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Parkin Null Cortical Neuronal/Glial Cultures
are Resistant to Amyloid-�1-42 Toxicity: A
Role for Autophagy?
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Abstract. Dementia occurs often in late stages of Parkinson’s disease (PD) but its cause is unknown. Likewise there is little
information about the interaction between proteins that produce PD and those implicated in Alzheimer’s disease (AD). Here
we have investigated the interactions between parkin protein and the amyloid-� (A�)1-42 peptide. We examined the effects of
oligomeric A�1-42 peptide on the survival, differentiation, and signaling pathways in cortical cultures from wild type (WT) and
parkin null (PK-KO) mice. We discovered that PK-KO cells were more resistant than WT to A�1-42. This peptide induced neuronal
cell death, astrogliosis, microglial proliferation, and increased total and hyperphosphorylated tau and levels of chaperones HSP-
70 and CHIP in WT, but not in A�-treated PK-KO cultures. A�1-42 decreased proteasome activities in WT and PK-KO cultures,
but the ubiquitination of proteins only increased in WT cultures. A�1-42 induced a short activation of ERK1/2 and AKT signaling
pathways, implicated in cell survival, in PK-KO-treated cells, and a shift in the autophagy marker LC3-II/LC3-I ratio. In addition,
the percentage of cells immunoreactive to both HSC70 and LAMP-2A increased in PK-KO cultures versus WT and furthermore
in PK-KO cultures treated with A�1-42. Pre-treatment with inhibitors of glutathione synthesis or autophagy reverted the resistance
to A�1-42 of the PK-KO cultures. In conclusion, the loss of parkin protein triggers the compensatory mechanisms of cell protection
against A�1-42. Parkin suppression, therefore, is not a risk factor for dementia of AD type.
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INTRODUCTION

There is a great interest in the mechanisms which
control the production, metabolism, processing, and
elimination of the amyloid-� (A�) peptides, since
these peptides are considered responsible for the
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formation of plaques and aggregates which ultimately
leads to synaptic loss, neuronal death, and Alzheimer’s
disease (AD) pathology. Previous studies, including
some from our laboratory, have indicated that the pro-
cessing and elimination of A� peptides is modulated
by a great number of genetic modifiers [1–8], as well
as by neuronal compounds [9–13] and pharmaceu-
tical agents [14–18]. Among the genetic modifiers,
the apolipoprotein E4 (ApoE4) allele is known to
aggravate A� pathology [19, 20], and the ApoE2 is
known to reduce the risk of AD [21]. Finally, recent
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findings obtained using synthetic A� peptides and
human samples indicated that low-n oligomers (from
dimmers to octamers) may be proximate toxins for
neuron and synapse [22–25].

We have previously shown, in ex vivo experiments,
that the abnormal cognitive parameters, the increased
risk of death, the abnormal neurochemical abnormal-
ities and the amyloid and tau pathology observed in
transgenic mice, bearing the A�PPswe mutation, which
in humans produce early onset amyloidal AD, are
reduced in A�PPswe mice in which the parkin protein
has been completely suppressed or reduced to 50% [2].

Parkin protein is an ubiquitin E3 ligase involved in
the ubiquitin-proteasome system (UPS) of processing
abnormal protein [26–33]. The suppression of parkin,
therefore, was expected to interfere with the elimina-
tion of abnormal protein and to increase the accumula-
tion of A� peptide and the AD pathology. We discov-
ered, however, that the amelioration of A� pathology
induced by parkin suppression was related to compen-
satory hyperactivation of other alternative mechanisms
of protein elimination, namely macroautophagy and
chaperone mediated autophagy (CMA) [2].

Here, we investigate whether the compensatory
mechanism present in neuronal cells from parkin null
mice (PK-KO) could prevent the neurotoxic effects of
the oligomeric form of A�1-42 peptide added to the
cultures of PK-KO in comparison with those observed
in neuronal cultures from wild type (WT) treated with
A�1-42 peptide. These set of new experiments investi-
gate the role of parkin on an acute overload of A�1-42
peptide, a very different setting from our experiments
performed in A�PPswe mice with full, hemizygotic,
or null parkin expression. We have also studied the
molecular mechanisms involved in the processing of
the toxic A�1-42 peptide with pharmacological tools
which allow for the evaluation of the role of this mech-
anism in the processing of toxic amyloid peptides.

MATERIALS AND METHODS

Culture media and chemicals

Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (4.5 g/L), Ham’s F12 nutri-
ent mixture, Eagle’s minimal essential medium
(EMEM) with Earl’s salts, Leibovitz’s L-15 medium,
B27/Neurobasal TM medium, Hank’s balanced
salt solution, L-glutamine, pyruvate, penicillin-
streptomycin, and fetal bovine serum (USA origin)
were purchased from Gibco-Life Technologies

(Paisley, Scotland, UK). Glucose 45%, Trypsin-
EDTA, insulin, putrescine, progesterone, sodium
selenite, and poly-D-lysine were from Sigma (Madrid,
Spain) and human transferrin, 30% iron-saturated,
from Boehringer-Mannheim (Barcelona, Spain).
Bovine serum albumin (BSA), bis-benzimide,
L-buthionine-[S,R]-sulfoximine (BSO), and 3-
methyladenine (3MA) were from Sigma (Madrid,
Spain). Laminin was from Roche (Barcelona, Spain).
The cytotoxicity detection kit for LDH was from
Boehringer-Mannheim (Barcelona, Spain). A�1-42
peptide was from (Bachem, Switzerland) and the
BCA protein assay kit was from Pierce (Rockford, IL,
USA). All other reagents were of the highest purity
commercially available from Merck or Sigma.

Cell cultures

Neuronal-enriched, neuron-glia and glial cortical
cultures were obtained from 129SV/C57BL/6 WT
or parkin mutant mice (PK-KO) [34]. Cultures were
derived from littermate –/– and +/+ embryos obtained
from homozygous colonies previously generated by
heterozygous parkin −/+ intercross. The genotype was
confirmed by standard PCR techniques of genomic
DNA obtained from their tails [35, 36]. Procedures
using laboratory animals were in accordance with
the European Union Directives and the Ramón y
Cajal University Hospital Animal Care Committee. All
efforts were made to minimize the number of animals
used and their suffering. Neuronal-enriched, mixed
neuron-glia, and glial cultures were prepared from cor-
tical tissues of embryonic day 15/16 mice; a previously
described method for making neuron-enriched or glial
cultures of E13 mesencephalic tissue was adapted to
this purpose [36, 37].

For neuron-glia primary cultures, cortical tis-
sues were obtained from embryonic tissue (16th
day gestation), incubated with 0.36 mg/ml papain
in PBS/D-glucose (6 mg/ml)/1% BSA buffer for
15 min at 37◦C and mechanically dissociated in
presence of 10 mg/ml Dnase-I. The cells were
seeded in B27/Neurobasal TM medium with 15%
(v/v) heat-inactivated fetal calf serum (B27/NBL-
FCS) supplemented with glutamine (4 mM), penicillin
(100 U/ml), and streptomycin (100 �g/ml) in mul-
tiwells or in glass cover slides pre-coated with
poly-D-lysine (4.5 �g/cm2) in 0.1 M borate buffer,
pH = 8.4 and laminin (3 �g/ml). The cultures were kept
in a humidified chamber at 37◦C in a 5% CO2 atmo-
sphere for 7-8 days in vitro (DIV). Neurons were easily
distinguishable from glia: they appeared phase-bright,
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had smooth, rounded somata and distinct processes,
and lay just above the focal plane of the glial layer.
Cells were treated at 5-6 DIV unless stated otherwise.

