left hemispheres. Staining with parkin anti-
body showed endogenous parkin levels (Fig. 1A) in cortical
sections of 3xTg-AD mice. Injection with lentiviral parkin
into the right hemisphere revealed an increase in parkin stain-
ing (Fig. 1B), and higher magnification showed intraneuronal
parkin expression (Fig. 1C). Because expression was observed
throughout the right-injected hemisphere (data not shown), we
averaged stereological counting of parkin-positive cells in 10
different areas in the cortex, hippocampus and entorhinal
cortex (n = 7). Stereological counting revealed 52% increase
in parkin-injected hemispheres (P < 0.05) compared with
the contralateral un-injected or LacZ injected hemispheres
(Fig. 1D). Western blot analysis of brain lysates showed a sig-
nificant increase (P < 0.05, n = 8) in parkin levels (48%) in
the ipsilateral hemisphere (Fig. 1E and F). No significant
changes were observed in holoAPP, secreted APPa and
APPB (Fig. 1E and F). A significant decrease (30%) in the

levels of CTFs was observed in the parkin-injected hemisphere
(Fig. 1E and F). No changes were observed in the levels of Tau
protein between ispilateral and contralateral hemispheres in
these animals (data not shown). We analyzed AR to determine
whether the reduction in CTFs correlated with a reduction in
AP levels. Specific human AB4, and AR,y enzyme-linked
immunosorbent assay (ELISA) showed that parkin expression
significantly decreased the detergent-extracted levels of AB4;
(40%) and AB49 (29%) compared with the contralateral side
(Fig. 1G). Parkin also significantly (P < 0.05, n=28)
decreased the FA-extracted levels of AB4, (25%) and AB4g
(23%). These data demonstrate that parkin can reduce the
levels of intracellular APP fragments, including AR.

We previously showed that parkin can ubiquitinate and
clear intracellular AB4, in a gene transfer animal model
(31), and stimulate proteasomal activity to clear amyloid in
cell culture (32). To determine the mechanisms by which
parkin reduces AR levels in 3xTg-AD mice, we immunopreci-
pitated brain lysates with Ub antibodies (Fig. 1H) and per-
formed western blot analyses. The anti-Af3 (6E10) antibody
revealed a ~14kDa band, and a >100 kDa band in the
parkin-injected side, but not the contralateral side. The
anti-Ub antibody showed a smear of ubiquitinated proteins,
which was more extensive in the parkin-injected hemisphere.
The parkin-injected hemisphere demonstrated a 14 kDa
Ub-positive band. We isolated the 14 kDa band and performed
MALDI-TOF mass spectroscopy (Fig. 11 and J) to identify
proteins in this band. Both AR and Ub fragments were
sequenced (Fig. 11 and J) and identified in the 14 kDa band
in parkin-injected brains. These data are consistent with our
previous reports in vitro that parkin increases the ubiquitina-
tion of intracellular A(3.

Beclin-dependent molecular markers of autophagy
and electron microscopy reveal parkin meditation
of autophagic clearance in 3xTg-AD mice

We further investigated whether parkin also promotes autop-
hagic clearance. Induction of autophagy involves several pro-
teins, including beclin, the autophagy-related proteins (Atg)
and LC3. Beclin was significantly (200%) increased (P <
0.05, n=8) in parkin injected (Fig. 2A and B) compared
with the contralateral hemispheres. Levels of Ub-like protein
modification molecules were also significantly increased,
including Atg7 (310%) and Atgl2 (40%). Specific
anti-LC3-B antibody showed a significant increase (50%) in
LC3-B levels in the ipsilateral compared with the contralateral
hemisphere (Fig. 2A and B). Thus, parkin expression
increased several molecular markers of autophagy.

