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Abstract—Peroxisome proliferator-activated and retinoid X
receptors (PPARs and RXRs) are transcription factors be-
longing to the steroid hormone receptor superfamily. Upon
activation by their ligands, PPARs and RXRs bind to their
target genes as heterodimers. Ligands of these receptors
include lipophylic molecules, such as retinoids, fatty acids
and eicosanoids, the importance of which in the metabolism
and functioning of the nervous tissue is well documented.

The immunohistochemical distribution of PPARs and
RXRs in the CNS of the adult rat was studied by means of a
sensitive biotinyl-tyramide method. All PPAR (�, �/� and �)
and RXR (�, � and �) isotypes were detected and found to
exhibit specific patterns of localization in the different areas
of the brain and spinal cord. The presence of the nuclear
receptors was observed in both neuronal and glial cells.
While PPAR �/� and RXR � showed a widespread distribu-
tion, � and � isotypes exhibited a more restricted pattern of
expression. The frontal cortex, basal ganglia, reticular forma-
tion, some cranial nerve nuclei, deep cerebellar nuclei, and
cerebellar Golgi cells appeared rather rich in all studied re-
ceptors. Based on our data, we suggest that in the adult CNS,
PPARs and RXRs, besides playing roles common to many
other tissues, may have specific functions in regulating the
expression of genes involved in neurotransmission, and
therefore play roles in complex processes, such as aging,
neurodegeneration, learning and memory. © 2003 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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Peroxisome proliferator-activated receptors (PPARs) and
retinoid X receptors (RXRs) are ligand-activated trascrip-
tion factors belonging to the steroid–thyroid–vitamin D nu-
clear receptor superfamily.

PPARs play a critical physiological role as lipid sensors
and regulators of lipid metabolism, being activated by fatty

acids and eicosanoids (for reviews, see Berger and Moller,
2002; Hihi et al., 2002). Three PPAR isotypes, namely �,
�/� and � with distinct actions on cellular physiology and
different tissue, ligand and target gene specificities, have
been so far identified in vertebrates.

PPAR� regulates fatty acid catabolism, is involved in
inflammation (Dreyer et al., 1992; Devchand et al., 1996;
Combs et al., 2001), and in the cell response to reactive
oxygen species (Rusyn et al., 2000; Inoue et al., 2001).
PPAR� promotes lipogenesis and exerts anti-inflammatory
and antiproliferative actions (Jiang et al., 1998; Ricote et
al., 1998; Gupta et al., 2001). The precise functions of
PPAR�/� still remain elusive, even though it has been
demonstrated to play a role in keratinocyte, adipocyte, and
oligodendrocyte differentiation (Matsuura et al., 1999;
Jehl-Pietri et al., 2000; Saluja et al., 2001).

Like other nuclear hormone receptors, PPARs bind to
their response elements in the promoter of their target
genes, as heterodimers with RXRs (Kliewer et al., 1999).
The latter, which also include three isotypes, �, � and �,
are known to be activated by 9-cis retinoic acid (for re-
views, see Mangelsdorf and Evans, 1995; Chambon,
1996; Perlmann and Olson, 1999). More recently, lipid
compounds, such as phytanic acid (Kitareewan et al.,
1996; LeMotte et al., 1996) and docosahexaenoic acid (de
Urquiza et al., 2000) have been recognized as RXR ago-
nists. RXRs can act either as homodimers, or as het-
erodimeric partners for a number of nuclear receptors, thus
playing an exceptionally widespread role in hormonal sig-
naling pathways.

The expression of RXRs and PPARs has been inves-
tigated by immunohistochemistry and in situ hybridization
in several rodent tissues, including the CNS (for RXRs:
Mangelsdorf et al., 1992; Dollè et al., 1994; Krezel et al.,
1999; Zetterstrom et al., 1999; for PPARs: Kainu et
al.,1994; Braissant et al., 1996; Braissant and Wahli, 1998;
Kremarik-Bouillaud et al., 2000). All these receptors have
been shown to be present in the CNS and to exhibit both
unique and overlapping patterns of expression in various
areas and at different developmental stages. However a
complete localization map in the whole CNS is still lacking.

Aim of the present work is to provide a complete atlas
of the distribution of PPARs and RXRs in the adult rat
CNS. To this purpose, we studied the immunocytochemi-
cal localization of the receptors in serial CNS coronal
sections, by an amplification procedure based on the use
of biotinylated tyramine (Adams, 1992). Preliminary results
have been presented in an abstract form (Farioli-Vecchioli
et al., 2001b).
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Table 1. Distribution of PPARs and RXRs in rat central nervous systema

PPARs RXRs

� �/� � � � �

Telencephalon
Olfactory bulb

Glomerular layer � �� � � � �

External plexiform layer � � � � � �

Mitral cells � ��� � � �� �

Internal plexiform layer � �� � � ��� �

Granule cell layer � �� � � ��� �

Anterior olfactory nucleus � �� � � �� �

Rostral olfactory cortex
Taenia tecta �� ��� � � � �

Piriform cortex �� ��� ��� � ��� �

Olfactory tubercle �� �� ��� � � �

Perirhinal cortex �� �� � � � �

Entorhinal cortex � ��� � � � �

Archicortex �� ��� � � ��� �

Neocortex
Frontal �� �� �� �� �� �

Parietal �� �� � �� �� �

Temporal � �� � � � �

Occipital � �� � � � �

Basal ganglia
Caudate putamen �� ��� ��� �� �� ���

Accumbens nucleus
(core and shell)

� ��� �� � �� ���

Globus pallidus ��� �� �� � � �

Ventral pallidum ��� ��� ��� �� ��� �

Basal nucleus of Meynert � ��� �� � � �

Septum
Septohippocampal nucleus � �� � � � �

Medial septal nucleus � �� � � � �

Lateral septal nucleus �� ��� � � � �

Triangular septal nucleus �� �� � � � �

Nuclei of the diagonal
band of Broca

�� ��� �� �� �� �

Hippocampal formation
Dentate gyrus ��� ��� �� � �� �

CA1 �� ��� � � �� �

CA3 � �� � � �� �

Diencephalon
Thalamus

Reticular nucleus � �� � �� �� �

Laterodorsal nucleus � ��� � � �� �

Habenular nuclei � �� � � � �

Mediodorsal nucleus � ��� � � � �

Rhomboid nucleus ��� ��� ��� � � �

Centromedial nucleus ��� �� ��� � �� �

Parafascicular nucleus ��� ��� ��� � � �

Gelatinous nucleus �� ��� �� � �� �

Paraventricular nucleus �� ��� � � � �

Hypothalamus
Dorsomedial nucleus � �� � � � ��

Ventromedial nucleus � �� � � � ��

Paraventricular nucleus � �� �� � � ��

Lateral hypothalamic area � �� � � � ��

Mesencephalon
Superior colliculus

Superficial grey layer � ��� �� � �� �

Deep grey layer �� ��� � � � �

Central grey �� ��� �� � � �
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EXPERIMENTAL PROCEDURES

Animals

Twelve adult Wistar rats (Harlan, Udine, Italy) of either sex,
weighing about 250 g, kept on a standard laboratory diet and
water ad libitum, were deeply anesthetized with chloral hydrate
(7 g/kg, injected i.p.) before transcardial perfusion. Animals
were housed and handled according to the European Commu-
nities Council Directive of 24 November 1986 (86/609/EEC). All
efforts were made to minimize the number of animals used and
their suffering according to the ethical principles of laboratory
animal care.

PPAR and RXR immunocytochemistry

Rats were perfused at room temperature (RT) with a calcium-free
Ringer’s variant saturated to pH 7.4 with 95% O2 and 5% CO2,
followed by 4% freshly depolymerised paraformaldehyde in
0.12 M phosphate buffer (PB), pH 7.4. Brains and spinal cords
were left in situ for 1 h in ice, then dissected out and cut on a
Vibratome (TPI Inc., St. Louis, MO, USA). Coronal sections (20–
25 	m thick) were collected in 0.12 M PB, pH 7.4, and transferred
to phosphate-buffered saline (PBS) containing 5% non-fat dry milk
and 0.2% Triton X-100 (Medium A) for 1 h at RT. Floating sections
were incubated for 24 h at 4 °C in either of the following rabbit
polyclonal antibodies: anti-PPAR�, �/�, � (ABR; Affinity Bio Re-

Table 1. Continued

PPARs RXRs

� �/� � � � �

Tegmental nuclei
Red nucleus

(magnocellular part)
��� � �� � ��� �

Substantia nigra (pars
reticulata and pars
compacta)

� �� �� � �� �

Ventral tegmental area � �� � � � �

Oculomotor nucleus ��� � � � ��� �

Rhombencephalon
Pontine nuclei � � � � � �

Reticular formation
Parvicellular nucleus �� ��� ��� �� �� ��

Intermediate nucleus �� ��� �� �� �� ��

Gigantocellular nucleus ��� ��� ��� ��� ��� ���

Solitary tract nucleus ��� � � �� � �

Motor trigeminal nucleus ��� ��� �� �� �� �

Spinal trigeminal nucleus �� ��� � �� �� ��

Facial nucleus ��� � � ��� ��� ��

Dorsal motor nucleus of the
vagus

�� �� � �� � �

Hypoglossal nucleus � ��� � � � �

Cochlear nucleus � �� �� �� �� �

Lateral vestibular nucleus � ��� �� �� �� ��

Deep cerebellar nuclei �� ��� �� �� �� ��

Cerebellar cortex
Purkinje cells � � � � � �

Stellate cells � � ��� � � �

Basket cells ��� ��� �� � � �

Golgi cells �� ��� �� � �� ��

Granule cells � � � � � �

Spinal cord (cervical)
Lamina I � �� � � � �

Lamina II � ��� �� � � �

Lamina III � �� � � �� �

Lamina IV � �� � � �� �

Lamina V � � � � � ��

Lamina VII � � � � � ��

Lamina VIII � �� � � �� ��

Lamina IX � ��� �� � �� ��

Lamina X � � � � � �

Central cervical nucleus � �� � � �� �

Glia
Astrocytes �� �/�� �/�� �� �� �

Oligodendrocytes � �� � �� � �

a Immunoreactivity was evaluated as follows: �, undetectable; �, above background; �, weak; ��, moderate; ���, strong.
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agents, Golden, CO, USA), anti-RXR�, �, � (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), diluted 1:300 in PBS containing
2.5% non-fat dry milk and 0.1% Triton-X 100 (Medium B). Sec-
tions were then processed according to the amplification proce-
dure of the avidin–biotin system (Adams, 1992). Biotinylated goat
anti-rabbit IgG, normal goat serum, tyramine and 3,3�-diamino-
benzidine (DAB) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA); avidin–biotin–horseradish peroxidase (Stan-
dard ABC kit) was obtained from Vector (Burlingame, CA, USA),
and NHS-biotin from Pierce Chemical Co. (Rockford, IL, USA).
Controls were performed by substituting the primary antibody with
normal rabbit serum. Sections were mounted in 3:1 glycerol-0.4 M
PB, pH 7.4, and examined in a Zeiss Axioplan 2 (Jena, Germany),
equipped with a video camera. Images were electronically cap-
tured and contrast/brightness was adjusted by Adobe Photoshop
5.5.

PPAR/GFAP double immunocytochemistry

Perfusion-fixed rat brains were obtained as above. Vibratome
sections, pre-treated with Medium A for 1 h at RT, were incubated
in Medium B containing 1:300 anti-PPAR�, �/�, or �, and 1:500
mouse monoclonal anti-glial fibrillary acidic protein (GFAP;
Sigma). To reveal PPARs, floating sections were then processed
by the Adams (1992) method. After DAB reaction, sections were
washed in PBS for 30 min, and processed for GFAP staining. This
was performed by incubating sections in peroxidase-conjugated
donkey anti-mouse IgG, diluted 1:200 in PBS containing 1% nor-
mal donkey serum (Sigma), for 2 h at RT. Immunocomplexes were
finally revealed by 0.04% DAB, 0.4% nickel ammonium sulfate,
and 0.01% H2O2 in PBS. Section mounting and image capturing
were performed as above.