For glial cultures, the cortices were removed from
embryonic tissue (16th day gestation), diced in small
fragments, and incubated in trypsin-EDTA (0.5% in
Hank’s balanced salt solution) at 37◦C for 15 min.
Trypsinization was stopped by adding culture medium,
and the tissue was gently centrifuged. The super-
natant was discarded, and the pellet resuspended in
1 ml of culture medium. Single cell dissociation was
achieved by mechanical disruption. Dissociated cells
were plated in DMEM with 15% (v/v) heat inactivated
fetal bovine serum, 4 mM L-glutamine, 1 mM pyru-
vate, and 100 U/ml penicillin-streptomycin (growth
medium; DMEM-FCS) [38] at a density of 3 × 106

cells per 80-cm2 cell culture flasks. Culture medium
was refreshed after 6-7 days and every 7 days there-
after. After 20 days in culture, positive staining with
anti-GFAP antibody identified the astrocytes in these
cultures and contained at least 80–90% of total cells.

For neuronal-enriched cultures, the cortices were
removed from embryonic tissue (16th day gestation)
and incubated with 0.36 mg/ml papain in PBS/D-
glucose (6 mg/ml)/1% BSA buffer for 15 min at 37◦C
and mechanically dissociated in presence of 10 mg/ml
Dnase-I. The cells were seeded in B27/Neurobasal
TM medium with 15% (v/v) heat inactivated fetal calf
serum (B27/NBL-FCS) supplemented with glutamine
(4 mM), penicillin-streptomycin (100 U/ml) at a den-
sity of 2.5 × 105 cells/cm2 in multiwells or 2 × 105

cells/cm2 in glass cover slides pre-coated with poly-
D-lysine (4.5 �g/cm2) in 0.1 M borate buffer, pH = 8.4
and laminin (3 �g/ml). The cultures were kept in a
humidified chamber at 37◦C in a 5% CO2 atmosphere
for 7-8 DIV. Twenty-four hours after plating, the cells
were changed to serum-free medium (B27/NBL).

Preparation of Aβ peptide

A� oligomers: synthetic A�1-42 (Bachem) peptide
was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) to 1 mM and aliquoted into microcentrifuge
tubes, then the HFIP was evaporated, and the peptide
film was stored at −80◦C until use. For oligomeric
assembly, concentrated peptide was resuspended
in DMSO (5 mM) and then diluted to 100 �M in
phenol red-free media and incubated at 4◦C for 24 h.
The preparation was centrifuged at 10,000 × g for
10 min at 4◦C to remove insoluble aggregates, and
the supernatant containing soluble oligomers was
transferred to clean tubes and used for the treatment

of neuron-glia or glial cultures. 0.5 �g were loaded to
15% SDS-PAGE gels and detected after western blot
analysis with mouse monoclonal A� antibody 6E10
to demonstrate the presence of soluble oligomeric
forms of A� (Fig. 1A).

Treatment of neuronal-enriched, neuron-glia,
and glial cortical cultures

For neuron-glia cultures, before the A�1-42
oligomers treatment, the cells were changed to serum-
free defined Neurobasal medium containing 2% B27
supplement without antioxidant (Invitrogen). The
cultures (neuronal-enriched and neuron-glia cortical
cultures), maintained for 7-8 DIV, were seeded with
a density of 4 × 105 cell/ml in 24, 12, or 6-well plate
cultures, and 150,000 cells in cover-slides for immuno-
cytochemistry (ICQ) studies. For curve-dose response
experiments, the cultures were treated with oligomeric
A�1-42 (0.55; 1.1; 2.2; or 4.4 �M) for 48 h and then,
cell viability studies were made. To study the cell phe-
notype affected by A�1-42 treatment (4.4 �M for 48 h)
ICQ studies were performed.

To test the role of glutathione (GSH) and autophagy
in the different response to A�1-42 from WT and PK-
KO cultures, we used the GSH synthesis inhibitor
(0.75 �M) 30 min before A�1-42 (4.4 �M for 48 h),
and the autophagy inhibitor 3-methyladenine (3-MA,
0.5 mM, 30 min before the A�1-42 treatment).

For western blot and proteasome activity experi-
ments, neuron-glia cultures seeded in 12 and 6- well
plates, respectively were treated for 48 h with vehicle
or A�1-42 at 4.4 �M.

Glial cell treatments
After 15–20 DIV in growth medium (DMEM-FCS),

glial cultures had reached confluence; at this time, the
cells were mildly trypsinized and reseeded for the dif-
ferent experiments at a density of 1.5 × 104 cells/cm2

in 12-well cultures plates and maintained in growth
medium for 5-6 additional days. To study the effect
of A�1-42 in cell viability after 5-6 days of re-seeding,
the culture medium was changed to serum-free defined
medium (EF12) and the cells treated with A�1-42 at
4.4 �m for 48 h. Western blot experiments were con-
ducted to detect ERK1/2- and AKT-phosphorylation
time curse profile.

Cell viability measurements

Apoptosis was measured by light microscopy fea-
tures and DNA staining. Cells growing on cover slides
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Fig. 1. PK-KO neuron-glia cultures were resistant to oligomeric form of A�1-42. A) Aggregation state of A�1-42 in three preparations used
for the experiments. Representative western blot analysis show the presence of soluble oligomers (monomers, trimers, and tetramers) in the
samples. B) Photomicrograph of neuron-glia cortical culture from PK-KO, staining neurons (MAP2+), type 2 astrocytes (GFAP+), and nuclei
(bis-benzimide). Scale bar, 30 �m. After 5 days in vitro, the cultures were treated with A�1-42 at 4.4 �M for 48 h. C) Photomicrographs of
total nuclei stained with bis-benzimide. Inset showing peripheral chromatin-condensed nuclei. D) Percentage of apoptotic cells with respect to
the total cell number in WT and PK-KO mixed cultures treated with A�1-42 or solvent. E) LDH activity in the medium of WT and PK-KO
mixed cultures treated or untreated with the amyloid. F) Photomicrographs and (G) quantification of total neurons (MAP2+ cells) in WT
and PK-KO cultures from control and A�1-42 treated cells. Scale bar, 30 �m. Values are the mean ± SEM from two independent experiments
with 4–6 replicates each. Statistical analysis was performed by one or two-way ANOVA followed by Newman Keuls multiple comparison
test and Bonferroni post-test, respectively. ∗∗∗p < 0.001 A� treated cultures versus their respective controls; +++p < 0.001 PK-KO versus WT
cultures. The interaction between the genotype and the treatment was F(1,66) = 24.89; p < 0.0001 for C. F(1,24) = 17.01; p = 0.0013 for D and
F(1,24) = 0.069; p = 0.069 for F.
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were fixed in 4% paraformaldehyde, and the nuclei
were stained with bis-benzimide (Hoechst 33342)
added to the anti-fading solution, 3 × 10−6 M final con-
centration [39, 40], and counted in 1/14 of the cover
slide area; apoptotic cells were identified by chromatin
condensation and fragmentation.