To further examine whether parkin mediates autophagy in
3xTg-AD mice, we used a different approach using scanning
electron microscopy (EM) 1 month post-injection. EM scans
of contralateral cortical sections (n = 3) showed cytosol con-
taining vesicles filled with debris (Fig. 2C and D) and frag-
mented endoplasmic reticulum (ER). Higher magnification
(Fig. 2E) revealed molecular debris and defective mitochon-
dria within double-membrane vesicles, suggesting that the
cell is attempting to remove damaged mitochondria and
defective organelles. These data suggest accumulation of
vesicles-loaded debris in the cytosol of 3xTg-AD brains,
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Figure 1. Western blot, ELISA and mass spectroscopy show parkin decrease of ubiquitinated AP levels in 3xTg-AD mice. Immunhistochemistry of 20 pwm thick
cortical brain sections of (A) contralateral and (B) parkin-injected (ipsilateral) hemispheres from 3xTg-AD mice. (C) Higher magnification of parkin stained cells
in the cortex. (D) Stereological counting of parkin-positive cells in the ipsilateral compared with contralateral hemispheres. (E) Western blot analysis and
(F) quantification of parkin, amyloid precursor protein APP and its secreted fragments (75) and CTFs in brain lysates from contra and ipsilateral hemispheres.
(G) Detergent and FA-extracted AP, and AB4, levels in contralateral and ipsilateral (parkin injected) 3xTg-AD mouse brain. (H) Western blot of immunopre-
cipitated brain lysates and (I) spectrograms of immunoprecipitated brain lysates identified and sequenced by MALDI-TOF mass spectroscopy. (J) Table showing
the identity of sequenced peptides. Asterisk is significantly different to contralateral, P < 0.05, t-test. Data are mean + SD; n = 8 for western blot and ELISA,

n =3 for MADLI-TOF.
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Figure 2. Beclin-dependent autophagic molecular steps and EM reveal parkin meditation of autophagic clearance in 3xTg-AD mice. (A) Western blot analysis
and (B) quantification of autophagic pathway proteins, including beclin-1, Atg7, Atgl2 and LC3-B levels in contra and ipsilateral hemispheres. Electron micro-
scope (EM) scans of the cortex in 3xTg-AD mice showing accumulation of vesicles in the cytosol and fragmented ER (C and D) and defective mitochondria and
molecular debris in vesicles (E). Cortical sections of parkin-injected hemispheres showing (F) clear cytosol and distinct nuclei, (G) mitochondria and healthy ER
and (H) vacuoles packed with molecular and cellular debris in a clear and healthy looking cytosol. ER, endoplasmic reticulum; mit, mitochondria. (I) Histogram
represents caspase-3 and 9 activities. Asterisk is significantly different to contralateral, P < 0.05, #-test. Data are mean + SD; n = 8 for ELISA. n = 3 for EM.

perhaps due to failure of clearance mechanisms. Parkin injec- ER and mitochondria were also observable in the absence of
tion into the ipsilateral hemisphere was associated with any vesicles in parkin-injected hemispheres (Fig. 2G and H),
reduction in cytosolic vesicles (Fig. 2F and G). Well-defined suggesting that parkin expression may be involved in the



clearance of vesicles. Higher magnification of parkin-injected
hemispheres revealed normal ER and mitochondria and the
absence of vesicular accumulation probably due to packaging
of wvesicles into larger vacuoles (Fig. 2H), indicating
parkin-mediated clearance of vesicles containing molecular
and cellular debris. These data suggest abnormal accumulation
of vesicles within the cytoplasm of neurons in the 3xTg-AD
mice and parkin facilitates packaging of these vesicles
within digestive vacuoles and subsequent clearance of defec-
tive organelles, molecular and cellular debris.

To test whether parkin-mediated autophagic clearance
affects cell survival, we measured the activities of caspase-3
and caspase-9 in detergent-extracted lysates of 3xTg-AD
brain hemispheres. A significant (28%, P < 0.05) reduction
in caspase-3 (Fig. 2I) activity was observed in parkin-injected
(P <0.05, n=8) compared with contralateral hemispheres,
indicating that lentiviral parkin expression may counteract
mechanisms of cell loss. Further analysis showed a significant
reduction (21%) in caspase-9 (Fig. 2I) activity in parkin-
injected brains, suggesting that parkin restores mitochondrial
integrity in 3xTg-AD mice.