RESULTS

Distribution of PPARs and RXRs in the adult rat CNS

The immunohistochemical localization of the three iso-
types of PPARs and RXRs was investigated on serial
coronal sections of adult rat brain and spinal cord. In all the
CNS territories, a specific nuclear labeling was detected,
while nucleoli were unstained; some neurons showed an
additional cytoplasmic staining. Controls were negative,
thus confirming staining specificity.

With respect to cell types, the nuclear receptors were
found in both neuronal and glial cells. The intensity of

immunoreaction was highly variable, depending on the
isotype and the cerebral area considered. The distribution
pattern of all PPARs and RXRs is summarized in Table 1.

PPARs

Telencephalon. In the olfactory system, PPAR�/�
was the most widely and highly expressed isotype, while
PPAR� was much less abundant and PPAR� was absent
from most of the regions. Specifically, in the main olfactory
bulb, PPAR�/� immunohistochemistry resulted in a con-
sistent nuclear labeling in mitral, internal plexiform, and
granular layers (Fig. 1A). The piriform cortex and olfactory
tubercle, besides containing PPAR� and �/�, were also
rich in the � isotype (Fig. 1B–D).

The basal ganglia represented one of the brain subdi-
visions richest in PPARs. Intense PPAR immunostaining
was observed in the giant striato-pallidal interneurons, as
well as in the medium spiny neurons of the caudate puta-
men (Fig. 1B–G).

In the septal complex, both PPAR� and �/� were
present in all the nuclei of this region, although at different
levels (Fig. 1H, I).

The cerebral cortex showed different staining degrees,
depending on the region, layer, and PPAR isotype. The
frontal cortex displayed the highest immunoreactivity lev-
els (Fig. 1J–L). Concerning the distribution in the cortical
layers, PPAR� was particularly expressed in layer V, while
PPAR�/� and � showed a slight prevalence in the outer
layers (Fig. 1J–L). As to the intracellular localization, while
PPAR�/� was exclusively observed in the nucleus, � and,
particularly, � isotypes were present also in the cytoplasm
of positive neurons.

All PPARs were detected in the hippocampal formation
(Fig. 2A–C). The highest immunoreactivity levels were
found in CA1 pyramidal cells and in the granular and
polymorphic layers of the dentate gyrus.

Diencephalon. Diencephalic territories were charac-
terized by a wide distribution of PPAR�/�, whereas the
other two isotypes showed a more restricted localization.

Abbreviations used in the figures

Aca anterior part of the anterior commissure
AcbC core of the nucleus accumbens
CeC central cervical nucleus
CM centromedial
CPu caudate putamen
DG dentate gyrus
dtgx dorsal tegmental decussation
ec external capsule
E ependyma
EPL external plexiform layer
G gelatinous
GCL/GL granule cell layer
Gi gigantocellular reticular nucleus
Gr granular layer
HDB horizontal limb of the diagonal band of Broca
Int interposed cerebellar nucleus
IPL internal plexiform layer
Lat neurons of the lateral deep cerebellar nucleus
LS lateral septal nucleus

MCL mitral cell layer
Mol molecular layer
MS medial septal nucleus
Pir piriform cortex
PoDG polymorphic cell layer
Pu Purkinje neuron
py pyramidal tract
Pyr pyramidal neuron
R red nucleus
Rh rhomboid
RT reticular nucleus
SHi septohippocampal
Sp5 spinal trigeminal nucleus
Tu tubercle
VDB vertical limb of the diagonal band of Broca
VP ventral pallidum
VPL ventral posterolateral nucleus
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Fig. 1. Distribution of PPAR immunoreactivity in coronal sections of various telencephalic areas. Scale bars
100 	m. A. PPAR�/�. Olfactory bulb.
MCL show strong nuclear immunostaining. Numerous neurons in the GCL and IPL layers, as well as few cells in the EPL, are also labeled. B. PPAR�.
Large neurons (arrows) in the VP appear remarkably stained. C. PPAR�/�. The olfactory Tu is rich in positive neurons. Large neurons belonging to
the VP show strong nuclear staining (arrows). D. PPAR�. The olfactory Tu, as well as small and large (arrow) neurons in the VP show strong
immunoreactivity. E. PPAR�. Neurons of the CPu are moderately immunopositive. F. PPAR�/�. Neurons of the CPu show strong nuclear
immunoreactivity. G. PPAR�. The CPu is highly immunoreactive. H. PPAR�. Septal complex. Low-to-moderate levels of immunolabelling are found
in the SHi, MS and LS. I. PPAR�/�. Septal complex. Immunoreactive neurons are seen in the SHi, MS and LS. J. PPAR�. Frontal cortex. Nuclear and
cytoplasmic immunostaining is present in neurons distributed in all the layers, especially in the large Pyr of layer V. K. PPAR�/�. Frontal cortex. Intense
nuclear immunoreactivity is seen throughout the layers, with a slight prevalence in the outer ones. L. PPAR�. Frontal cortex. Immunoreactive neurons
are observed throughout the layers, particularly in layer II, where a cytoplasmic staining is also seen.
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Fig. 2. Distribution of PPAR immunoreactivity in coronal sections of different brain regions. Scale bars
100 	m. A. PPAR�. Hippocampal formation.
GL and PoDG of the DG and Pyr of the CA1 field show intense nuclear and cytoplasmic labeling. Scattered neurons (arrows) in the molecular layer
are also moderately stained. B. PPAR�/�. Hippocampal formation. Strong nuclear immunostaining is present in GL and PoDG of the DG and in CA1
Pyr. Some neurons (arrows) in the molecular layer are also positive. C. PPAR�. Hippocampal formation. GL, PoDG and CA1 Pyr cell layers, show
moderate immunoreactivity. Some positive interneurons in the molecular layer are also present (arrow). D. PPAR�. Thalamus. Positive neurons are
recognized in the Rh, G, and CM nuclei. E. PPAR�. Thalamus. The Rh, G, and CM nuclei are immunopositive. F. PPAR�. Mesencephalon. Neurons
belonging to the magnocellular part of the R and to the oculomotor nucleus (3) are strongly immunoreactive, in both their nucleus and cytoplasm. G.
PPAR�. Mesencephalon. Giant neurons of the R are moderately stained, while the oculomotor nucleus (3) is only faintly immunoreactive. H. PPAR�.
Rhombencephalon. Neurons in the Gi are stained both in their nucleus (arrow) and in their cytoplasm (arrowheads). I. PPAR�/�. Rhombencephalon.
In the hypoglossal nucleus (12), neurons show both nuclear (arrows) and cytoplasmic (arrowheads) positivity. Labeled neurons are also recognized
in the dorsal motor nucleus of the vagus nerve (10). Ependyma (E) appears heavily stained.
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Nevertheless, the medial thalamic subdivision, comprising
the rhomboid, centromedial, and gelatinous nuclei was
also rich in � and � receptors (Fig. 2D, E). In the hypothal-
amus neurons immunopositive to PPAR�/� and �, but not
to PPAR�, were recognized (not shown).

Mesencephalon. PPAR�/� was generally prevalent
in the mesencephalic division, although in the red nucleus,
particularly its magnocellular part, and in the oculomotor
nucleus PPAR� was the most abundant receptor (Fig. 2F).
In the same regions, PPAR� was much less expressed
(Fig. 2G).

Rhombencephalon. In the rhombencephalon, many
regions, such as the reticular formation, were rich in all the
three PPARs (Fig. 2H). However, �/� was the prevalent
isotype, being expressed even in those nuclei, such as the
hypoglossal nucleus, faintly immunopositive to the other
receptors (Fig. 2I). Also at the cellular level, PPAR�/�
appeared more ubiquitous than the other isotypes, as
shown for the spinal trigeminal nucleus in Fig. 3A, B. By
contrast, other nuclei, such as the facial nucleus, were
much more immunoreactive to PPAR� (Fig. 3C).

The deep cerebellar nuclei showed high immunoreac-
tivity to all the isotypes (Fig. 3D). In the cerebellar cortex,
a differential pattern of expression of the three receptors
was observed. While Golgi and basket neurons were in-
tensely positive for the three isotypes, stellate cells were
immunostained mainly by anti-PPAR�, and Purkinje and
granule neurons by anti-PPAR�/� (Fig. 3E–G).

Spinal cord. The spinal cord exhibited a quantita-
tively differential pattern of PPAR expression, depending
on the cell layer and the receptor isotype. PPAR�/� was
the most abundant and diffuse isotype in all Rexed’s lam-
inae, particularly in II and IX, and in the central cervical
nucleus (Fig. 3H). PPAR� was expressed in large neurons
of laminae VII–IX (not shown), while PPAR� appeared
restricted to layers II and IX (Fig. 3I).

Glia

Double immunocytochemistry performed to simulta-
neously reveal PPARs and the astrocytic marker GFAP,
demonstrated differential immunoreactivity of astrocytes to
the three isotypes depending on the brain areas and even
within the same region. Astroglia generally appeared im-
munopositive to PPAR� (Fig. 4A), while immunolocaliza-
tion of isotypes �/� and � gave inhomogenous results. In
fact, in some locations, such as the corpus callosum,
PPAR�/� was found in GFAP-positive cells, while in other
areas astrocytes were negative (Fig. 4B and inset). Con-
cerning PPAR�, positive and negative astrocytes were
seen within the same white matter area (Fig. 4C). Oligo-
dendrocytes exclusively showed PPAR�/� immunoreactiv-
ity in all the observed areas (Fig. 4B).

RXRs

Telencephalon. In the telencephalic region, isotypes
� and � displayed a wider distribution than �, which was
exclusively found in few territories.

In the olfactory bulb, neurons located in all the layers
showed nuclear immunoreactivity to RXR� and �; mitral
cells were mainly stained in their cytoplasm (Fig. 5A). The
rostral olfactory cortex, particularly the piriform cortex, was
especially rich in RXR� (Fig. 5B).

The highest levels of RXRs were noted in basal ganglia
(Fig. 5B–F). The giant aspiny interneurons of the ventral
pallidum were mainly positive to RXR� (Fig. 5B). RXR�
was particularly abundant in the shell and core of the
nucleus accumbens (Fig. 5C), as well as in the medium-
sized spiny neurons of the caudate putamen (Fig. 5F),
where the other isotypes were less intensely expressed
(Fig. 5D, E).

The septal complex was equally immunoreactive to
RXR� and �, especially in the nuclei of the diagonal band
(Fig. 5G).

The neocortex was immunoreactive to RXR� and �,
especially in the inner layers of the frontal and parietal
subdivisions (Fig. 5H, I). Cortical neurons showed cyto-
plasmic RXR�-positivity, in addition to the nuclear staining
(Fig. 5H).

In the hippocampal formation, pyramidal neurons of
CA1–CA3 fields, granule cells of the dentate gyrus, and
interneurons of all the layers showed immunoreactivity to
all RXRs, with the � isotype most abundantly expressed
(Fig. 5J).

Diencephalon. In the thalamus RXR� displayed
ubiquitous, moderate-to-low immunoreactivity. RXR� was
restricted to specific subdivisions, such as the reticular
nucleus (Fig. 5K), while RXR� was practically absent. By
contrast, in the hypothalamus, only RXR� could be de-
tected (not shown).

Mesencephalon. RXR� was the prevalent isotype in
the mesencephalic region. In the magnocellular part of the
red nucleus and in the oculomotor nucleus, the immuno-
reaction product was especially abundant and also present
in the neuronal cytoplasm (Fig. 5L).