Mitochondrial activity was measured with the
3-(4,5-dimethyl-thiazol-2-yl)-2,5 diphenyltetrazolium
bromide assay, which measures the metabolism of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide.

For necrotic cell death determination, lactate dehy-
drogenase (LDH) activity was performed. LDH was
measured in the culture medium by using a cytotoxicity
detection kit [36, 37].

Immunocytochemistry

Cortical neurons were stained with an antibody
against microtubule-associated protein-2 (MAP-2)
(Sigma, Madrid, Spain), a marker for the cell body
and neurite, diluted at 1 : 200, and astrocytes with
a rabbit anti-GFAP antibody (1 : 500) from DAKO
(Glostrup, Denmark). Microglial cells were identi-
fied with isolectin B4 peroxidase-labeled (12.5 �g/ml)
(Sigma, Madrid, Spain) [41, 42]. Caspase-3 activa-
tion was stained with a rabbit polyclonal anti-cleaved
caspase-3 (1 : 400) from Cell-Signaling Technology
(Boston, MA, USA).

We analyzed the percentage of cells immunoreactive
to both HSC70 and LAMP-2A as markers of chaperon-
mediated autophagy [43, 44]. Mouse anti-HSC70
diluted 1/100 and rabbit anti-LAMP-2A diluted 1/100
were from Abcam (Cambridge, UK). Colocalization
images for HSC70 and LAMP-2A were acquired using
a Nikon C1 plus ECLIPSE Ti-e microscope and a 60X
Plan Apo VC oil objective with NA 1.4 laser-scanning
confocal microscope.

The cell cultures were fixed with 4% paraformalde-
hyde, washed in 0.1 M phosphate-buffered saline, pH
7.4 (PBS), permeabilized with ethanol-acetic acid
(19 : 1), and incubated at 4◦C for 24 h with primary
antibodies diluted in PBS containing 10% fetal calf
serum. Fluorescein- and rhodamine-conjugated sec-
ondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA) were employed to visualize posi-
tive cells under fluorescent microscopy. For microglial
cells identification, cultures were fixed with 4%
paraformaldehyde +1% glutaraldehyde and incubated
at 4◦C for 24 h with isolectin B4 peroxidase-labeled
diluted in TBS/0.1% triton X-100; the positive cells
were developed with a DAB-system (LSAB2 system,

DAKO) and visualized under optical microscopy.
The number of immunoreactive cells was counted

in one-seventh of the total area of the cover slides. The
cells were counted in predefined parallel strips using a
counting reticule inserted into the ocular.

The intensity and the area of fluorescence of GFAP
and MAP-2 immunostaining were measured in 20
pre-defined fields for each slide, processed with the
automatic software Image-Pro 6.2 (Media Cybernetics,
Silver Spring, MD, USA) and expressed as arbitrary
units or intensity (integrated optical density). For all
immunocytochemical methods, negative controls were
tested by incubation without the primary antibody in
each case.

Measurement of glutathione levels and glutathione
peroxidase activity

Total GSH levels were measured as previously
described [45]. Briefly, the cells from neuron-glia cul-
tures were washed with PBS, lysed in 100 �l of 0.4 N
perchloric acid (PCA) for 30 min at 4◦C, and cen-
trifuged, and the supernatants were neutralized with
four volumes of 0.1 M NaH2PO4, 5 mM EDTA, pH
7.5. GSH content was measured in a P96 automatic
reader by the addition of 5,5′-dithio-bis-2-nitrobenzoic
acid (DTNB, 0.6 mM), nicotinamide adenine dinu-
cleotide phosphate reduced tetrasodium salt (NADPH,
0.2 mM), and glutathione reductase (1 U). The reaction
was monitored at 412 nm for 6 min.

In WT and PK-KO neuron-glial cultures after 7 DIV,
the cells were washed with PBS, harvested by cen-
trifugation at 1000 × g for 5 min, pooled in 110 �l of
50 mM potassium phosphate (pH 7.2), 1 mM EDTA
and sonicated. The homogenate was centrifuged at
10.000 × g for 15 min at 4◦C, and the supernatant
was used for glutathione peroxidase (GPx) and protein
determination. GPx activity was measured according
to the method of Flohe and Gunzler [46]. Briefly,
110 �l of 50 mM potassium phosphate pH 7.2, 1 mM
EDTA, 25 �l of 10 mM GSH and 25 �l of GSH reduc-
tase (0.6 U/�l) were added over 40 �l of the cell
homogenates. This reaction mixture was incubated for
5 min at 37◦C after which 25 �l of 1.5 mM NADPH
was added. The change in absorbance was followed
at 340 nm for 5 min at room temperature in order
to quantify the hydroperoxide independent oxidation
of NADPH. 25 �l of 12 mM tert-butyl hydroperoxide
were then added and the rate of NADPH oxidation was
followed at 340 nm for 5 min. One unit of GPx activity
is the amount of enzyme necessary to oxidize 1 �mol
of NADPH per minute.
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Western blot analysis

Neuron-glia and glial cortical cultures were homog-
enized with a sonicator in lysis buffer containing
20 mM Tris HCl, 10 mM potassium acetate (AcK),
1 mM dithiothreitol (DTT), 1 mM EDTA, 1 mM PMSF,
1 mM benzamidine, leupeptin, aprotinin, pepstatin
5 �g/ml each, 0.25% NP-40, pH 7.4, and then
centrifuged at 12.000 × g for 30 min at 4◦C. For
phospho-proteins (AKT, ERK1/2, and tau) detec-
tion, 10 mM sodium fluoride (FNa), 2 mM sodium
molibdate, 10 mM �-glicerophosphate, and 0.2 mM
ortovanadate were added to the lysis buffer. The super-
natant was used for protein determination by the BCA
protein assay kit and for electrophoretical separa-
tion. Samples (20–30 �g protein) were added to SDS
sample loading buffer, electrophoresed in 10–15%
SDS-polyacrylamide gels and then electroblotted to
0.45 �m nitrocellulose membranes. For immuno-
labeling, the blots were blocked TTBS (20 mM
Tris-HCl pH 7.6, 137 mM NaCl plus 0.1% (v/v)
Tween-20 and 5% dry skimmed milk) for 1 h at
room temperature. After blocking non-specific bind-
ing, the membranes were incubated with different
specific primary antibodies in blocking solution
overnight at 4◦C. The blots were developed by
chemiluminiscence detection using a commercial
kit (Bio-Rad) and quantified by computer-assisted
videodensitometry.