Histology shows parkin reduces intracellular A3 levels
and extracellular AP plaque

We took an independent approach to examine parkin effects
on AR levels, using immunohistochemistry (IHC). Anti-A3
(6E10) staining of 3xTg-AD brains showed intraneuronal
AB accumulations in neurons of deep cortical layers
(Fig. 3A insert and B) and layers of the CA1 region of the hip-
pocampus (Fig. 3A arrows). Parkin-injected hemispheres
revealed less immunoreactivity in the ipsilateral compared
with the contralateral hemisphere (Fig. 3A and C, arrows).
Higher magnification showed significantly (50% by stereol-
ogy) more AP staining in the contralateral cortex (Fig. 3B)
compared with parkin-injected (Fig. 3C) hemispheres (P <
0.05, n = 7). Strong 6E10 staining was also observed in the
entorhinal cortex in the contralateral hemisphere (Fig. 3D)
compared with parkin-injected (Fig. 3E) hemispheres. Simi-
larly, specific anti-human AR4, antibody showed a significant
(35% by stereology) reduction in ARy, staining in the hippo-
campus of parkin-injected (Fig. 3G) compared with contralat-
eral (Fig. 3F) hemispheres. Staining of cortical sections with
human anti-AB,4, also showed a significant decrease (41%
by stereology, P < 0.05) of staining in parkin-injected
(Fig. 31) compared with contralateral (Fig. 3H) hemispheres.
We further examined whether the levels of intracellular AR
were correlated with extracellular plaque deposition. We per-
formed thioflavin-S staining of serial sections of the entorhinal
cortex, which is medially bordered by the parasubiculum, and
laterally by the perirhinal cortex; rostrally and medially, it is
bordered by the piriform cortex, whereas caudally and dorsally
it is bordered by the postrhinal cortex. The entorhinal cortex
showed more plaque formation in the contralateral (Fig. 3J)
compared with parkin-injected (Fig. 3K) hemispheres,
suggesting that parkin decreases intracellular A, which may
lead to reduction in extracellular AP deposition. These data
are consistent with our results using ELISA and western blot
analysis.
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To examine the health of brain tissue after 3 months of
parkin injection, we performed silver and glial fibrillary
acidic protein (GFAP) staining to further assess cell loss in
these animals. No noticeable differences in silver-positive
cells were detected in the hippocampus between the ipsilateral
(Fig. 3M and O) and contralateral hemispheres (Fig. 3L and
N), but an increase (24% by stereology, P < 0.05) in silver
staining was observed in the cortex of the contralateral
(Fig. 3P) compared with parkin-injected (Fig. 3Q) hemi-
spheres. No differences in GFAP staining were also observed
in the hippocampus (data not shown), but a significant
decrease (21% by stereology, P < 0.05) was observed in the
cortex of parkin-injected (Fig. 3S, n = 7) compared with con-
tralateral hemispheres (Fig. 3R). GFAP staining was also sig-
nificantly decreased (27% by stereology, P < 0.05) in the
entorhinal cortex of parkin-injected (Fig. 3U) compared with
the contralateral (Fig. 3T) hemispheres. These data suggest
that no cell loss was observed in the hippocampus but
parkin reduced cell loss in the cortex of 3xTg-AD mice.