Rhombencephalon. RXRs were abundantly present
in the rhombencephalon, with � and � isotypes generally
predominant. Fig. 6A–F shows the comparative distribu-
tion of these receptors in the reticular formation, facial
nucleus and lateral cerebellar nucleus.

In the cerebellar cortex, Golgi cells were positive to all
RXRs, while stellate, basket and granule neurons were
practically unstained; Purkinje cells showed faint RXR im-
munoreactivity in their cytoplasm (Fig. 6G, H).

Spinal cord. RXR� and � were present in all
Rexed’s laminae of the spinal cord and in the central
cervical nucleus (Fig. 6I, J), while RXR� was exclusively
expressed in the motoneurons of laminae VII–IX (not
shown).

Glia. Both astrocytes and oligodendrocytes were im-
munopositive to all isotypes. RXR� was particularly ex-
pressed in oligodendrocytes (Fig. 6K), while RXR� was
more abundant in astrocytes (Fig. 6L).
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Fig. 3. Distribution of PPAR immunoreactivity in coronal sections of rhombencephalon and spinal cord. Scale bars
100 	m. A. PPAR�. The Sp5
shows some immunopositive neuronal cells. B. PPAR�/�. In the Sp5 numerous neurons display intense nuclear immunoreactivity. C. PPAR�. Large
neurons of the facial nucleus (7) show intense immunoreactivity in their nuclei (arrows) and a weaker staining in their perikarya and processes
(arrowheads). D. PPAR�/�. Numerous, densely stained neurons belonging to the Int are observed. E. PPAR�. Cerebellar cortex. Golgi cells (arrows)
in the Gr and basket neurons (arrowheads) are densely stained. Faint immunoreactivity is seen in stellate cells (white arrows) of the Mol, while Pu are
negative. F. PPAR�/�. Cerebellar cortex. The highest concentration of the immunoreaction product is found in basket (arrowheads) and Golgi (arrows)
neurons. Gr, Pu (white arrowheads), and stellate (white arrows) cells also show nuclear immunoreactivity. G. PPAR�. Cerebellar cortex. Basket
(arrowheads) and stellate (white arrows) neurons in the Mol are immunoreactive. Golgi cells (arrows) are also positive, while Gr are faintly stained;
Pu appear as negative. H. PPAR�/�. Cervical spinal cord. All the Rexed’s laminae display immunoreactivity, particularly layers II and IX. The CeC is
moderately stained. I. PPAR�. Cervical spinal cord. Positivity is restricted to Rexed’s laminae II, V and IX. The CeC is weakly stained.
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DISCUSSION

Methodological considerations

This study reports the complete distribution map of PPARs
and RXRs in the adult rat CNS, obtained by a biotinyl–

tyramide method (Adams, 1992), which allows visualiza-
tion of antigens, even when scarcely expressed (Moreno et
al., 1995, 1997, 1999; Farioli-Vecchioli et al., 2001a). By
this procedure, the receptors were predominantly detected
in the nucleus, although an additional cytosolic staining
was observed, especially in RXR and PPAR� immuno-
stained sections. This specific cytosolic labeling, which is
consistent with previous observations (Kainu et al., 1994;
Braissant et al., 1996; Thuillier et al., 1998; Kremarik-
Bouillaud et al., 2000; Huin et al., 2000), could be related
to nongenomic functions of these proteins, in analogy with
other nuclear receptors (Moggs and Orphanides, 2001).

Distribution of PPARs and RXRs in the CNS

Taken together, our results (Table 1) demonstrate that
some areas of adult rat CNS express all the studied re-
ceptors, while others exclusively contain specific isotypes.
The former group comprises the basal ganglia, the hip-
pocampal formation and many rhombencephalic nuclei;
the latter includes the olfactory bulb, lacking both PPAR�
and RXR�, the hypothalamus, immunonegative to PPAR�
and to both RXRs � and �, and the spinal cord, generally
devoid of PPAR� and RXR�. In some regions we show
that the distribution patterns are specific for the cell type.
For example, in the cerebellar cortex, Golgi cells display all
PPAR and RXR isotypes, while Purkinje cells only contain
the � isotype of both receptors, as already reported by
Kremarik-Bouillaud et al. (2000) for PPARs.

The biological significance of these distribution pat-
terns is far from being clear, owing to the intrinsic com-
plexity of the nervous system and to the still incomplete
knowledge of the activities and reciprocal interactions of
nuclear receptors. Therefore, we can only try to correlate
what is known on the transcriptional activities of PPARs
and RXRs with the specific functions of brain areas and
neurons enriched in these receptors.

PPARs

Concerning PPAR� distribution, while our data are in over-
all agreement with previous studies focusing on selected
brain regions (Kainu et al., 1994; Braissant et al., 1996),
we also observed remarkable positivity in locations so far
undescribed, namely the basal ganglia, the reticular for-
mation, some thalamic, mesencephalic and cranial motor
nuclei and the large motoneurons of the spinal cord. Inter-
estingly, a general overlapping of the immunolocalization
patterns of PPAR�, acyl-CoA oxidase (ACOX), catalase
and Cu,Zn-superoxide dismutase (Moreno et al., 1995,
1997; Farioli-Vecchioli et al., 2001a), can be recognized.
This is consistent with the known regulation of these en-
zymes by PPAR� (Poynter and Daynes, 1998; Inoue et al.,
1998, 2001) and suggests a role of the receptor in the
protection against oxidative damage, which contributes to
neurodegeneration (Gilgun-Sherki et al., 2001; Maccioni et
al., 2001). The involvement of PPAR� in regulating H2O2-
producing and removing enzymes may also be relevant to
neurotransmission per se, as H2O2 may act as a physio-
logical modulator of glutamate and dopamine release
(Chen et al., 2001; Avshalumov and Rice, 2002).

Fig. 4. Double immunodetection of PPARs and GFAP (blue and
brown staining, respectively) in different white matter areas. Scale
bars
100 	m. A. PPAR�. Corpus callosum. The immunoreactivity is
present in numerous GFAP-positive astrocytes. B. PPAR�/�. Hip-
pocampal commissure. Astrocytes (arrows) appear negative to the
receptor, while presumed oligodendrocytes show intense nuclear im-
munoreactivity (arrowheads). Inset shows positive astrocytes in the
corpus callosum (350�). C. PPAR�. Cerebellum. Numerous positive
(arrows) and negative (arrowheads), GFAP-reactive astrocytes are
observed.
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Fig. 5. Distribution of RXR immunoreactivity in coronal brain sections. Scale bars
100 	m. A. RXR�. Olfactory bulb. The labeling is mainly
concentrated in the GCL and IPL layers. Cytoplasmic staining (arrowhead) is observed in the MCL; scattered positive neurons are seen in the EPL.
B. RXR�. The Pir is intensely positive. Large neurons (arrows) in the VP also show strong nuclear immunostaining. C. RXR�. The AcbC shows
numerous immunoreactive neurons. D. RXR�. CPu. Neurons show moderate, mainly cytoplasmic immunoreactivity. E. RXR�. CPu. Medium-sized
spiny neurons appear immunoreactive in their nuclei. F. RXR�. CPu. Remarkable immunoreactivity is found in medium-sized spiny neurons. G. RXR�.
Septal complex. VDB and HDB show moderate positivity. H. RXR�. Frontal neocortex. Immunopositive neurons, showing nuclear and cytosolic
(arrowheads) labeling, are concentrated in the inner layers (V–VI). I. RXR�. Frontal neocortex. Numerous neurons, particularly in layer V, display
nuclear staining. J. RXR�. Hippocampal formation. Pyramidal cells and some interneurons (arrows) of CA1 field, as well as granules of the DG, are
positive. K. RXR�. Thalamus. Neurons of the RT are moderately immunostained, while the VPL is faintly stained. L. RXR�. Mesencephalon. Neurons
of the magnocellular part of the R and the oculomotor nucleus (3) are remarkably immunoreactive, also in their cytoplasm.
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Fig. 6. Distribution of RXR immunoreactivity in coronal sections of rhombencephalon and spinal cord. Scale bars
100 	m. A. RXR�. Reticular
formation. Neurons belonging to the gigantocellular nucleus are intensely immunoreactive, mainly in their cytoplasm (arrows). B. RXR�. Reticular
formation. Giant neurons show remarkably strong immunostaining, mainly in their cytoplasm (arrows). C. RXR�. Facial nucleus (7). Numerous
neurons exhibit strong nuclear and cytoplasmic immunolabelling. D. RXR�. Facial nucleus (7). Neurons showing a predominantly nuclear immuno-
positivity are observed. E. RXR�. Lat are moderately immunostained, also in their cytoplasm. F. RXR�. Lat show nuclear and cytoplasmic
immunopositivity. G. RXR�. Cerebellar cortex. Arrows indicate positive Golgi cells in the Gr; Pu exhibit a weak cytoplasmic staining, while the Mol
appears as negative. H. RXR�. Cerebellar cortex. In the Gr, only Golgi cells (arrows) are immunoreactive; Pu exhibit a faint cytoplasmic staining, while
the Mol is unstained. I. RXR�. Cervical spinal cord. All the Rexed’s laminae (II–X) and the CeC contain immunostained cells, although with different
intensities. J. RXR�. Cervical spinal cord. Immunopositive neurons are seen in all Rexed’s laminae (II–X) and in the CeC. K. RXR�, corpus callosum.
Elongated positive nuclei, presumably of oligodendrocytes, are detected. L. RXR�, anterior commissure. A large number of positive cells, presumably
astrocytes, are observed.
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Moreover, the observed colocalization of PPAR� and
ACOX in cholinergic neurons supports a role for this re-
ceptor in acetylcholine biosynthesis (Farioli-Vecchioli et
al., 2001a). A relationship between PPAR� and acethyl-
choline is supported by studies on apo-E deficient mice,
where reduced levels of PPAR� mRNA and acetylcholine
have been found (Hung et al., 2001). To this respect, it is
worth mentioning that dehydroepiandrosterone, a known
PPAR� activator (Zhou and Waxman, 1998), ameliorates
cognitive and memory decline associated with acetylcho-
line decrease in ageing (Racchi et al., 2001; Zambrzycka
et al., 2002).

The wide and abundant presence of PPAR�/� here
reported confirms and extends previous knowledge (Xing
et al., 1995; Braissant et al., 1996; Kremarik-Bouillaud et
al., 2000), and is consistent with the notion that the ex-
pression of acyl-CoA synthetase 2, a key enzyme in fatty
acid metabolism and transport, is regulated by PPAR �/�
(Basu-Modak et al., 1999). Therefore, this isotype could
play a dual role, one related to the general neuronal me-
tabolism and the other in modulating the activities of the
other two PPAR isotypes, as suggested (Jow and Mukher-
jee, 1995; Shi et al., 2002). Concerning possible relation-
ships with neurotransmitters, the ubiquitous distribution of
both PPAR�/� and �-amino-butyric acid (GABA), the pre-
dominant inhibitory transmitter in the mammalian brain, is
impressive. The presence of only this isotype in the
GABAergic Purkinje neurons supports this suggestion.

PPAR� exhibits the most restricted distribution in the
CNS, consistent with previous reports on other tissues (for
reviews, see Rosen and Spiegelman, 2001; Fajas et al.,
2001).