The antibodies used in the study were the following:
mouse monoclonal anti-beta amyloid antibody clone
6E10 (Covance, Princeton, New Jersey, USA) was
used at 1 : 1000. Mouse monoclonal anti-cytochrome
C (1 : 1000) was from BD Bioscience (San Jose, CA,
USA). The chaperone mouse anti-HSP-70 (1 : 750),
rabbit polyclonal anti-CHIP (1 : 1000), and goat poly-
clonal anti-p62 (SQSTM-1) (1 : 500) were from Santa
Cruz (Heidelberg, Germany). Mouse monoclonal
anti-tau-5 (Chemicon, Temecula, CA, USA) antibody
was used at 1 : 5000 and human monoclonal anti PHF
tau (AT-8) antibody (Pierce Endogen, Rockford, IL,
USA) was diluted at 1 : 1000. Rabbit anti-p-GSK3�
[pY279]/� [pY216] diluted 1/1000 and mouse anti-total
GSK3 diluted 1/1000 were from Invitrogen (Carls-
bad, CA, USA). Mouse monoclonal anti-ubiquitin
diluted at 1 : 500 was from Chemicon, (Temecula,
CA, USA). We used a mouse anti-phospho-ERK-
1/2 (1 : 5000) and rabbit anti-ERK-1/2 (1 : 10000)
antibodies from Sigma (Madrid, Spain). Mouse
monoclonal anti-phosphorylated AKT (1 : 700); rabbit
polyclonal anti-AKT (1 : 700), and rabbit polyclonal
anti-PARP (1 : 1000) were from Cell-Signaling

Technology (Boston, MA, USA). Rabbit polyclonal
anti-LC3 antibody (MBL, Nagoya, Japan) and rabbit
polyclonal anti-Beclin-1 (Sigma, Madrid, Spain)
were diluted at 1 : 1000. Rabbit anti-GR diluted
1/2000, mouse anti-HSC70 diluted 1/1000 and rabbit
anti-LAMP-2A diluted 1/1000 were from Abcam
(Cambridge, UK). Mouse monoclonal anti-�-actin
antibody (Sigma, Madrid, Spain) diluted 1 : 5000
was used as a control of charge. Goat anti-mouse,
anti-rabbit, and rabbit anti-goat-HRP secondary
antibodies diluted 1 : 2000 were from Sigma and
Santa Cruz, respectively. �-Actin secondary antibody
was an anti-mouse phosphatase alkaline conjugated
diluted at 1 : 3000 from Sigma. Anti-mouse and anti-
rabbit-horseradish peroxidase secondary antibodies
were from Amersham and rabbit anti-goat-HRP was
from Santa Cruz. �-Actin secondary antibody was
an anti-mouse phosphatase alkaline conjugated (from
Sigma).

Proteasomal activity measurement

After culture treatments, the cells were washed with
PBS, harvested in proteasomal lysis buffer [50 mM
HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl, 0.5 mM
DTT (1,4-Dithiothreitol) and 0.03% triton X-100], and
lysed by sonication (VibraCell, level 0.5 for 30 s).
The lysates were centrifuged at 12,000 × g at 4◦C
for 30 min. The protein concentration was assayed
from the resulting supernatants by the BCA protein
assay kit. Proteasomal activities were quantified by
monitoring the accumulation of the fluorescent cleav-
age product 7-amino-4-methylcoumarin (AMC) from
the synthetic proteosomal substrates. In particular,
Suc-Leu-Leu-Val-Tyr-AMC, Ac-Arg-Leu-Arg-AMC,
and Z-Leu-Leu-Glu-AMC were used to measure
chymotrypsin, trypsin, and peptidyl-glutamyl-peptide
hydrolyzing (PGPH)-like activity of the proteasome,
respectively. The assay was carried out with 25–35 �g
of tissue lysates and the proteasomal substrate at 37◦C
for 190 min of incubation. The fluorescence of the
released AMC was measured using an automatic mul-
tiwell plate reader at excitation/emission wavelengths
of 360/465 nm.

Detection of ubiquitinated proteins

The neuron-glia cortical cultures were treated with
A�1-42 at 4.4 �M or solvent for 48 h. The cells
were washed with PBS plus phenylmethylsulfonyl
fluoride (PMSF), scraped in 150 �l of lysis buffer
[50 mM Tris HCl, 150 mM NaCl, 20 mM EDTA,
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1% Triton X-100, 50 mM sodium fluoride (NaF),
20 mM N-ethyl-maleimide, 100 �M sodium ortovana-
date, 1 mM PMSF, and protease inhibitors cocktail
(Sigma)] and immediately boiled for 5 min. The lysates
were centrifuged at 12.000 × g at 4◦C for 30 min. The
supernatant was used for protein determination by the
BCA protein assay kit. For detection of ubiquitinated
proteins by western blot, 15 �g of protein were used for
electrophoretical separation in 10% of sodium dodecyl
sulfate (SDS)–polyacrylamide gels.

Statistical analysis

The results were statistically evaluated for signif-
icance with one-way ANOVA followed by Newman
Keuls multiple comparison test. The interactions
between the genotype and the treatment were ana-
lyzed by two-way ANOVA followed by Bonferroni
post-test. Differences were considered statistically sig-
nificant when p < 0.05. Analysis of data was performed
using the GraphPad PRISM 4 software.

RESULTS

Parkin knock-out neuronal-enriched, neuron-glia,
and glial cortical cultures are resistant to the
oligomeric form of Aβ1-42 . Patterns of cell death
and phenotypes affected by the amyloid peptide
treatment

We used cortical neuron-glia primary cultures to
study the effects of the toxic oligomeric form of
A�1-42, one of the major components of amyloid
pathology in AD [47]. Firstly, we characterized the
cellular composition of fetal neuron-glia primary cul-
tures from WT and parkin mutant mice grown in
Neurobasal medium with 15% fetal bovine serum
for 5 DIV. Immunocytochemical (Fig. 1B) analysis
indicated that, at the time of treatment, the cultures con-
tained 48.1 ± 2.66% neurons (microtubule-associated
protein 2a+ 2b+), 25 ± 1.23% GFAP astrocytes, and
around 2% microglial cells. The rest of the cells
(23–25%) were glial progenitors (A2B5), oligoden-
drocytes (O1+), and neuronal progenitors (nestin+
cells). Neuron-glia cultures from PK-KO mice had
similar proportions of the different cell types with
the exception of a significant increment of microglial
cells (2.1 ± 0.12% in WT versus 3.06 ± 0.21%
in PK-KO) (supplementary Table 1; available
online: http://www.j-alz.com/issues/32/vol32-1.html#
supplementarydata01).

After performing the dose-response curve (sup-
plementary Figure 1), we chose the treatment with
A�1-42 at 4.4 �M for 48 h as the optimal experimental
approach for the study of the differential suscepti-
bility of WT and PK-KO cortical cultures to A�1-42
treatment. Administration of 4.4 �M of A�1-42 to
neuron-glia cortical cultures on 5-6 DIV for 48 h
resulted in a significant cell death, as measured as the
percentage of apoptotic cells (Fig. 1C, D), and the
levels of LDH released into the medium (Fig. 1E).
In addition, neuronal cell loss was determined by
immunostaining against the neuronal cytoskeletal pro-
tein MAP2 (Fig. 1F, G) in WT neuron-glia primary
cultures. In contrast, administration of A�1-42 to PK-
KO cultures did not induce cell death or neuronal loss
(Fig. 1C–G).