High-frequency ['H]-"*C nuclear magnetic resonance
spectroscopy suggests that parkin-facilitated clearance of
defective mitochondria attenuates oxidative stress and
restores TCA cycle activity

To determine whether parkin expression also reduced
AP-associated oxidative stress and mitochondrial metabolism,
we performed high-frequency ['H]-'*C nuclear magnetic res-
onance (NMR) spectroscopy to compare parkin and Lac-Z
injected 3xTg-AD hemispheres. This method allowed us to
measure mitochondrial TCA cycle activity and lactate pro-
duction. Examination of succinate as an indicator of TCA
cycle metabolism showed a significant (58%) decrease (P <
0.05, n=4) in the flux of '°C label from [1-'*C] glucose
into succinate C2/C3 in contralateral 3xTg-AD hemispheres
compared with age-matched wild-type (WT) control brains
(Fig. 4A). Flux of '*C into succinate C2/C3 was significantly
(45%) increased in parkin-injected compared with contralat-
eral hemispheres (Fig. 4A). Succinate (Fig. 4B) was signifi-
cantly (135%) decreased in contralateral hemispheres
compared with the WT, but succinate levels were significantly
increased (48%) in parkin-injected (Fig. 4B) brains compared
with contralateral hemispheres. These data suggest a decrease
in TCA cycle activity in 3xTg-AD and parkin reversal of AR
effects on TCA cycle function. We then traced the fate of '*C
into the cytosolic compartment (Fig. 4G), particularly lactate
(33). No significant difference in 3C flux into lactate C3
was observed between WT and 3xTg-AD brains (Fig. 4A).
However, total lactate levels were significantly increased
(47%) in 3xTg-AD brains compared with control, but lactate
was decreased in parkin-injected hemispheres compared with
contralateral hemispheres (Fig. 4B), suggesting a decrease in
oxidative stress in the parkin-injected animals.

The decrease in mitochondrial metabolism led us to
examine glutamate (31) synthesis as a by-product of TCA
c;/cle and an important neurotransmitter (Fig. 4G). Flux of
°C into glutamate C4 was significantly (39%) decreased in
3xTg-AD hemispheres compared with the WT, but reduction
was blocked in parkin-injected hemispheres (Fig. 4C). Gluta-
mate levels were significantly (74%) decreased in 3xTg-AD
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decreased

brains compared with the WT (Fig. 4F), but this reduction was
reversed back to control levels in parkin-injected brains. We
tested whether glutamate synthesis was affected by recycling
via the glutamate—glutamine (Glu—Gln) cycle (Fig. 4G).
Flux of *C into glutamine C4 was significantly (60%)

in 3xTg-AD compared with the WT and
parkin-injected 3xTg-AD hemispheres (Fig. 4D). Glutamine
was significantly (76%) decreased in 3xTg-AD hemispheres
compared with WT brains (Fig. 4F). Glutamine was signifi-
cantly (40%) reversed in parkin-injected compared with non-
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injected 3xTg-AD brains. These data suggest that restoration
of glutamate levels in parkin-injected 3xTg-AD brains is
affected by TCA-derived glutamate and not by recycling via
the neuronal—glial Glu—Gln cycle (Fig. 4G).

We then examined whether alteration in glutamate synthesis
affected the levels of the neurotransmitter GABA, which
depends on glutamate as a precursor. Flux of '*C into
GABA C2 was significantly (40%) decreased in 3xTg-AD
hemispheres compared with the WT, but this reduction in
flux was significantly reversed (24%) in parkin-injected hemi-
spheres (Fig. 4E). GABA levels were significantly (51%)
decreased in 3xTg-AD hemispheres compared with WT
brains (Fig. 4F), but GABA levels were significantly (94%)
reversed in parkin-injected hemispheres. These data suggest
that parkin prevents a reduction in glutamate synthesis in
3xTg-AD brains, while subsequently restores normal levels
of GABA.