Despite the great attention devoted to this isotype, very
little is known about its specific functions in the CNS. In
addition to a general, anti-inflammatory and anti-apoptotic
role (Kitamura et al., 1999; Breidert et al., 2002; Feinstein
et al., 2002; Kucharova and Farkas, 2002), PPAR� could
play specific functions in certain neuronal populations. For
example, the abundance of this receptor in the basal gan-
glia and other areas expressing dopamine receptors (i.e.,
piriform cortex, hippocampus, hypothalamus) might indi-
cate a role in regulating dopamine action on gene tran-
scription. Indeed, PPAR� has been shown to induce the
p85� subunit of phosphatidylinositol-3 kinase (PI3K;
Rieusset et al., 2001), which, in striatal spiny neurons, is
required for the brain-derived neurotrophic factor (BDNF)-
mediated induction of dopamine and cyclic AMP-regulated
phosphoprotein of 32 kDa (Stroppolo et al., 2001), a key
modulator of dopamine action on gene transcription (Sven-
ningsson et al., 2000). Interestingly, PPAR� is itself in-
duced through the same signaling pathway (Fu et al.,
2001).

As to the distribution of PPARs in glia, our data dem-
onstrate that astrocytes of many white matter regions con-
tain all the three isotypes, although in some locations
GFAP-positive cells were found to be negative to PPAR�/�
and �. Previous studies gave somewhat conflicting results,
either due to the different models and techniques em-
ployed (Braissant et al., 1996; Cullingford et al., 1998;

Basu-Modak et al., 1999; Cristiano et al., 2001), or to the
intrinsic heterogeneity of astroglia (Wilkin et al., 1990).

The physiological significance of the presence of dif-
ferent PPAR isotypes in astrocytes can be related to the
multiple roles played by these cells in the brain. In partic-
ular, PPAR� regulates the peroxisomal acyl CoA �-oxida-
tion pathway, leading both to the synthesis of some fatty
acids, ligands of PPARs and RXRs, and to the catabolism
of very long chain fatty acids, which can be neurotoxic, as
observed in peroxisomal diseases (Wanders, 2000).

Concerning oligodendrocytes, our data, demonstrating
the presence of PPAR�/� in these cells, are in agreement
with those obtained in vitro (Granneman et al., 1998; Basu-
Modak et al., 1999), and support the notion that PPAR�/�
plays a fundamental role in myelin formation and turnover
(Peters et al., 2000; Saluja et al., 2001; Cimini et al., 2003).

RXRs

RXRs are the obligate heterodimeric partners for the ma-
jority of nuclear receptors (Issemann et al., 1993; Keller et
al., 1993). The ability of RXRs to function as ligand-depen-
dent transcription factors is regulated by retinoic acid re-
ceptor (RARs) and PPARs, which block and permit activa-
tion, respectively (DiRenzo et al., 1997). Therefore, com-
paring by the same immunohistochemical method the
distribution patterns of these receptors in the CNS may
provide more insights into the complex network of hor-
mone-responsive gene expression.

Our data on the RXR localization are in general agree-
ment with previous reports (Mangelsdorf et al., 1992;
Krezel et al., 1999; Zetterstrom et al., 1999). RXR� is the
prevalent isotype, being expressed even in regions where
the other two receptors are scarce or absent (Table 1).
RXR� is present in many brain areas with the exception of
the rostral olfactory cortex, most of the thalamic nuclei, the
hypothalamus and the majority of spinal cord laminae.
RXR� exhibits the most restricted distribution pattern, be-
ing abundant in the striatum, hypothalamus, red nucleus,
some rhombencephalic nuclei and the spinal cord. In some
regions, where RXR mRNAs, but not proteins, were de-
tected (Krezel et al., 1999; Zetterstrom et al., 1999), we
revealed the receptor proteins. This was particularly ap-
parent in the olfactory system, mesencephalon and some
thalamic and rhombencephalic areas, and could be ex-
plained by the higher sensitivity of the immunohistochem-
ical method here employed.

The strong expression of RXR� in the striatum (Man-
gelsdorf et al., 1992; Zetterstrom et al., 1999; Krezel et al.,
1999) supports a role for this receptor, possibly through
coupling with RAR�, in regulating dopamine receptor and
neuropeptide gene expression in dopaminergic areas
(Krezel et al., 1998; McGinty, 1999; Zetterstrom et al.,
1999).

In the hippocampal formation, the same heterodimer
RAR�/RXR� has been shown to contribute to long term
potentiation (LTP) and depression (Chiang et al., 1998).
Since BDNF, required for LTP, does not contain a retinoid
consensus element among its multiple promoters (Tao et
al., 1998), other transcription factors are likely to regulate
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BDNF gene expression (Chiang et al., 1998). Are PPARs
involved? The presence of all PPARs in the hippocampal
formation, a region producing high amounts of arachidonic
acid (Braissant et al., 1996), which is a potent activator of
PPARs and plays important roles in signaling pathways,
could favor this possibility.

PPAR/RXR heterodimers

By comparing our data on PPAR and RXR distribution in
various CNS areas with those obtained by others on RARs
and RXRs (Mangelsdorf et al., 1992; Krezel et al., 1999;
Zetterstrom et al., 1999), the preferential occurrence of
specific heterodimers can be hypothesized.

In analogy with liver cells (Wan et al., 2000), PPAR�/
RXR� appears as the most probable heterodimeric couple
in various brain areas, including the olfactory bulb, frontal
cortex, rhombencephalic nuclei and the spinal cord; in the
last region, for example, both PPAR� and RXR� are ex-
clusively expressed in Rexed’s laminae VII–IX.

The matching immunoreactivity patterns of PPAR� and
RXR� in specific brain areas, such as the hypothalamus,
suggests a preferential coupling between these receptors.
In the hippocampus and striatum, where RAR� has been
proposed as the partner of RXR� (Chiang et al., 1998), a
competition between RAR� and PPAR� for RXR� is likely
to occur.

The abundant and widespread distribution of PPAR �/�
hardly supports any preferential association with a specific
RXR, even though the similarly diffuse expression of
RXR� should make their dimerization possible in most
CNS areas.

In any case, although some preferential couplings be-
tween PPAR and RXR isotypes can be hypothesized, one
should remind that RXRs also form functional het-
erodimers with other nuclear receptors expressed in the
CNS.

CONCLUSIONS

The data here presented allow to suggest involvement of
RXRs and PPARs in neuromodulation, possibly by regu-
lating genes encoding either for neurotransmitter recep-
tors, or for enzymes involved in neurotransmitter metabo-
lism or release. The abundance of RXRs and PPARs in
some regions, such as the corpus striatum and hippocam-
pus, supports their roles in the control of dopamine recep-
tor gene expression (McGinty, 1999) and in the synaptic
plasticity (Chiang et al., 1998). Thus, both receptor families
would appear to participate in motor and cognitive func-
tions of the normal CNS and in the respective dysfunctions
in neurodegenerative pathologies. As to the mechanisms
underlying these processes, recent data suggest that
PPARs and RXRs could regulate, and be regulated by,
signal transduction pathways, activated by growth factors
and other ligands (e.g. lipids, retinoic acid). In this context,
it is worth recalling that both the mitogen-activated protein
kinase and the PI3K cascades are involved in the regula-
tion of dopamine receptor-induced gene transcription and

in synaptic plasticity and memory formation (Lin et al.,
2001; Mazzucchelli et al., 2002).

In conclusion, while the importance of vitamin A and
lipids for normal development, maturation and functioning
of CNS is well established (Innis, 2000), a role for these
nutrients in higher cognitive functions is emerging. The
notion that retinoids and fatty acids are ligands for RARs,
RXRs and PPARs is consistent with the view that these
receptors play important roles in adult CNS and stimulates
future research on this issue.
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Abstract. The central role of peroxisomes in reactive oxygen species and lipid metabolism and their importance in brain
functioning are well established. The aim of this work has been to study the peroxisomal population in the Tg2576 mouse model
of Alzheimer’s disease (AD), at the age of three months when no apparent signs of behavioral, neuroanatomical, cytological, or
biochemical alterations have been so far described. The expression and localization of peroxisomal (PMP70, CAT, AOX, and
THL) and peroxisome-related proteins (PEX5p, GPX1, SOD1, and SOD2) were studied in the neocortex and hippocampus of
transgenic and wild-type animals. Oxidative stress markers (TBARS, acrolein, and 8-OHG) were also evaluated. Our results
demonstrate that signi�cant alterations are already detectable at this early stage of the disease and also involve peroxisomes.
Their number and protein composition change concomitantly with early oxidative stress. Interestingly, the neocortex shows a
compensatory response, consisting in an increase of reactive oxygen species scavenging enzymes, while the hippocampus appears
more prone to the oxidative insult. This different behavior could be related to metabolic differences in the two brain areas, also
involving peroxisome abundance and/or enzymatic content.

Keywords: Acyl-CoA β-oxidation, Alzheimer’s disease, antioxidant enzymes, catalase, hippocampus, neocortex, oxidative stress,
reactive oxygen species, peroxisomes, Tg2576

INTRODUCTION

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder worldwide, characterized by a
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progressive loss of synapses and neurons, resulting in
gradual impairment of memory, language, and reason-
ing skills, and eventually leading to dementia [1] The
two most striking neuropathological features of AD
are extracellular deposits of amyloid-β (Aβ) plaques
and intracellular neuro�brillary tangles of hyperphos-
phorylated tau proteins, both caused by the misfolding
and gradual conversion of highly soluble proteins into
insoluble, �lamentous polymers [2,3].

A myriad of systems and events are involved in the
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pathogenesis of AD, and several studies have focused
on the mechanisms underlying the toxicity associated
with Aβ plaques. However, recent �ndings suggest that
soluble, low n-oligomers and proto�brils of A β pep-
tides, rather than the highly polymeric deposits of Aβ,
are the principal pathogenic species that drive synaptic
and neuronal dysfunction (for review, see [4]). The
molecular mechanisms linking soluble Aβ to the onset
of neurotoxicity are still largely unknown, but sever-
al lines of evidence point to reactive oxygen species
(ROS), which are produced even under the effect of
nanomolar concentrations of soluble Aβ-oligomers [5,
6]. The consequent oxidative stress is considered as the
common effector of the cascade of degenerative events
in many neurological disorders (for review, see [7]).

The central role of peroxisomes in the generation and
scavenging of hydrogen peroxide has emerged since
their discovery [8] and subsequent studies have ex-
panded and con�rmed their dual role in producing and
removing ROS [9]. Moreover, these ubiquitous or-
ganelles are involved in many other metabolic func-
tions, mainly related to lipid metabolism [10,11]. In the
brain, their presence has been documented in both glial
and neuronal cells [12–19], where they play roles both
during development and in the homeostasis of healthy
adult brain [20], participating in the protection against
oxidative damage, the biosynthesis of plasmalogens,
the metabolism of saturated and polyunsaturated fatty
acids (PUFAs), and possibly contributing to the biosyn-
thesis of acetylcholine [18].

Accordingly, mouse models of brain peroxisome
biogenesis disorders show decreased plasmalogen and
docosahexaenoic acid (DHA) levels,altered cholesterol
homeostasis, very long chain fatty acids accumulation,
and oxidative damage [21–24]. Interestingly, it has re-
cently been demonstrated that the absence of functional
peroxisomes from the central nervous system lead to
early motor and cognitive impairment, with dysmyeli-
nation and axon degeneration as the main histopatho-
logical correlates [25]. Moreover, in aging, peroxiso-
mal functions are reportedly decreased [26,27], con-
comitantly with decreased plasmalogen and DHA lev-
els and with increased oxidative stress and in�amma-
tion [28–30]. It is of note that the same metabolic
alterations have been related to AD pathogenesis (for
reviews, see [30–35]).

Santos and colleagues [36] demonstrated that in vitro
Aβ treatment, reproducing the biomolecular features
of an advanced AD stage, causes loss of peroxisomes in
hippocampal neurons. Conversely, peroxisomal prolif-
eration, induced by the peroxisomal proliferators WY-

14,643, prevents neuronal death, suggesting that per-
oxisomes may be involved in neuroprotection.