Furthermore, the astroglial immunoreactivity
(Fig. 2A, B), expressed as integrated optical intensity
of GFAP+ cells, and the percentage of microglial
cells (isolectin B4+ cells) (Fig. 2C, D) increased sig-
nificantly in A�1-42-treated neuron-glia WT cultures.
PK-KO neuron-glia cultures treated with vehicle had a
percentage of microglia significantly greater than the
WT controls, but the treatment with A�1-42, 4.4 �M,
only produced a very modest increment of microglia,
which did not reach significance.

PK-KO neuronal-enriched cortical cultures are
resistant to A�1-42 toxicity. However, in WT cultures
treated with oligomeric A�1-42 (4.4 �M for 48 h) a loss
in the number of MAP 2 positive cells and an increase
of apoptosis was observed (supplementary Figure 2).

We also used cortical glial cultures to study the effect
of oligomeric A�1-42 (4.4 �M for 48 h) in WT and
PK-KO mice. As it happens with the neuron-glia cul-
tures, PK-KO glial cells were more resistant than WT
to the cell death induced by A�1-42 (4.4 �M for 48 h)
(supplementary Figure 3). Moreover, in cortical glial
cultures, A� induced astroglial cell death and increased
microglia activation in WT but not in PK-KO cultures
(supplementary Figure 3F–I).

Differential effects of oligomeric Aβ1-42

on apoptotsis, chaperones, and tau proteins

A�1-42 (4.4 �M for 48 h) increased the levels of
cytochrome C in WT-treated cultures, but not in
PK-KO (Fig. 3A). In fact, PK-KO cultures treated
with A�1-42 peptide had significantly lower levels
of cytochrome C than untreated WT (Fig. 3A). The
Bax/Bcl2 ratio was similar in both WT and PK-KO
cultures (data not shown). In addition, A�1-42 (4.4 �M
for 48 h) increased much more the levels of cleaved

http://www.j-alz.com/issues/32/vol32-1.html#supplementarydata01
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Fig. 2. Effects of oligomeric A�1-42 on glial phenotypes in WT and PK-KO neuron-glia cultures. After 5 days in vitro, the cultures were treated
with A�1-42 (4.4 �M for 48 h) or solvent. A) Photomicrographs showing type 2 astrocytes (GFAP+ cells) in WT and PK-KO from control
and A�1-42 treated cells. B) Astroglial immunoreactivity (GFAP+ cells) quantification in the cultures. Photomicrographs (C) and percentage
of microglial cells (D) (isolectin B4+ cells) in WT and PK-KO cultures treated with A�1-42 or solvent. Scale bar, 30 �m. Values are the
mean ± SEM from two independent experiments with 6 replicates each. Statistical analysis was performed by one or two-way ANOVA followed
by Newman Keuls multiple comparison test and Bonferroni post-test, respectively. ∗∗∗p < 0.001 A�-treated cultures versus their respective
controls, ++p < 0.01 versus WT cultures. The interaction between the genotype and the treatment was F(1,24) = 4.65; p = 0.042 for D.

nuclear poly (ADP-ribose) polymerase (PARP) in WT-
treated cultures than in PK-KO-treated cells (Fig. 3B).
The number of positive cells for caspase-3 active sub-
unit increased in WT-treated cultures, but not in the
PK-KO-treated (Fig. 3C, D).

HSP70 and CHIP, two chaperones upregulated in
situations of stress, were further increased in WT
but not in PK-KO neuron-glia primary cultures, in
which the levels of the two proteins were dimin-
ished (Fig. 4A, B). Notably, PK-KO neuron-glia
cultures had higher basal levels of HSP70 than WT
(Fig. 4A).

Tau protein is typically hyperphosphorylated in
paired helical filaments from brains of patients with
AD [48], and A� peptides can induce in vitro tau

phosphorylation. Therefore, we studied tau protein and
their phosphorylation state in untreated and A�1-42-
treated WT and PK-KO neuron-glia cortical cultures.
As shown in Fig. 4 C, D, the treatment of these cul-
tures with A�1-42, 4.4 �M for 48 h, increased the
levels of total and phosphorylated tau protein, as
detected by western blot with tau-5 and AT-8 anti-
bodies, respectively (Fig. 4C, D), in WT but not in
PK-KO cultures. There were no differences in basal
levels of tau and p-tau between WT and PK-KO
cultures. However, p-tau/tau-5 ratios decreased in PK-
KO cultures treated with A�1-42 (data no shown). In
addition, p-GSK3/total GSK3 ratios increased in WT
cultures treated with A�, but not in PK-KO treated ones
(Fig. 4E).
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Fig. 3. Differential effects of oligomeric A�1-42 on cell death in WT and PK-KO cultures. At 5 DIV WT and PK-KO neuron-glia cultures
were treated with A�1-42 for 48 h. A) Representative western blot and densitometric analysis of cytochrome C. B) Representative western blot
and densitometric analysis of cleaved PARP protein as a marker of the final stages of apoptosis. To ensure equivalent loading of protein, both
blots were reproved for �-actin. C) Micrographs of cleaved caspase-3 immunoreactive cells 48 hours after A�1-42 treatment. A portion of this
micrograph has been magnified in the picture of the right and (D) percentage of caspase-3 active subunit positive cells with respect to the total
cell number in WT and PK-KO mixed cultures treated with A�1-42 or solvent. Scale bars = 30 �m. Values are the mean ± SEM from one or two
independent experiments with 4 replicates each. Statistical analysis was performed by one or two-way ANOVA followed by Newman Keuls
multiple comparison test and Bonferroni post-test, respectively. ∗p < 0.05, ∗∗∗p < 0.001 A�-treated cultures versus their respective controls;
++p < 0.01, +++p < 0.001 PK-KO versus WT cultures. The interaction between the genotype and the treatment was F(1,25) = 6.46; p = 0.0176
for A. F(1,8) = 64.05; p < 0.0001 for B and F(1,12) = 18.48; p = 0.0010 for D.

Signaling pathways involved in the Aβ1-42 effects
on glial cortical cultures

We studied the temporal profile activation of ERK
1/2 and AKT proteins at 10, 30, and 90 min after treat-
ing the WT and PK-KO glial cultures with 4.4 �M of
A�1-42. The levels of p-ERK (Fig. 5A) increased more
in PK-KO glial cells after the treatment with A�1-42
than in WT cultures. Similarly, there was a greater acti-
vation of p-AKT pathway at 10 and 30 min in PK-KO

than in WT glial cells (Fig. 5B). There were no differ-
ences in basal levels of p-ERK or p-AKT between WT
and PK-KO cultures.