DISCUSSION

We previously showed that parkin ubiquitinated and cleared
intraneuronal A4, in lentiviral gene transfer models
(31,32,34). In this work, we tested whether parkin could facili-
tate autophagic clearance, reduce intracellular A and extra-
cellular plaque and reverse AR-induced defects in 3xTg-AD
mice. Lentiviral gene delivery of parkin showed protein
expression up to 3 months post-injection. We showed that
parkin ubiquitinates intracellular AR in vivo, stimulates the
beclin molecular cascade of autophagy and clears vesicles-
containing debris and defective mitochondria in 3xTg-AD
mice. Intracellular A accumulation is pathological and
directly inhibits the Ub-proteasome system leading to
protein accumulation (32,35,36) in animal models and cell
culture (35,37). In 3xTg-AD mice, proteasome inhibition is
concurrent with oligomeric A accumulation within neuronal
cell bodies (38,39), which results in higher AR levels. The
reduction in proteasomal activity and accumulation of AP
may result in organelle damage, including the ER and mito-
chondria. Blockage of the proteasome and aggregation of
toxic proteins induce autophagy (40,41) concurrent with ubi-
quitination (42,43). We observed reduction in TCA cycle
activity and increase in molecular markers of autophagy and
defective mitochondria, suggesting depletion of cellular
energy that would induce autophagy and result in autophago-
some accumulation. Accumulation of vesicles loaded with
debris and defective organelles within the cytosol suggests
impairment of clearance mechanisms. Our studies suggest
that parkin facilitates clearance of vesicles, fragmented ER
and defective mitochondria, contributing to disposal of
damaged organelles and cellular and molecular debris,
perhaps via synergistic effects between ubiquitination and
autophagy.

An increase in beclin levels is correlated with autophagic
activity (44,45), and a decrease in beclin is associated with
aging and neurodegenerative diseases (46). Parkin expression
increased beclin levels, suggesting activation of beclin-
dependent autophagy to facilitate the clearance of cytosolic
vesicles. Deletion of autophagic components, including
Atg7, suppresses macroautophagy (47,48), while LC3 links

ubiquitinated protein aggregates to the autophagosome for
degradation (49,50). We also observed an increase in Atg7,
Atgl2 and LC3-B levels in the presence of parkin, indicating
activation of the beclin-autophagic cascade. Taken together,
these data suggest that AP accumulation may induce
beclin-independent autophagy, perhaps via mamalian target
of rapamaycin-dependent pathways resulting in accumulation
of vesicles, and parkin ubiquitinates A3 and activates beclin-
dependent mechanisms to facilitate clearance. Our results are
consistent with previous observations that undegraded autop-
hagosomes are present in human advanced stages (51) and
animal models (52) of AD, suggesting that the lack of autop-
hagosome—lysosome fusion can lead to leaky vacuoles and
pathogenic accumulation of A3 (53).

Parkin-mediated clearance of intracellular AP and
decreased plaque deposition are consistent with findings that
intracellular AR accumulation precedes extracellular plaques
in transgenic animals (6,54—60), and suggest that accumu-
lation of intraneuronal Af3 is an early event in AD pathology.
Intraneuronal AR levels decrease in 3xTg-AD mice and Down
syndrome brains as extracellular plaques accumulate (9—11).
Reduction in AP levels results in the elimination of brain
atrophy, which is associated with mild cognitive impairment,
in which intraneuronal A accumulates in regions that are
prone to the development of early AD pathology, such as
the hippocampus and the entorhinal cortex (61). The decrease
in cell death associated with the reduction in AR levels is con-
sistent with evidence that lysis of neurons with intracellular
AP leads to AP dispersion in the extracellular space (62,63).
In the 3xTg-AD model, clearance of intraneuronal AR was
shown to follow removal of extracellular AR plaques (64),
but when the pathology re-emerges, extracellular plaques
follow the accumulation of intraneuronal AR (9). These obser-
vations indicate a balance between extracellular and intra-
cellular AR that can be therapeutically exploited to reduce
amyloid burden in AD.