Since subtle synaptic damages precede the appear-
ance of Aβ plaques and neuronal death [37], we in-
vestigated the possible role of peroxisomes in the
Tg2576 transgenic mouse model of AD at a very ear-
ly age (3 months), when no apparent signs of be-
havioral, neuroanatomical, cytological, or biochemi-
cal alterations have been described [38]. To this pur-
pose, we examined, by biochemical and morphologi-
cal methods, the expression and presence of a number
of proteins, exclusively or partially localized to per-
oxisomes [9,11], such as the peroxisomal membrane
protein 70 kDa (PMP70), the peroxisomal matrix pro-
teins acyl-CoA oxidase (AOX), 3-ketoacyl-CoA thy-
olase (THL) and catalase (CAT), the peroxin 5 (PEX5p)
and the ROS-scavenging enzymes selenium-dependent
glutathione peroxidase (GPX1), Cu,Zn-superoxide dis-
mutase (SOD1) and Mn-superoxide dismutase (SOD2).
Furthermore, oxidative damage markers, namely thio-
barbituric acid reactive substances (TBARS), acrolein-
protein adducts, and the nucleic acid oxidation product
8-hydroxyguanosine (8-OHG) were studied [39–41].
All the analyses were performed on the neocortex and
the hippocampus of Tg2576 mice and their wild type
(Wt) counterparts, in order to compare two different
brain areas known to be affected in AD [42].

MATERIALS AND METHODS

Animals

Male mice (C57B6 × SJL), hemizygous for human
AβPP695 and expressing the human AβPP 695 with
the double mutation K670N and M671L (FAD Swedish
mutation), were purchased from Taconic Farms, Inc.
(Germantown, NY, USA).

The Tg2576 colony is maintained by breeding hem-
izygous transgenic male with female B6SJLF1 mice
and the genotyping is performed by established meth-
ods (Taconic PCR protocol).

The experiments were carried out in accordance
with the European Communities Council Directive of
24 November 1986 (86/609/EEC). Formal approval to
conduct the experiments described was obtained from
the Animal Subjects Review Board of our institutions.
All efforts were made to minimize the number of ani-
mals used and their suffering.

For Reverse Transcription PCR (RT-PCR) and west-
ern blotting, a total of four Tg and four Wt mice were
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Table 1
Primers and PCR cyclinga

Gene Gene Bank Length Sequence 5’-3’ Annealing Cycles
number (Sense and antisense) (◦C)

CAT NM 009804 401 bp CTATTGCCGTCCGATCTC 59 30
GATGCCCTGGTCAGTCTTG

AOX NM 015729 662 bp AGCACTGGTCTCCGTCAT 61 30
TGTGGGTCCCAATCTCA

PMP7O NM 008991 611 bp TTATTGCGGTTATGCTGGTA 65 30
TGTCTGCTTCTCCCGTTTA

SOD1 NM 011434 246 bp AAGGCCGTGTGCGTGCTGAA 56 33
CAGGTCTCCAACATGCCTCT

SOD2 NM 013671 241 bp GCACATTAACGCGCAGTCA 56 33
AGCCTCCAGCAACTCTCCTT

GPX1 NM 008160 332 bp GCAAGAATGAAGAGATTC 50 33
GGACAGCAGGGTTTCTAT

aThe table reports the adopted sequences of speci�c primers and relative cycling conditions of
each RT-PCR.

used. Animals were killed by cervical dislocation and
excised brains were sagittally sectioned on an ice-cold
plate. From each hemisphere, the cortex and hippocam-
pus were dissected out and used separately for the two
different analyses.

For enzyme activities and TBARS determination,
pools of cortical and hippocampal tissues from six Tg
and six Wt brains were assayed in triplicate.

For immunolocalization studies, three Tg mice and
three Wt littermates were deeply anesthetized with ure-
thane (1 g/kg body weight, injected i.p.), before rapid
killing by transcardial perfusion with the �xative solu-
tion.

RT-PCR

Total cellular RNA was extracted by Trizol Reagent
(Invitrogen, Paisley, UK), according the manufactur-
er’s instructions. The total RNA concentration was de-
termined spectrophotometrically in RNase-free water.
Reverse transcription (RT) was performed using Su-
perScript II (Invitrogen) and polymerase chain reaction
(PCR) ampli�cation of speci�c target was performed
using Platinum Taq (Invitrogen) DNA polymerase, fol-
lowing the manufacturer’s directions. To compensate
for variations in RNA quality, initial quantitation er-
rors and random tube-to-tube variation in RT-PCR reac-
tions, multiplex RT-PCRs were performed in duplicate.
In accordance with Thellin and colleagues [43], 18S
rRNA was chosen as the internal standard. In particular,
we used QuantumRNA Classic II 18S (Ambion, Ap-
plied Biosystems, CA, USA) (324 bp) for CAT, AOX,
and PMP70, while QuantumRNA Classic 18S (Am-
bion) (489 bp), was used for SOD1, SOD2, and GPX1.
The 18S rRNA internal control was used in combina-

tion with 18S competimers and a gene-speci�c PCR
primer pair. Competimer technology was used to mod-
ulate the ampli�cation ef�ciency of a PCR template,
and the correct ratio between the 18S rRNA primers
and 18S competimers was empirically determined, as
recommended by the supplier.

Table 1 reports primer sequences (Sigma-Genosys,
St. Louis, MO, USA) and ampli�cation conditions for
each gene studied.

PCR products were separated by electrophoresis
on 2% agarose gels containing ethidium bromide
(0.5 µg/ml) in Tris-borate-EDTA buffer. A molecular
weight marker was run in parallel and bands of the ex-
pected molecular size were detected under UV light.
The densitometric analysis was performed by TotalLab
V.I.II. System (Nonlinear Dynamics, New Castle upon
Tyne, UK). Data are a mean of four different experi-
ments.

Western blotting

Protein extraction was performed by homogeniz-
ing the tissue in about 10 volumes of lysis buffer
(50 mM NaCl, 50 mM Tris, pH 7.5, 1% (w/v) Triton-
X100, 10% (w/v) glycerol, 320 mM sucrose) contain-
ing 10 µl/ml protease inhibitor (Sigma-Aldrich, St.
Louis, MO, USA). Lysate was then incubated with ro-
tation at 4◦C for 30 min. Following centrifugation for
20 min at 13000 rpm at 4◦C, the clear supernatant was
recovered.

Western blotting was performed analyzing samples
(5–20 µg protein) on 7.5–15% polyacrylamide dena-
turing gels in accordance with Laemmli [44]. Protein
bands were transferred onto polyvinylidene �uoride
(PVDF) (Sigma-Aldrich) sheets by wet electrophoretic
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transfer as previous [45]. Non-speci�c binding sites
were blocked for 1 h at room temperature (RT) with
5% (w/v) non-fat dry milk (Bio-Rad Laboratories, Her-
cules, CA, USA) in Tris-buffered saline containing
0.1% (v/v) Tween 20 (TBS-T). Membranes were in-
cubated overnight at 4◦C with the following primary
antibodies appropriately diluted in blocking solution:
1:1000 anti-CAT (Rockland, Gilbertsville, PA, USA);
1:2000 anti-AOX (generous gift of Prof. A. Völkl);
1:2000 anti-PMP70 and 1:2000 anti-β-actin (Sigma-
Aldrich); 1:2000 anti-GPX1 (Histo-Line Laboratories,
Milan, Italy); 1:2000 anti-SOD1, 1:20000 anti-SOD2
(Stressgen Bioreagents, Victoria, BC, Canada); 1:1000
anti-PEX5p and 1:1000 anti-THL (generous gifts of
Prof. P. Van Veldhoven). This was followed by incuba-
tion with 1:2000 HRP-conjugated anti-rabbit IgG sec-
ondary antibody (S. Cruz Biotechnology, Santa Cruz,
CA, USA) in blocking solution, for 1 h at 4◦C.

After rinsing, immunoreactive bands were visualized
by means of enhanced chemiluminescence (ECL) (Bio-
Rad Laboratories) according to the manufacturer’s in-
structions. The relative densities of the immunoreac-
tive bands were determined and normalized with re-
spect to β-actin, using a semiquantitative densitometric
analysis (Nonlinear Dynamics). Data are a mean of
four different experiments.

Enzymatic activity assays

Neocortex and hippocampus from Tg and Wt ani-
mals were homogenized in 5 volumes of 67 mM phos-
phate buffer, pH 7, containing 1% (v/v) TritonX-100,
and centrifuged at 13000 rpm for 30 min at 4 ◦C. The
resulting extracts were used for spectrophotometrical
enzymatic activity and protein content measurements.

Total SOD (EC 1.15.1.1) activity was assayed
at 480 nm and 30◦C for its ability to inhibit the
epinephrine autoxidation, in compliance with Sun and
Zigman [46]. Exclusive SOD1 activity was assayed
for previous SOD2 inactivation with 0.4 vol. ethanol-
chloroform (25:15) extraction [47]. SOD2 speci�c ac-
tivity was obtained by subtracting SOD1 from the total
SOD activity. One unit (U) is de�ned as the amount
of the enzyme required to halve the rate of epinephrine
autoxidation.

CAT (EC 1.11.1.6) activity was measured at 240 nm
and 25◦C, by following the rate of reduction of
H2O2 [48]. GPX1 (EC 1.11.1.9) activity was assayed
by a previously described method [49]. One U cor-
responds to the amount of enzyme catalyzing the oxi-
dation of 1 µmol NADPH/min at 25oC. One U is de-

�ned as the amount of the enzyme that catalyzes the re-
duction of 1 µmol H2O2/min. Acyl-CoA β-oxidation
(β-OX) was assayed according to Bronfman and col-
leagues [50]. One U is de�ned as the amount of the en-
zyme that catalyzes the conversion of 1 µmol palmitoyl-
CoA/min at 37◦C.

TBARS assay

Pools of cortical and hippocampal tissues from three
Tg and three Wt brains were homogenized in 5 volumes
of RIPA buffer (Sigma-Aldrich), supplemented with
10 µl/ml protease inhibitor cocktail (Sigma-Aldrich).
Samples were cleared by centrifugation at 5000 rpm for
10 min at 4◦C. Supernatants were assayed for lipid per-
oxidation by the TBARS kit (Cayman Chemical, Ann
Arbour, MI, USA) [51]. Brie�y, as suggested by the
manufacturer, samples or malondialdehyde standards
were added to SDS and Color Reagent, boiled for 1 h
and centrifuged for 4000 rpm for 10 min at 4 ◦C. Then,
color intensity was read in triplicate with a plate reader
at 530 nm (PerkinElmer, Waltham, MA, USA).

Protein content assay

Total protein content was measured by Bicinchoninic
acid (BCA) Protein Assay Reagent (Pierce Biotechnol-
ogy, Rockford, IL, USA) using bovine serum albumin
as the standard [52].

Light and electron microscopy

Mice were perfused at RT with a calcium-free
Ringer’s variant saturated to pH 7.3 with 95% O2

and 5% CO2, followed by 4% freshly depolymerized
paraformaldehyde (Sigma) in 0.12 M phosphate buffer,
pH 7.3. Brains were left in situ for 1 h in ice, then
dissected out and cut along the midline.

The right halves of the brains were processed for light
microscopic observation. Samples were dehydrated in
graded ethanol, transferred to Bioclear (BioOptica, Mi-
lan, Italy), then to a 1:1 mixture of Bioclear and paraf-
�n, and �nally embedded in paraf�n. Sagittal, 5 µm
thick sections were then serially cut by a microtome
and collected on Vectabond (Vector, Burlingame, CA,
USA) pre-coated slides.