Proteasome activity, ubiquitination,
and autophagy in WT and PK-KO neuron-glia
cortical cultures treated with Aβ1-42

The A�1-42, 4.4 �M treatment for 48 h, decreased
the chymotrypsin- (Fig. 6A), trypsin- (Fig. 6B), and
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Fig. 4. Differential effects of oligomeric A�1-42 on chaperones and tau proteins. At 5 DIV WT and PK-KO neuron-glia cultures were treated with
A�1-42 for 48 h. A) Representative western blot and densitometric analysis of HSP-70 and CHIP proteins (B) studied after 48 h of the A� peptide
treatment. Total (C) and phosphorylated tau (D) proteins, expressed as Tau-5/ and AT-8/�-actin ratios after A�1-42 treatment. Phosphorylated
GSK3/total GSK3 ratios (E). �-actin was used as charge control. Values are the mean ± SEM from two independent experiments with 4 replicates
each. Statistical analysis was performed by one or two-way ANOVA followed by Newman Keuls multiple comparison test and Bonferroni post-
test, respectively. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 A�-treated cultures versus their respective controls; +p < 0.05, ++p < 0.01, +++p < 0.001
PK-KO versus WT cultures. The interaction between the genotype and the treatment was F(1,16) = 50.71; p < 0.0001 for A. F(1,10) = 45.99;
p < 0.0001 for B. F(1,34) = 12.06; p = 0.0014 for C and F(1,32) = 13.35; p = 0.0009 for D.

PGPH-like (Fig. 6C) activities of the proteasome in
both WT and PK-KO mixed cortical cultures.

The ubiquitination state of total proteins, ana-
lyzed with an anti-ubiquitin antibody, was assessed in
neuron-glia cortical cultures after treatment for 48 h
with A�1-42. The results (Fig. 6D, E) show that a global
increase in polyubiquitinated proteins was only found
in WT cells treated with the A�1-42 peptide.

Next, we investigated how the treatment of WT and
PK-KO neuron-glia cortical cultures with 4.4 �M of
A�1-42 modifies autophagy markers such as the protein
microtubule-associated protein 1 light chain 3 (LC3),
Beclin 1, and P62 protein. Thus, the A�1-42, 4.4 �M
treatment for 48 h caused a significant shift in the LC3-
II/LC3-I and LC3-II/�-actin ratios (Fig. 6F), indicating
an increase of autophagosomes in PK-KO but not in
WT cultures. The percentage of P62 protein (Fig. 6G)

did not change in WT A� peptide-treated cultures but it
was significantly decreased in PK-KO-treated cultures.
We did not observed changes in Beclin 1 protein in WT
or PK-KO-treated cultures (Fig. 6H).

In order to obtain a direct evidence for upregulation
of CMA in PK-KO cells, we analyzed the expression
of LAMP-2A and HSC70 proteins levels, as well as
the percentage of double LAMP-2A/HSC70 positive
cells in the four experimental groups (Fig. 7). The per-
centage of cells immunoreactive to both HSC70 and
LAMP-2A increased in PK-KO cultures versus WT
and in PK-KO cultures treated with A�1-42 (Fig. 7A,
B). In addition, HSC70/LAMP-2A relocates to the per-
inuclear region in PK-KO cultures treated with A�1-42
(Fig. 7E). Furthermore, LAMP-2A and HSC70 pro-
teins levels increased in PK-KO cultures treated with
A�1-42 (Fig. 7C, D).
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Fig. 5. Signaling pathways involved in the oligomeric A�1-42
effects in WT and PK-KO cortical glial cultures. 6-7 days after
reseeding glial cultures the medium was changed to defined
medium and then treated with A�1-42 (4.4 �M) for different peri-
ods of time. A) Western blot and densitometric analysis showing
the time course activation of p-ERK 1/2 in WT and PK-KO
glial cultures treated with A�1-42 for the indicated times. B)
Western blot and densitometric analysis showing AKT phospho-
rylation after 10, 30, and 90 min of A�1-42 treatment. Values
are the mean ± SEM from two independent experiments with
4 replicates each. Statistical analysis was performed by one or
two-way ANOVA followed by Newman Keuls multiple com-
parison test and Bonferroni post-test, respectively. ∗p < 0.05,
∗∗∗p < 0.001 A�-treated cultures versus their respective controls;
+++p < 0.001 PK-KO versus WT cultures. The interaction between
the genotype and the treatment was F(3,47) = 12.76; p < 0.0001
for B.

The inhibition of autophagy or GSH synthesis
blocks the differential response of WT and PK-KO
cultures to Aβ1-42

To determine the role of autophagy in the dif-
ferential response to A�1-42 from WT and PK-KO
cultures, we used the autophagy inhibitor 3-methyl-
adenine at 0.5 mM [49], 30 min before the amyloid
peptide treatment (4.4 �M for 48 h). PK-KO resistance
to A�1-42-induced cell death disappears with the 3-MA
pre-treatment (Fig. 8A, B).

Previous studies have reported alterations in the
GSH system in brain and peripheral cells of AD
patients, as well as in several experimental models of
AD [50–52]. So, we measured the intracellular levels
of GSH after 48 h of incubation with 4.4 �M A�1-42
or solvent. The GSH content decreases with the A�-
treatment in WT, as shown in Fig. 8C, but not in PK-KO
cultures. In addition, GPx activity and GR protein
levels increased in PK-KO versus WT cultures, and
furthermore in PK-KO cultures treated with A�1-42
(supplementary Figure 4).

In order to determine if GSH homeostasis plays a key
role in the differential response to A�1-42 from WT
and PK-KO cultures, we treated the cortical cultures
with BSO (0.75 �M), an inhibitor of glutamylcysteine
synthetase, which prevented de novo synthesis of GSH
[49]. No cytotoxicity was observed in primary cortical
WT and PK-KO cultures treated only with BSO. How-
ever, a significant increase in condensed nuclei, which
are indicative of apoptotic cell death, was detected after
the combined treatment of BSO and A� in both WT
and PK-KO treated cells (Fig. 8D, E).

DISCUSSION

In this study, we found that PK-KO cortical cultures
were more resistant than WT to the toxicity of A�1-42.
We have already shown than partial or complete sup-
pression of parkin protects from amyloid pathology
to mice with the A�PPswe mutation, but now we
show that the neuroprotective effects of the lack of
parkin takes also place in acute exposure to exogenous
A�1-42. We have also here investigated the mecha-
nism of neuroprotection of the suppression of parkin
on A�1-42 toxicity and found that it is probably related,
at least in part to a compensatory over production of
GSH and an enhancement of autophagy.

A�1-42 peptide induced significant cell death,
increased astrogliosis, and microglial proliferation in
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Fig. 6. Effects of A�1-42 on proteasome activity, ubiquitination, and autophagy in WT and PK-KO neuron-glia cortical cultures. After 5
DIV, the cultures were treated with A�1-42 (4.4 �M for 48 h) or solvent. A) Chymotrypsin-like, (B) Trypsin-like, and (C) peptidyl-glutamyl-
peptide hydrolyzing (PGPH)-like proteasome activities in extracts prepared from WT and PK-KO neuron-glia cells. D) Accumulation of
poly-ubiquitinated proteins and their corresponding densitometric analysis (E) after 48 h of A�1-42 treatment. Western blot and densitometric
analysis of LC3 (F), P62 (G), and Beclin 1 m(H) proteins in WT and PK-KO cultures. �-actin was used as charge control. Values are the
mean ± SEM from two independent experiments with 4 replicates each. Statistical analysis was performed by one way ANOVA followed by
Newman Keuls multiple comparison test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 A�-treated cultures versus their respective controls; ++p < 0.01,
+++p < 0.001 PK-KO versus WT cultures.