In another APP transgenic model (Tg2576), AR is observed
in mitochondria (65). Accumulation of intracellular AB in
mitochondria is associated with diminished enzymatic activity
of respiratory chain complexes III and IV, and reduced rate of
oxygen consumption (66). Decreased glucose metabolism is
also observed in the brains of AD patients (67), perhaps
leading to adenosine triphosphate (ATP) depletion and autop-
hagic alterations. We observe defective mitochondria in
3xTg-AD mice and parkin clears vesicle-containing mitochon-
dria. These observations led us to investigate the effects of
parkin on A-associated mitochondrial defects described in
human patients and animal models of AD (68). Accumulation
of AR decreases TCA cycle activity (Fig. 4G) and increases
lactate production, suggesting an increased level of oxidative
stress. Parkin reverses AR-induced inhibition of mitochondrial
TCA cycle and attenuates cytosolic lactate production,
suggesting that the clearance of intraneuronal AP reduces oxi-
dative stress (27-30), and may modulate autophagy.
Parkin-associated increase in mitochondrial activity leads to
increased aerobic respiration, consistent with parkin role as a
modulator of mitochondrial function (17-25).

Intraneuronal AP is involved in synaptic dysfunction, which
could underlie cognitive deficits in AD and transgenic animal
models. Indeed, the 3xTg-AD mice develop intraneuronal AR



accumulation when cognitive deficits are first detected (68).
Removal of intraneuronal A with immunotherapy restores
cognitive function (68), but intraneuronal AB results in pro-
found deficits in long-term potentiation (LTP) (59), which
underlies memory (69). Furthermore, increased Ub C-terminal
hydrolase L1 levels rescues AR-induced LTP deficits (70),
further suggesting a possible involvement of the
Ub-proteasome system in the maintenance of synaptic func-
tion. Magnetic resonance spectroscopy (MRS) demonstrates
a significant decrease in glutamate levels in 3xTg-AD mice,
consistent with previous data from other APP transgenic
mouse models (7,71,72). Parkin increased glutamate back to
control levels, indicating restoration of neurotransmitter syn-
thesis. Parkin did not affect glutamine levels, suggesting that
the increase in glutamate synthesis was independent of the
Glu—Gln cycle. We further tested the effects of parkin on
the inhibitory neurotransmitter GABA. AB-induced decrease
in glutamate was simultaneous with the decrease in GABA
levels, and parkin reversed GABA levels (Fig. 4G), suggesting
that AR suppresses excitatory glutamate and induces dysfunc-
tion in inhibitory transmission, leading to modification in neu-
rotransmitter equilibrium and destabilization of neuronal
circuit activity (73). Furthermore, our studies are consistent
with previous data suggesting that '*C flux through succinate
is a good indicator of TCA cycle activity in relation to the
GABA shunt, because GABAergic neurons account for less
than one-third of the overall cerebral TCA cycle activity,
which depends on GABA/glutamate pool size ratio in the
mouse brain (74). These studies should be further investigated
to provide more evidence that intracellular A3 has detrimental
roles on neurotransmitter levels, independent of cell death.
Parkin-mediated autophagic clearance could be an alternative
strategy to clear brain AR and restore neurotransmitter equili-
brium and synaptic dysfunction.

The E3-Ub ligase parkin stimulates autophagic clearance
and reduces toxic intracellular AR levels and neurodegenera-
tive death. Clearance of intraneuronal A3 results in a decrease
in extracellular plaque buildup, suggesting that intraneuronal
AP precedes plaque formation. Parkin-mediated clearance of
AR prevents oxidative stress and mitochondrial dysfunction
and may restore ATP production to modulate autophagy.
Increased TCA cycle activity restores loss of mitochondrial
contribution to glutamate synthesis and reverses the decrease
in GABA levels, suggesting return of neurotransmitter equili-
brium that underlies neuronal networks. Thus, parkin is a can-
didate gene therapy to promote autophagic clearance, degrade
intraneuronal AP, limit extracellular plaque deposition and
prevent AD-associated pathology.

MATERIALS AND METHODS

Stereotaxic injection

Stereotaxic surgery was performed to inject lentiviral parkin
into the right, and LacZ into the left CA1 region of the hippo-
campus of 1—1.5-year-old 3xTg-AD mice using Paxinos and
Watson mouse atlas for coordinates, including 1.7 mm
lateral, 2.2 mm ventral and 2 mm posterior. Viral stocks
(6 wl) were injected as described in ref. (31) at a rate of
0.2 pl/min. Animals were injected into the left hippocampus
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with a lentiviral-LacZ vector at 1 x 10' mutliplicity of
infection (m.o.i.), and the right hippocampus with 1 x 10
m.o.i. lentiviral parkin. A total of 23 mice were injected and
sacrificed 3 months post-injection.