The left halves of the brains were collected for ul-
trastructural analyses. Sagittal, 100 µm thick sections
were obtained by a vibratome, and collected in phos-
phate buffer.
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Immunohistochemistry

Serial, sagittal brain sections from Tg and Wt ani-
mals were deparaf�nized by using xylene and graded
ethanol and rehydrated. Slides were then immersed
in 10 mM sodium citrate buffer, pH 6.1, and pro-
cessed for the antigen-retrieval procedure, using a mi-
crowave oven operated at 720W for 10 min [53]. Af-
ter cooling, slides were transferred to phosphate buffer
saline (PBS) containing 5% (w/v) non-fat dry milk,
for 1 h at RT, then incubated for 48 h at 4◦C with ei-
ther of the following rabbit polyclonal antibodies, di-
luted in PBS containing 2.5% (w/v) non-fat dry milk:
1:100 anti-CAT (Rockland); 1:100 anti-AOX (gener-
ous gift of Prof. A. Völkl); 1:250 anti-PMP70 (Sigma-
Aldrich); 1:100 anti-GPX1 (Histo-Line Laboratories);
1:500 anti-SOD1 and 1:500 anti-SOD2 (Stressgen);
1:100 anti-PEX5p and 1:100 anti-THL (generous gifts
of Prof. P. Van Veldhoven). In control sections, the pri-
mary antibody was omitted or substituted with normal
rabbit serum. Slides were then incubated for 1 h at RT
with biotinylated goat anti-rabbit IgG (Vector), diluted
1:200 in PBS containing 1% normal goat serum (Vec-
tor). Immuno-complexes were revealed by means of
an avidin biotin system (Vectastain Elite ABC kit, Vec-
tor), using 3,3’-diamino-benzidine (DAB Substrate kit
for Peroxidase, Vector), as the chromogen. Slides were
�nally dehydrated and mounted with Eukitt (Kindler
GmbH & Co., Freiburg, Germany). Sections were ob-
served under an Olympus BX 51 microscope, equipped
with a Leica DFC 420 camera; electronic images were
captured by a Leica Application Suite system, and com-
posed in an Adobe Photoshop CS2 format.

Densitometric analysis of immunohistochemistry
staining was performed by ImageJ software on sections
of three Tg and three Wt animals. More precisely, for
each section, �ve neocortical �elds, including layers
II-VI, and �ve hippocampal �elds including the CA1
pyramidal cell layer were examined.

Immuno�uorescence

For detection of protein-bound acrolein and 8-OHG,
sagittal paraf�n sections were processed as described
in the immunohistochemistry section and incubated
overnight at 4◦C with 1:400 anti-acrolein rabbit poly-
clonal antibody (Gentaur Europe BVBA, Brussels, Bel-
gium), or 1:500 mouse monoclonal anti-8-OHG (QED
Bioscience Inc., San Diego, CA, USA). Sections were
thoroughly rinsed with PBS, then incubated for 2 h
at RT with 1:100 �uorescein isothiocyanate (FITC)

conjugated goat anti-rabbit IgG (Sigma-Aldrich), or
1:200 FITC conjugated goat anti-mouse IgG (Sigma-
Aldrich). Both primary and secondary antibodies were
diluted with PBS containing 4% BSA. Controls were
performed in parallel by omitting the primary antibody.

For double immuno�orescence experiments, sagit-
tal paraf�n sections from Wt and Tg brains were pro-
cessed as described in the immunohistochemistry sec-
tion. Sections were incubated overnight at 4◦C with a
mixture of 1:100 rabbit polyclonal anti-PMP70 (Sigma-
Aldrich) with monoclonal antibodies to either anti-
glial �brillary acidic protein (1:200, GFAP, Chemi-
con, Temecula, CA, USA), or anti-neuronal nuclei
(1:100 NeuN, Chemicon). Sections were thoroughly
rinsed with PBS, then incubated for 2 h at RT with
a mixture of 1:100 FITC conjugated goat anti-rabbit
IgG (Sigma-Aldrich) and 1:100 tetramethylrhodamine
isothiocyanate (TRITC) conjugated goat anti-mouse
IgG (Sigma Aldrich). Both primary and secondary an-
tibodies were diluted with PBS containing 4% BSA.
Controls were performed in parallel by omitting the
primary antibody. Slides were observed in a Leica TCS
SP5 confocal microscope.

Densitometric analysis of immuno�orescence stain-
ing for acrolein and 8-OHG was performed by ImageJ
software on sections of three Tg and three Wt animals.
More precisely, for each section, �ve neocortical �elds,
including layers II-VI, and �ve hippocampal �elds in-
cluding the CA1 pyramidal cell layer were examined.

Immunoelectron microscopy

Vibratome sections were processed for CAT ultra-
structural immunolocalization, prior to resin embed-
ding. After incubation in blocking medium (PBS con-
taining 5% (w/v) non-fat dry milk and 0.2% (v/v)
Triton-X 100) for 1 h at RT, �oating sections were in-
cubated for 48 h at 4◦C with 1:100 anti-CAT (Rock-
land), diluted in PBS containing 2% (w/v) nonfat dry
milk and 0.1% (v/v) Triton-X 100), under continuous
agitation. Subsequent incubations with the biotinylat-
ed secondary antibody, ABC, and with DAB were car-
ried out as described above in the immunohistochem-
istry section. After extensive washes in ice-cold PBS,
slices were post-�xed in 1% OsO 4 in phosphate buffer
for 1 h at 4◦C, rinsed in water, dehydrated in grad-
ed ethanol and propylene oxide, and �at-embedded in
Epon 812 (TAAB, Reading, UK). Neocortical and hip-
pocampal areas of the embedded sections, identi�ed in
a light microscope, were remounted on Epon blanks,
and further sectioned on a Reichert Ultracut S ultra-
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microtome. Ultrathin sections were brie�y contrasted
with uranyl acetate and lead citrate, and observed in a
Philips CM120 electron microscope equipped with a
Philips Megaview III camera. Electronic images were
captured by AnalySys 2.0 software and composed in
Adobe Photoshop CS2 format.

Statistical analysis

Statistical analysis for RT-PCR and western blotting
experiments was performed by Mann-Whitney test,
while for TBARS and enzymatic activity assays, the
statistical signi�cance of samples was analyzed by Stu-
dent’s t-test. These statistical calculations were per-
formed using SPSS software. Statistical analysis for
densitometric evaluation of immunohistochemistryand
immuno�orescence was performed by Student’s t-test,
using GraphPad Prism 4 software. For all statistical
analyses, P < 0.05 was considered as statistically sig-
ni�cant.

RESULTS

PMP70

We considered PMP70 [54] as a marker to determine
the overall size of the peroxisomal population in the
neocortex and hippocampus of 3-month-old Tg mice,
as compared to their Wt littermates, mRNA and protein
expression, together with its immunolocalization.

RT-PCR and western blotting results show no sig-
ni�cant variation of PMP70 mRNA or protein in either
the neocortex or the hippocampus between Wt and Tg
animals (Fig. 1, Panel 1).

PMP70 IHC and immuno�uorescence (Fig. 1, Pan-
els 2–4) demonstrate the presence of peroxisomes in
all the examined areas from both Wt and Tg brains.
DAB immunostaining (Fig. 1, Panel 2) is exclusive-
ly observed in the cytoplasm of Wt cells, while in Tg
neurons the immunoreaction product occasionally ex-
tends to the nucleus. Overall, Tg neurons appear some-
what diminished in their cytoplasm and nucleus, es-
pecially in the hippocampal CA1 pyramidal cell layer
(Pyr). Densitometric analysis reveals signi�cantly in-
creased PMP70 immunostaining in Tg brain. Double
immuno�uorescence of PMP70 in combination with
GFAP (Fig. 1, Panels 3) shows the presence of perox-
isomes in astroglial cells, particularly abundant in the
super�cial layers of the neocortex and in the hippocam-
pal formation. Double immuno�uorescence of PMP70
in combination with NeuN (Fig. 1, Panel 4) demon-
strates peroxisomes in neocortical neurons (particularly
in the deep layers) and in the hippocampal CA1 Pyr.

PEX5p

PEX5p translocates peroxisome-targeting signal
1 (PTS1)-bearing peroxisomal proteins to the or-
ganelles [55,56]. In keeping with the presence of two
isoforms of PEX5p in mammalian cells, PEX5pS and
PEX5pL [57], two bands are seen in our western blot-
ting experiments. Densitometric analysis of the two
bands considered together shows an increase of the pro-
tein in Tg brain, which is statistically signi�cant in the
hippocampus (Fig. 2, Panel 1).

Accordingly, PEX5p IHC results in a stronger cy-
toplasmic staining in Tg than in Wt neurons, as con-
�rmed by densitometric analysis, which shows signif-
icant increases in Tg hippocampal CA1 Pyr and neo-
cortex (Fig. 2, Panel 2).

AOX and THL

Although the important role of peroxisomal β-OX
in brain development and functioning is well recog-
nized [11], no information on this metabolic pathway
in AD is presently available. We then analyzed AOX
and THL, as the �rst and the last enzyme of the cycle,
respectively.

Results on AOX expression (Fig. 3, Panel 1) fail to
demonstrate variations of mRNA, while showing sig-
ni�cant increase of the protein in the Tg hippocampus.
Immunohistochemistryreveals more intense staining in
both the Tg neocortex and hippocampus (Fig. 3, Panel
2), as con�rmed by densitometric analysis.

By contrast, THL protein is signi�cantly decreased in
Tg brain, as assessed by western blotting and con�rmed
by immunohistochemistry (Fig. 3, Panels 3, 4).

The enzymatic assay of β-OX demonstrates a three-
fold increase in the neocortex, while no signi�cant vari-
ation of the speci�c activity is detected in the hippocam-
pus (Table 2).

GPX1 and CAT

Since peroxisomes play an important role in the pro-
tection against ROS [9], we assessed the mRNA, pro-
tein levels, and immunohistochemical distribution of
the H2O2-scavenging enzymes CAT and GPX1, the
former being exclusively localized to peroxisomes and
the latter also being found inside these organelles. As
shown in Panels 1 and 3 of Fig. 4, both proteins signi�-
cantly increase in the neocortex and decrease in the hip-
pocampus, where CAT mRNA is also decreased. More-
over, CAT speci�c activity is signi�cantly increased in
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Fig. 1. PMP70 expression and distribution in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to their
non-transgenic littermates (Wt). Panel 1: Images of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture)
representative experiments for PMP70. In the lower picture, ratios between Tg and Wt mean densitometric values from 4 different RT-PCR and
WB experiments are shown. Error bars, standard error of the mean. Cx, neocortex; Hip, hippocampus. Panel 2: Upper picture, IHC localization
of PMP70 in the parietal Cx and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. IV, V, VI, layers of the Cx; Pyr,
pyramidal cell layer. Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for PMP70 in the parietal Cx and CA1 Pyr of Wt
and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05. Panel 3: Double
IF of PMP70 (green) in combination with GFAP (red) in the parietal Cx (super�cial layers) and CA1 hippocampal �eld of Wt (left column) and
Tg (right column) brain. Cx.I, higher magni�cation of a cortical pyramidal neuron. Cx.II, higher magni�cation of an astrocyte. Bars in Cx and
CA1, 30 µm; bars in Cx.I and Cx.II, 10 µm. Panel 4: Double IF of PMP70 (green) in combination with NeuN (red) in the parietal Cx (deep
layers) and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. Bars, 30 µm.
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Fig. 2. PEX5p expression and distribution in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to their
non-transgenic littermates (Wt). Panel 1: Images of β-actin-normalized WB representative experiments for PEX5p. Two bands, presumably
corresponding to the two isoforms of the peroxin in mammalian cells (PEX5pL and PEX5pS), are seen. In the lower picture, the ratio between
Tg and Wt densitometric values, obtained analysing the two bands together, is shown. Values are mean from four different WB experiments.
Error bars, standard error of the mean. Cx, neocortex; Hip, hippocampus. * P < 0.05. Panel 2: Upper picture, IHC distribution of PEX5p in the
parietal Cx and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. IV, V, VI, layers of the Cx; Pyr, pyramidal cell layer.
Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for PEX5p in the parietal Cx and CA1 Pyr of Wt and Tg animals.
Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05.
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Fig. 3. AOX and THL expression and localization in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to their
non-transgenic littermates (Wt). Panel 1: Images of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture)
representative experiments for AOX. In the lower picture, ratios between Tg and Wt mean densitometric values from four different RT-PCR and
WB experiments are shown. Error bars, standard error of the mean. Cx, neocortex; Hip, hippocampus. *P < 0.05. Panel 2: Upper picture, IHC
localization of AOX in the parietal Cx and hippocampal CA1 �eld of Wt (left column) and Tg (right column) brain. IV, V, VI, layers of the Cx;
Pyr, pyramidal cell layer. Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for AOX in the parietal Cx and CA1 Pyr
of Wt and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05. Panel
3: β-actin-normalized WB representative experiment for THL. In the lower picture ratios between Tg and Wt mean densitometric values from 4
different WB experiments are shown. Error bars, standard error of the mean. *P < 0.05. Panel 4: Upper picture, THL IHC in the parietal Cx
and CA1 of Wt (left column) and Tg (right column) brain. Bars, 30 µm. Lower picture, densitometric quanti�cation of immunohistochemical
staining for THL in the parietal Cx and CA1 pyr of Wt and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars,
standard error of the mean. *P < 0.05. **P < 0.01.