R.M. Solano et al. / Amyloid-β Peptide Effects in Parkin Null Mice 69

Fig. 7. HSC70 interacts with LAMP-2A in CMA Active Lysosomes; different response to A�1-42 from WT and PK-KO cultures. A) Immunoflu-
orescence for HSC70 and LAMP-2A cultures treated with A� for 48 h. B) Percentage of colocalization calculated in >25 cells (n = 5). Scale
bar = 10 �m. C-D) Immunoblot for HSC70 and LAMP-2A proteins. �-Actin was used as an equal loading of proteins. E) Distribution of the
LAMP-2A/HSC70-positive vesicles with respect to the nucleus, expressed as % cells with CMA active lysosomes (LAMP-2A/HSC70) in the
perinuclear region. Scale bar, 10 �m. Values are the mean ± SEM from two independent cultures with 3–6 replicates each. Statistical analysis was
performed by one or two-way ANOVA followed by Newman Keuls multiple comparison test and Bonferroni post-test, respectively. ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001 A� treated PK-KO cultures versus their controls; +p < 0.05, ++p < 0.01, +++p < 0.001 PK-KO versus WT cultures. The
interaction between the genotype and the treatment was F(1,28) = 28,79; p < 0.0001 for B and F(1,24) = 34,25; p < 0.0001 for E.
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Fig. 8. Autophagy or GSH synthesis inhibition blocks the different response to A�1-42 from WT and PK-KO cultures. After 5 DIV, WT and
PK-KO mixed cultures were pre-treated with the autophagy inhibitor 3-methyladenine (3-MA) at 0.5 mM or BSO at 0.75 �M 30 min before
A�1-42 treatment (4.4 �M for 48 h). A, D) Number of total cells present in the different experimental groups. B, E) Chromatin condensed and
fragmented nuclei were counted and expressed as a percentage of apoptotic cells with respect to the total cell number. C) GSH levels in WT
and PK-KO cultures after A�1-42 treatment. Values are the mean ± SEM from one representative experiment with 6 replicates each. Statistical
analysis was performed by one or two-way ANOVA followed by Newman Keuls multiple comparison test and Bonferroni post-test, respectively.
*p < 0.05, **p < 0.01, ***p < 0.001 A�-treated cultures versus their respective controls; +p < 0.05, +++p < 0.001 PK-KO versus WT cultures.
��p < 0.01, ���p < 0.001 versus the corresponding A� treatment without inhibitors. The interaction between the genotype and the treatment
was F(3,30) = 9.81; p = 0.0005 for B and F(3, 37) = 14.44; p < 0.0001 for E.

mixed neuronal-glial WT cultures, but it is toxic for
astrocytes in pure glial cultures. These findings are
in agreement with the traditional clinical observation
of proliferation of glia in cases of neuronal death and
suggest that neuronal death triggers glial proliferation.
These effects were associated with increased levels of
cytochrome C and an increase of the levels of total
and phosphorylated tau and the levels of chaperones
HSP70 and CHIP. A�1-42 peptide significantly reduced
proteasomal activities in both WT and PK-KO cul-
tures, but the ubiquitination state of cell proteins only
increase in WT cultures. The increased resistance of
PK-KO cultures is associated with pro-survival mecha-
nisms, such as the short activation of ERK1/2 and AKT

signaling pathways, the activation of macro-autophagy
and chaperone mediated autophagy, and the increased
production of free radical scavengers, such as GSH.
The inhibition of GSH synthesis by BSO or autophagy
by 3MA reverted the resistance of the PK-KO cultures
to A�1-42 toxicity.

Parkin is an ubiquitin ligase 3 whose mutations pro-
duce PD. Parkin is present in Lewy bodies [53–59]
which contain aggregated �-synuclein, suggesting that
parkin plays a role in the processing of abnormal
�-synuclein. In addition, parkin regulates exocyto-
sis of neurotransmitters and synaptic function. Parkin
suppression produces an excess of free radicals in
dopamine neurons [34], which eventually leads to
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neuronal death. This excess of free radical is temporar-
ily compensated in young parkin null animals by an
increased production of GSH. But in aged parkin null
animals, the levels of GSH drop below normal values
and the number of dopamine neurons drop dramatically
[37, 60].

Parkin plays a key role in the interaction with differ-
ent proteins. In the double mutants PK–/–/TauVLW,
Parkin deletion causes cerebral and systemic amy-
loidosis in human mutated over-expressing mice [6].
However, in the double mutant A�PPswe/TauVLW,
Parkin suppression ameliorates amyloid and tau
pathology and improves mice behavior and survival
[6]. We showed in this study that the mechanisms
on A�1-42 toxicity are probably related to a compen-
satory over production of GSH and an enhancement of
autophagy.

The role of parkin in the processing of abnormal pro-
teins or cellular organelles is intriguing. Parkin, as E3
ubiquitin ligase reduces the levels of intracellular pro-
teins by ubiquitination and proteasomal degradation
[6, 8, 53, 61]. Parkin, acting through the ubiqui-
tin proteosomal system and stimulating autophagy,
ship off altered proteins and mitochondria [33, 62].
With respect to the interaction between parkin and
A�1-42 peptide, Burns and colleagues [6] showed
that parkin promotes the clearance of intracellular
A�1-42, via UPS in M17 neuroblastoma cells over-
expressing human parkin. Furthermore, Khandelwal
and collaborators [7] showed that parkin mediated
Beclin dependent autophagic clearance of defective
mitochondria and ubiquitinated A�1-42 peptide in a
triple transgenic mice model of AD. All these find-
ings predicted an aggravation of the A�1-42 toxicity in
parkin null neuronal cultures.

Parkin promotes ubiquitination and proteasomal
degradation of intracellular A�1-42 and demonstrates
a protective effect in neurodegenerative diseases with
A� deposits [6]. Parkin is cytoprotective, partially
by increasing the removal of cellular A� through a
proteasome-dependent pathway [6]. However, when
Parkin is knocked out, autophagy may increases as a
compensatory mechanism.

The process of autophagy, however, is complex
and it has at least three inter-related mechanisms:
proteasome mediated autophagy (PMA), chaperone
mediated autophagy (CMA), and macroautophagy.
There is evidence for different type profile of activation
of these mechanisms and for complementary activation
of one of these systems when the other is impairs [43,
63–65]. In autophagy triggered by fasting, for instance,
macroautophagy is short lasting and takes place during

the very first hours, while CMA starts later and is more
prolonged. We assume that our parkin null neurons
have impaired PMA and macroautophagy and a com-
pensatory activation of CMA which allows for a more
efficient degradation of A�1-42 peptides. We demon-
strated in this study that CMA is increased in PK-KO
cortical cultures and furthermore in PK-KO cultures
treated with A�1-42.