Western blot analysis

Brain tissues were homogenized in 1x STEN buffer [SO mm
Tris (pH 7.6), 150 mm NaCl, 2 mm thylenediaminetetraacetic
acid, 0.2% nonyl phenoxypolyethoxylethanol-40, 0.2%
bovine serum albumin, 20 mm phenylmethanesulfonylfiuoride
and protease cocktail inhibitor], centrifuged at 10 000g for
20 min at 4°C and the supernatant containing the soluble frac-
tion of proteins was collected. The supernatant was analyzed
by western blot on sodium dodecyl sulfate NuPAGE 4-12%
Bis—Tris gel (Invitrogen, Inc.). Protein estimation was per-
formed using BioRad protein assay (BioRad Laboratories
Inc., Hercules, CA, USA). Parkin and A3 were immunoprobed
as indicated (31). Full-length APP and CTFs were probed with
C1.61 (1:1000) antibody (Paul Mathews, Nathan Kline Insti-
tute), secreted APPa was probed with 2B3 (1:1000) antibody
(IBL International) and APPB with 22C11 (1:1000) antibody
(Millipore). Autophagy antibodies, including beclin (1:1000),
Atg7 (1:1000), Atgl2 (1:1000) and LC3-B (1:1000), were
used to probe according to autophagy antibody sampler kit
4445 (Cell Signaling, Inc.). Immunoprecipitation was per-
formed using (PD4) anti-Ub (1:100) antibody (Chemicon
International) or (6E10) anti-APP (1:100) antibody (Signet,
Dedham, MA, USA). Western blots were quantified by densi-
tometry using Quantity One 4.6.3 software (Bio Rad). Densi-
tometry was obtained as arbitrary numbers measuring band
intensity and all values were converted to % control. Eight
animals were used to compare contra and ipsilateral hemi-
spheres, and the data were analyzed as mean + SD and stat-
istical comparison of variables was obtained by r-test, P <
0.05.

Histology

To perform immunohistochemical analysis of brain tissues,
animals were deeply anesthetized with a mixture of xylazine
and ketamine (1:8), washed with 1X saline for 1 min and
then perfused with 4% paraformaldehyde (PFA) for 15—
20 min. Brains were quickly dissected out and immediately
stored in 4% PFA for 24 h at 4°C, and then transferred to
30% sucrose at 4°C for 48 h. After perfusion and sucrose cryo-
protection, tissues were cut using a cryostat into 20 wm thick
sections and stored at —20°C. IHC was performed on 20 um
thick brain sections and compared between contra and ipsilat-
eral hemispheres. AB4, was probed (1:200) with rabbit
polyclonal-specific anti-AB4, antibody (Zymed) or 6E10 fol-
lowed by 3, 3’-diaminobenzidine staining. Further staining
was performed to assess neural disintegrative degeneration
in animal models using FD NeuroSilver™ staining kit II
(FD NeuroTechnologies, Inc., Baltimore, MD, USA), which
provides high contrast and rapid silver staining for the micro-
scopic detection of neuronal and fiber degeneration in vivo.
Thioflavin-s staining was performed according to the manu-
facturer’s instructions (Sigma). Total cell counts in cortical
subfields were obtained by a blinded investigator using
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unbiased stereology analysis (Stereologer, Systems Planning
and Analysis, Chester, MD, USA). A minimum of seven
20 wm sections were analyzed from 400 wm in each direction
from the injection site in the ispilateral area, and an equivalent
size area within the same region in the contralateral area. The
multi-level sampling design in the Stereologer software, based
on the optical fractionator sampling method, was used to esti-
mate positive cell numbers. Seven mice were used for IHC.