944 A. Cimini et al. / Peroxisomes in TG2576 Mouse Brain

Fig. 4. GPX1 and CAT expression and distribution in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to their
non-transgenic littermates (Wt). Panel 1: Images of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture)
representative experiments for GPX1. In the lower picture, ratios between Tg and Wt mean densitometric values from four different RT-PCR
and WB experiments are shown. Error bars, standard error of the mean. *P < 0.05. Cx, neocortex; Hip, hippocampus. Panel 2: Upper picture,
IHC localization of GPX1 in the parietal Cx and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. IV, V, VI, layers of
the Cx; Pyr, pyramidal cell layer. Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for GPX1 in the parietal Cx and
CA1 Pyr of Wt and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. **P < 0.01.
Panel 3: Images of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture) representative experiments for CAT.
In the lower picture, ratios between Tg and Wt mean densitometric values from 4 different RT-PCR and WB experiments are shown. Error bars,
standard error of the mean. *P < 0.05. Panel 4: Upper picture, CAT IHC in the parietal Cx and CA1 of Wt (left column) and Tg (right column)
brain. Bars, 30 µm. Insets show higher magni�cation of pyramidal cells, exhibiting (Tg) or not (Wt) nuclear localization of the enzyme. Lower
picture, densitometric quanti�cation of DAB staining for CAT in the parietal Cx and CA1 Pyr of Wt and Tg animals. Data are shown as ratios
between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05.
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Table 2
Peroxisomal and antioxidant enzymatic activities

Wt Tg
Cx Hip Cx Hip

SOD1 2.86 ± 0.07 2.83 ± 0.10 2.64 ± 0.08 3.07 ± 0.04
SOD2 0.55 ± 0.01 0.40 ± 0.02+ 0.96 ± 0.04∗ 0.41 ± 0.02
CAT 2.13 ± 0.06 1.84 ± 0.08+ 2.65 ± 0.12∗ 1.56 ± 0.22∗
GPX1 37.1 ± 0.7 30.5 ± 1.5+++ 39.9 ± 0.8∗ 36 ± 1∗
β−OX 1.62 ± 0.16 2.2 ± 0.2 4.4 ± 0.3∗∗ 2.9 ±0.3

Values are given as means ± standard errors of enzymatic speci�c activities
(units/mg protein, for SOD1, SOD2 and CAT; milliunits/mg protein for GPX1
and β-OX).
+P < 0.05, +++P < 0.001 vs. Cx (within-Wt Student’s t-test comparison);
∗P < 0.05, ∗∗P < 0.01 vs.Wt (Tg-Wt Student’s t-test comparison).

the Tg neocortex and decreased in the hippocampus,
while GPX1 is increased in both Tg brain areas (Ta-
ble 2). Interestingly, both enzyme activities are higher
in the neocortical tissue than in the hippocampal one,
even in Wt animals.

GPX1 and CAT immunohistochemistry and relative
densitometries con�rm the biochemical data (Fig. 4,
Panels 2 and 4). Nuclear immunostaining with CAT
antibody is occasionally seen in neocortical neurons of
Tg brain, while in the Wt the staining is exclusively
found in the pericaryon (see insets in Panel 4).

Pre-embedding CAT immunoelectron microscopy
shows relevant differences between the Wt and the Tg
cortex (Fig. 5). Indeed, Wt cells exclusively show la-
beled peroxisomes, while no dark precipitates are seen
in the rest of the cytoplasm or in the nucleus (Fig. 5,
A, B). By contrast, CAT intracellular distribution in Tg
specimens is not limited to peroxisomes, but extends to
other compartments (Fig. 5, C-F). These compartments
include the nucleus, particularly the heterochromatin,
and cell processes where DAB deposits are associated
with microtubules and with post-synaptic densities.

SOD1 and SOD2

In order to obtain a better insight into the ROS-
scavenging defenses of the neocortex and the hip-
pocampus of Tg mice, we studied SOD1 and SOD2,
both of which also localize to peroxisomes [9,14].

Decreases of SOD1 mRNA and of protein are detect-
ed in both the cortex and the hippocampus of transgenic
mice, even though these decreases are not accompanied
by parallel variations in enzyme activity (Fig. 6, Panel
1, and Table 2). SOD1 immunolocalization and rela-
tive densitometry con�rm the biochemical data (Fig. 6,
Panel 2).

With regards to SOD2, while mRNA expression is
unchanged in Wt and Tg brains, protein level and en-

zyme activity are signi�cantly higher in the Tg neo-
cortex than in its Wt counterpart (Fig. 6, Panel 3, and
Table 2). Interestingly, SOD2 activity is signi�cantly
higher in the cortex than in the hippocampus (in the Wt
brain as well) (Table 2). SOD2 immunohistochemistry
and relative densitometric analysis demonstrate that the
Tg cortex is more intensely immunoreactive than its Wt
counterpart (Fig. 6, Panel 4). No signi�cant variation
of either mRNA or protein level and enzyme activity is
detected in the hippocampus.

Markers of oxidative damage

Antibodies to protein-bound acrolein (Fig. 7, Panel
1), used as a marker of free radical-induced lipid per-
oxidation [39], reveal a brighter immuno�uorescence
in the cytoplasm of Tg neurons with respect to their
Wt counterparts. Anti-8-OHG, the marker of DNA and
RNA oxidative damage [41], also shows the presence
of nucleic acid oxidation in Tg mouse brain, both in the
neocortical and the CA1 pyramidal cells (Fig. 7, Panel
2). Quantitative densitometric analysis of immuno�u-
orescence for acrolein and 8-OHG demonstrates that
both markers are signi�cantly increased in the Tg brain
in respect to the Wt one (Fig. 7, Panel 3). However,
the biochemical assay of TBARS, the markers of lipid
peroxidation [40], fails to show any variation between
Tg and Wt samples (Fig. 7, Panel 4). It is worth not-
ing that in Wt brains, TBARS levels are signi�cantly
higher in the neocortex than in the hippocampus.

DISCUSSION

An important role for peroxisomes in the oxida-
tive stress response in physiological and pathological
neurodegeneration is becoming increasingly clear [9].
Based on studies carried out on diverse neurodegenera-
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Fig. 5. CAT immunoelectron microscopic localization in parietal cortex neurons of 3-month-old Wt (A, B) and Tg2576 (C-F) animals. Positive
peroxisomes (arrows) are observed in cells in both genotypes; by contrast, some neuronal nuclei (N) and post-synaptic densities (arrowheads) are
exclusively labelled in Tg specimens. Note association of DAB deposits with microtubules of some dendritic processes in Tg sections (asterisk).
m, mitochondria.

tive disease models, a decrease of the peroxisomal num-
ber and functionality has already been reported [36,58,
59]. Conversely, a direct link between peroxisomal pro-
liferation and neuroprotection from Aβ-induced dam-
age has also been suggested [36]. However, all the
above studies, performed in vivo or in vitro, focused
on the more advanced pathological stages, while no in-
formation is as yet available on the possible involve-
ment of peroxisomes in the early stages of neurodegen-
erative diseases. To address this issue, we chose the
Tg2576 mouse model of AD [60], at three months of
age, i.e., prior to the earliest signs of impaired learning

and memory and cellular alterations [38]. The study
focuses on the neocortex and the hippocampus, the two
areas where primary neuronal injury is known to occur
in AD [42].

We here demonstrate alterations of several peroxiso-
me-related markers, though an individually-based vari-
ability, possibly due to different timing in the onset of
disease, is observed. Overall, our results suggest an
early peroxisomal induction in Tg brain, in both areas
considered. Indeed, most biochemical and densitomet-
rically evaluated immunohistochemical data on peroxi-
somal markers (namely PMP70, AOX, and CAT) point



A. Cimini et al. / Peroxisomes in TG2576 Mouse Brain 947

Fig. 6. SOD1 and SOD2 expression and distribution in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to
their non-transgenic littermates (Wt). Panel 1: Images of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture)
representative experiments for SOD1. In the lower picture ratios between Tg and Wt mean densitometric values from four different RT-PCR and
WB experiments are shown. Error bars, standard error of the mean. *P < 0.05. Cx, neocortex; Hip, hippocampus. Panel 2: Upper picture,
SOD1 IHC in the parietal Cx and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. IV, V, VI, layers of the Cx; Pyr,
pyramidal cell layer. Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for SOD1 in the parietal Cx and CA1 Pyr of Wt
and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. **P < 0.01. Panel 3: Images
of 18S-normalized RT-PCR (upper picture) and β-actin-normalized WB (middle picture) representative experiments for SOD2. In the lower
picture ratios between Tg and Wt mean densitometric values from four different RT-PCR and WB experiments are shown. Error bars, standard
error of the mean. *P < 0.05. Panel 4: Upper picture, SOD2 IHC in the parietal Cx and CA1 of Wt (left column) and Tg (right column) brain.
Bars, 30 µm. Lower picture, densitometric quanti�cation of DAB staining for SOD2 in the parietal Cx and CA1 Pyr of Wt and Tg animals. Data
are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05.
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Fig. 7. Oxidative damage markers in the neocortex and hippocampus of 3-month-old Tg2576 mice (Tg), as compared to their non-transgenic
littermates (Wt). Panel 1: Acrolein IF in the parietal Cx and CA1 hippocampal �eld of Wt (left column) and Tg (right column) brain. Pyr,
pyramidal cell layer. Bars, 30 µm. Panel 2: 8-OHG IF in the parietal Cx and CA1 of Wt (left column) and Tg (right column) brain. Bars, 30 µm.
Panel 3: Densitometric quanti�cation of IF staining for acrolein (upper picture) and 8-OHG (lower picture) in the parietal Cx and CA1 Pyr of
Wt and Tg animals. Data are shown as ratios between Tg and Wt mean values. Error bars, standard error of the mean. *P < 0.05. **P < 0.01.
Panel 4: TBARS levels in Wt (white) and Tg (grey) Cx and Hip. Data are expressed as means ± standard error of the mean.+P < 0.05.

to an increase of peroxisomal population, even though
differences related to the brain area and to the specif-
ic protein considered have been detected. Our results
on the PTS1-receptor PEX5p indicate induction and/or
stabilization of the peroxin in Tg brain, supporting the
above conclusion [61].