Parkin null cortical cultures resistance to A�1-42 dis-
appears with the blockade of GSH synthesis or CMA.
These findings support the relation of CMA with oxida-
tive stress [66]. GSH homeostasis is critical for the
survival of parkin null cultures and their resistance to
several neurotoxins [36, 49, 67]. On the other hand,
GSH may be neuroprotective for parkin null neurons
via scavenging free radicals and facilitating CMA [49].
Perucho et al. [2] obtained similar results in double
transgenic mice with the A�PPswe mutation and with
parkin suppression.

The UPS is abnormal in AD [68–71] and its function
is impaired by A�1-42 peptides [8, 72, 73]. In this study
we found that A�1-42 treatment reduces the activities of
the three proteosomal enzymes in WT and parkin null
cultures. Autophagy is a compensatory mechanism to
UPS dysfunction, essential for neuronal survival in
aging and disease [74–78]. We found that the treatment
with A�1-42 peptide increased the levels of ubiquitin-
protein conjugates in WT cells but decreased those
in parkin null cells, suggesting that parkin null cell
develop compensatory mechanisms for elimination of
abnormal proteins. That explanation is supported by
the finding of a shift of the autophagy marker, LC3-
II/LC3-I ratio and a decrease in the percentage of
P62 protein in parkin null cells treated with A�1-42
peptide. The LC3 protein is anchored via conjugated
phosphatidylethanolamine to the vesicle’s membrane.
While the un-conjugated LC3 is called LC3-I, the con-
jugated form is referred to as LC3-II, which is a specific
marker for autophagosomes [79] and is degraded after
fusion of autophagosomes with lysosomes [80]. P62
interacts with LC3 and functions as the cargo receptor
for autophagy [81] and handles formation of cytoplas-
mic ubiquitin-positive inclusions [82]. Furthermore,
P62 is itself a substrate of autophagy and is contin-
uously degraded [83–85]. Beclin mediated autophagy,
which clears defective mitochondria, was not altered
in WT neither in parkin null neuronal cultures.

We found that A�1-42 is toxic to cultured neurons,
supporting the involvement of A� peptides in the neu-
rodegeneration associated with AD [86–89]. In this
study, A�1-42 reduced the number of MAP-2+ neurons
in cortical neuron-glia cultures from WT mice. The
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percentage of astroglia and microglia was increased
in A�1-42-treated WT cultures. In contrast, adminis-
tration of A�1-42 to PK-KO cultures did not induce
neuronal loss, astrogliosis or proliferation of microglia.

We also found that A�1-42 increased the levels of
cytochrome C in WT-treated cultures, but not in PK-
KO. Cytochrome C release from mitochondria is an
important step in apoptotic process and A� has been
proved to induce cytochrome C release [90]. The treat-
ment with A�1-42 peptide increased of the levels of
chaperones HSP70 and CHIP, in WT cultures, sug-
gesting a compensatory response to the stress of the
toxic peptide. HSP70 is a heat shock protein which
responds to insults and stress and works as a chaper-
one refolding truncated proteins. CHIP is a 3-ubiquitin
ligase that marks proteins to ubiquitin proteosomal
system degradation. CHIP and HSP70 acts together
as A� clearance promoters [91]. Magrane and col-
leagues [92] have shown that HSP70 is upregulated
as part of the stress response to intracellular A� accu-
mulation in cultured neurons. The transduction with
HSP70 reduced A�1-42-induced toxicity, suggesting
that the endogenous stress response in neurons was
insufficiently protective against A� treatment [92]. We
observed that the baseline levels of HSP70 in parkin
null cortical cultures were higher than those of WT
cultures. Upregulation of HSP70 expression provides
cytoprotection against A� peptides [93]. Heat shock
proteins can neutralize the neurotoxicity in animal
models suggesting potential therapeutic approaches in
neurodegeneration associated with abnormal folding
and toxicity [94, 95]. HSP70 increases with age in WT
mice but not in PK-KO [60], and in aged glial cultures
from both WT and PK-KO but more importantly in the
former than in the latter [37]. In parkin null A�1-42
treated cultures, the chaperones were reduced suggest-
ing that CMA is very much activated and that the
complex abnormal peptide-chaperone are internalized
and degraded in the lysosomes.

Tau hyperphosphorylation and abnormal conforma-
tion is present in AD, and considered as a consequence
of abnormal A�1-42 peptide processing [96–99]. In this
study, we confirm that A�1-42 peptide increases the
levels of tau and phospho-tau in WT cultures as it has
been previously described [99–103] but reduced these
levels in parkin null cultures. Tau accumulation and
hyperphosphorylation takes place with inhibition of
the proteasome [49, 104]. In parkin null mice, tau accu-
mulation and hyperphosphorylation appear in aged
animals, at the time when GSH levels are depleted
and CMA impaired [60]. In this study, the reduction
of total tau and hyperphosphorylated tau is compatible

with the above mentioned enhancement of CMA and
lysosomal processing of chaperone + tau complexes.

The ERK and AKT signaling pathways have impor-
tant roles in neuronal function [74, 105–108]. Short
activation of p-ERK1/2 is implicated in cell survival
and long-activation in cell death [37, 38, 104]. In this
study A�1-42 treatment transiently increased the phos-
phorylation state of ERK and AKT proteins in parkin
null but not in WT cells. The maximal activation takes
place 10 min after incubation with A�1-42. An exten-
sive activation of ERK in astroglial cells was also
observed in early stages of AD, whereas in advanced
AD the phospho-ERK immunoreactivity was associ-
ated with neuronal cell bodies and dystrophic neurites
around plaques [109]. AKT activation can be neuro-
protective in several neurodegenerative disease models
[110, 111]. For instance, activation of AKT kinase
activity by insulin growth factor 1 (IGF-1) protected
against mutant huntingtin-induced toxicity, and AKT
was altered in Huntington’s disease patients [112]. The
relation between free radicals, activation of the sig-
naling pathways, and autophagy only recently started
to be investigated. Ablation of AKT induced macro
autophagy through arrest of the cell cycle and dereg-
ulation of mitochondria [113]. With regards to ERK
and autophagy there is evidence for a non canoni-
cal MEK/ERK pathway which modulates autophagy
by regulating Beclin 1 [108]. More recent experi-
ments have shown that free radicals activate another
non-canonical mechanism of autophagy, which is inde-
pendent of Beclin, as in our study, and mediated by
activation JNK and ERK [114]. This last mechanism,
which links free radical, activation of signaling path-
ways and CMA is probably very important in our study.

In conclusion, this study demonstrates that the
treatment of cortical neuronal-glial cultures with
A�1-42 peptide produces different results accord-
ing to the status of the different components of
the autophagy system. In conditions such as parkin
suppression, where there is impairment of the UPS
and macroautophagy of abnormal cellular organelles,
the compensatory activation of CMA could compen-
sate the deficit and provide a neuroprotective effect
against the toxic peptide. Thus, pharmacological stim-
ulation of CMA could provide new neuroprotective
approaches against neurodegenerative disorders.
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