Caspase-3 and caspase-9 fluorometric activity assay

To measure caspase-3 activity in the animal models, we used
EnzChek® caspase-3 assay kit #1 (Invitrogen, Molecular
Probes, Inc.) on total hemisphere extracts and Z-DEVD-
AMC substrate and read the absorbance according to the man-
ufacturer’s protocol. We also used AC-LEHD-AMC substrate
(Invitrogen, Molecular Probes, Inc.) to measure caspase-9
activity according to the manufacturer’s protocol.

AB ELISA

Human specific AB4o and A4, ELISA (Biosource, Inc.) were
performed using 50 pl (1 pg/pl) of whole hemisphere brain
lysates, detected with 50 pl human AB4y or ARy, primary anti-
body (3 h) and 100 wl anti-rabbit antibody (30 min) at RT.
Extracts were incubated with stabilized chromogen for
30 min at RT and solution was stopped and read at 450 nm,
according to the manufacturer’s protocol.

MALDI-TOF mass spectrometry

Immunoprecipitation was followed by western blot fraction-
ation and SilverQuest staining (Invitrogen) of gels, and the
protein bands of interest were manually excised. Protein
identification was carried out on a 4800 MALDI-TOF-TOF
Analyzer (Applied Biosystems, CA, USA) in reflector-positive
mode and then validated in MS/MS mode as described in
reference (31). Detected peptide and fragment masses were
compared with the theoretical masses stored in SWISS-PROT
databases using MASCOT.

High-frequency ['H]-'*C MRS

Animals were fasted overnight with free access to tap water and
were intraperitoneally (i.p.) injected with [1-'*C] glucose
solution (0.5 mol/l) over 10s (0.3 ml/25-30 g body weight;
200 mg/kg). We empirically determined that 45 min was
optimal for '*C labeling of metabolites in the mouse brain. So,
45 min post-injection with [1-'>C] glucose, animals were sacri-
ficed by cervical dislocation and brains immediately homogen-
ized in 6% ice-cold perchloric acid, 50 mm NaH,PO,. After
homogenization and lyophilization, extracts were re-suspended
in 0.65ml D,O containing 2 mm sodium ['*C]formate as
internal intensity and chemical shift reference (8 171.8). Metab-
olite pool size was identified on 'H ['*C-decoupled] NMR
spectra. Peak areas were adjusted for nuclear Overhauser
effect, saturation and natural abundance effects and quantified
by reference to ['*C] formate. Metabolite pool sizes were deter-
mined by integration of resonances in fully relaxed 400 MHz
['*C-decoupled] 'H spectra using N-acetylaspartate as internal

intensity reference. Incorporation of '*C into isotopomers was
measured in reference to ['>C] formate. All data were collected
on a 9.7 Tesla Varian Spectrometer with dual '*C/'H probe.
['*C-decoupled]-'H spectra were acquired with 3000 scans,
pulse width 45°, relaxation delay 1 s, line broadening 0.5 Hz,
acquired data points 13.132 and transformation size 32 K at
room temperature. ['H-decoupled]-'>C spectra were acquired
with 30 000 scans and 31 875 data points. Spectra were inte-
grated and quantified using MestReNova (Master Lab
Research).

Scanning EM

Brain tissues were fixed in (1:4, v:v) 4% PFA-picric acid sol-
ution and 25% glutaraldehyde overnight, then washed 3 x in
0.1 M cacodylate buffer and osmicated in 1% osmium tetrox-
ide/1.5% potassium ferrocyanide for 3h, followed by
another 3x wash in distilled water. Samples were treated
with 1% uranyl acetate in maleate buffer for 1h, washed
3x in maleate buffer (pH 5.2), then exposed to a graded
cold ethanol series up to 100% and ending with a propylene
oxide treatment. Samples are embedded in pure plastic and
incubated at 60°C for 1-2 days. Blocks are sectioned on a
Leica ultracut microtome at 95 nm, picked up onto 100 nm
formvar-coated copper grids and analyzed using a Philips
Technai Spirit transmission EM.
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