The apparent discrepancy observed between mor-
phological and biochemical results for PMP70 may be

explained in terms of brain sampling. In fact, while bio-
chemical assays were performed on entire cortices and
hippocampal formations, all the morphological data re-
ferred to speci�c subdivisions, i.e., the parietal cortex
and the pyramidal cell layer of the CA1 hippocampal
�eld. Therefore, small yet signi�cant changes occur-
ring at speci�c locations may be underestimated when
they are biochemically evaluated within relatively large



A. Cimini et al. / Peroxisomes in TG2576 Mouse Brain 949

masses of tissue. Moreover, a different behavior of
peroxisomal proteins, related to the speci�c machinery
involved in their import [55,56], is not surprising and
could also account for the decrease in THL, a PTS2-
bearing enzyme, opposing the increase of the PTS1-
bearing proteins CAT and AOX.

Peroxisomal induction seems to correlate with early
oxidative damage, similar to what reportedly occurs in
aging cells [27]. Indeed, while variations of TBARS
levels are undetectable at this early AD stage (our re-
sults and [40]), antibodies to acrolein-modi�edproteins
and to oxidized nucleic acids demonstrate that oxida-
tive damage is already detectable in the same cortical
and hippocampal areas where peroxisomal induction is
observed. An involvement of oxidative stress in the
pathological cascade of AD is well-documented [5,7].
More recent studies show that oxidative damage to crit-
ical biomolecules occurs in patients with mild cogni-
tive impairment and early AD [62]. In particular, the
signi�cant increase of 8-OHG and its cytoplasmic lo-
calization in both neocortical and hippocampal Tg neu-
rons, strongly suggest an early oxidation of mitochon-
drial DNA and/or cytosolic RNA, in agreement with
others [41,63]. SOD1 mRNA and protein decrease in
Tg brain observed here further supports an ongoing
oxidative damage, supporting data by others [64].

Moreover, the possible perturbation of the peroxiso-
mal β-OX pathway, generated by the increase of the
H2O2 -producing AOX, may contribute to oxidative
stress, while the concomitant THL decrease likely leads
to accumulation of long-chain acyl-CoA intermediates,
susceptible to peroxidation.

Interestingly, the hippocampus and the neocortex
show a different behavior, making it possible to hy-
pothesize a higher susceptibility of the former area to
the oxidative insult in AD [65]. In fact, the hippocam-
pus, particularly the CA1 subdivision, is endowed with
a lower content of antioxidant defenses (SOD2, CAT,
and GPX1), even in basal conditions (see Table 2).
This situation appears exacerbated in AD hippocam-
pus, where these enzymes generally decrease, both as
proteins and in terms of activities, the exception be-
ing GPX1 activity which slightly increases. Similarly
to what observed for antioxidant enzymes, peroxiso-
mal acyl-CoA β-oxidation also shows region-speci�c
changes in early AD. The most striking response is
found in the hippocampus, where AOX signi�cant-
ly increases, while THL signi�cantly decreases. This
metabolic perturbation may result in accumulation of
acyl-CoA intermediates and decreased availability of
ω3 PUFAs (i.e., DHA), indispensable for neural cell

functions [30–32]. Moreover, the intraperoxisomal im-
balance between increased AOX-dependent H2O2 pro-
duction and decreased CAT-dependent removal, may
eventually contribute to the early oxidative hippocam-
pal damage in AD.

Compared to the hippocampus, the neocortex ex-
hibits signi�cantly higher basal SOD2, CAT, and GPX1
activities and TBARS levels, suggesting that, owing to
its highly aerobic metabolism [66,67] and high content
in PUFAs and redox-active transition metals [7], this
area is physiologically more exposed to ROS, and there-
fore basally endowed with more effective antioxidant
defenses. In this perspective, the increases of SOD2,
CAT, and GPX1 in the Tg cortex may be interpreted as
a compensatory response to an early perturbation of the
redox status. This response likely consists of stabiliza-
tion and/or activation of the enzymatic proteins, rather
than induction, since the corresponding mRNA levels
are unchanged. Differential effects of oxidative stress
on transcriptional or post-transcriptional regulation of
antioxidant enzymes have been already reported [68].

Since mitochondria are reportedly the �rst site of
intracellular generation of ROS in AD [69], our re-
sults point to a protective role of brain peroxisomes on
mitochondria, particularly in the neocortex, in agree-
ment with what has been previously demonstrated [70]
in the liver. Accordingly, the mitochondrial potential
of hippocampal neurons exposed to Aβ is restored by
peroxisomal proliferation induced by WY-14,643 [36].

CAT has long been recognized as the peroxisomal
marker in all tissues, although both CAT-free peroxi-
somes [16] and extraperoxisomal CAT [71] have been
described. Unexpectedly, CAT immunohistochemistry
also revealed a speci�c localization of the antigen in
the nuclei of numerous Tg cortical neurons. Ultrastruc-
tural analysis, besides showing intraperoxisomal im-
munostaining, con�rmed the presence of nuclear CAT
and revealed other extraperoxisomal localizations of
the protein, associated with the postsynaptic densities
and microtubules in neuronal processes. Interestingly,
these are the cellular sites where oligomeric Aβ has
been shown to accumulate [72,73]. Even though it
has been reported that Aβ-bound CAT is catalytical-
ly inhibited [72], the increased enzymatic activity in
the neocortex could indicate instead that the functional
signi�cance of extraperoxisomal CAT is to scavenge
H2O2 locally produced by Aβ.

How could extraperoxisomal CAT be generated? In
agreement with Terlecky and colleagues [27], this ab-
normal distribution could be explained by the effect of
oxidative damage on PEX5p, resulting in reduced af�n-
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ity for the PTS1-bearing proteins. In particular, CAT
PTS1 –the tetrapeptide SKNL –is an extremely weak
targeting signal [74], thus making its import especially
sensitive to perturbations of the intracellular redox sta-
tus. Therefore the presence of extraperoxisomal CAT
may represent one of the earliest markers of cellular
oxidative insult.

In conclusion, our results demonstrate that in the
brain of three-month-old Tg2576 mice, biochemical
and morphological alterations which also involve per-
oxisomes are detectable. The peroxisomal population
is increased as a whole, in both the neocortex and
the hippocampus, but the enzymatic equipment of the
organelles is altered in a region-speci�c manner (see
CAT increase in the neocortex and CAT decrease in
the hippocampus) and in a protein-speci�c manner (see
AOX increase and THL decrease, particularly in the
hippocampus). Data point towards an early perturba-
tion of the redox status as the common cause of the
observed alterations (see oxidative stress markers) as
well as towards a different response of the neocortex
and the hippocampus: the former more reactive (see
SOD2, CAT, and GPX increases) and the latter more
prone, or susceptible earlier, to the oxidative insult (see
CAT and GPX decreases).

So far, studies have focused on mitochondria to ex-
plain the early decline in cellular functions before any
cellular loss in AD. Our own results, while not contra-
dicting this viewpoint, suggest a role for peroxisomes
as well, demonstrating that these still mysterious or-
ganelles [75] may contribute either to the antioxidant
defenses or to the oxidative damage, depending on the
insult level and/or the metabolic features of the speci�c
brain area.
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Abstract

Background: Alzheimer’s Disease (AD) is a progressive neurodegenerative disease, especially affecting the
hippocampus. Impairment of cognitive and memory functions is associated with amyloid β-peptide-induced
oxidative stress and alterations in lipid metabolism. In this scenario, the dual role of peroxisomes in producing and
removing ROS, and their function in fatty acids β-oxidation, may be critical. This work aims to investigating the
possible involvement of peroxisomes in AD onset and progression, as studied in a transgenic mouse model,
harboring the human Swedish familial AD mutation. We therefore characterized the peroxisomal population in the
hippocampus, focusing on early, advanced, and late stages of the disease (3, 6, 9, 12, 18 months of age). Several
peroxisome-related markers in transgenic and wild-type hippocampal formation were comparatively studied, by a
combined molecular/immunohistochemical/ultrastructural approach.

Results: Our results demonstrate early and significant peroxisomal modifications in AD mice, compared to wild-
type. Indeed, the peroxisomal membrane protein of 70 kDa and acyl-CoA oxidase 1 are induced at 3 months,
possibly reflecting the need for efficient fatty acid β-oxidation, as a compensatory response to mitochondrial
dysfunction. The concomitant presence of oxidative damage markers and the altered expression of antioxidant
enzymes argue for early oxidative stress in AD. During physiological and pathological brain aging, important
changes in the expression of peroxisome-related proteins, also correlating with ongoing gliosis, occur in the
hippocampus. These age- and genotype-based alterations, strongly dependent on the specific marker considered,
indicate metabolic and/or numerical remodeling of peroxisomal population.

Conclusions: Overall, our data support functional and biogenetic relationships linking peroxisomes to mitochondria
and suggest peroxisomal proteins as biomarkers/therapeutic targets in pre-symptomatic AD.

Keywords: Peroxisome, Brain aging, Alzheimer’s disease, Neurodegeneration, Oxidative stress, Lipid metabolism,
Catalase, Superoxide dismutase, Glutathione peroxidase, Acyl-CoA beta-oxidation

Background
Alzheimer’s disease (AD) is the most common form of
dementia, characterized by progressive neurodegenera-
tion, particularly affecting the hippocampal formation.
Impairment of cognitive and memory functions is asso-
ciated with amyloid β-peptide (Aβ) accumulation,

increased oxidative stress, lipid metabolism alteration,
and inflammation [1-5].
The central role of peroxisomes in reactive oxygen

species (ROS) metabolism has emerged since their dis-
covery [6]. In fact, peroxisomes participate in both ROS
generation and removal, under physiological or patho-
logical conditions. Moreover, peroxisomes are involved
in a wide range of catabolic and anabolic functions, in-
cluding β-oxidation of very long chain fatty acids
(VLCFAs) [7,8], biosynthesis of polyunsaturated fatty
acids and plasmalogens [9,10], and calcium homeostasis
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[11,12]. Emergent studies have revealed that peroxi-
somes can also function as intracellular signaling com-
partments and organizing platforms that orchestrate
important developmental decisions from inside the cell
[13]. These dynamic and versatile organelles respond to
physiological and pathological changes in cellular envir-
onment by adapting their morphology, number and en-
zyme content accordingly [14]. Peroxisomal dysfunction
has been shown to be associated with cellular aging as
well as with age-related degenerative diseases [13]. The
potential role of peroxisomes in human AD, especially in
relationship with lipid metabolism, has recently been
suggested [15]. Indeed, a decrease in plasmalogens and,
conversely, an increase in VLCFAs, were described in
cases with advanced Braak stages [16]. Moreover, in an
in vitro model of advanced AD a decrease of peroxi-
somes in hippocampal neurons was reported, while
induction of peroxisomal proliferation attenuated Aβ-
dependent toxicity [17]. We previously demonstrated
that peroxisomes are involved in early stages of AD, as
studied either in vivo, in a transgenic mouse model [18],
or in vitro, on Aβ treated cortical neurons [19].
The aim of the present work was to investigate the

role of peroxisomes during the progression of AD and in
normal aging. To this purpose, we utilized the Tg2576
(Tg) mouse model, compared to its wild-type (WT)
counterpart. Differently from other mouse models, this
strain displays a slowly progressive AD pathology, offer-
ing the opportunity to study even subtle age-dependent
alterations [20-23]. By combined molecular and mor-
phological approaches, we examined the expression of
peroxisome-related proteins in the hippocampal forma-
tion at early and advanced AD stages (3, 6, 9, 12, and
18 months). We focused on the CA1 hippocampal re-
gion, as pyramidal cells in this field are the most
profoundly affected cell type in human AD [24]. Specif-
ically, the expression and immunolocalization patterns
of peroxisomal membrane protein of 70 kDa (PMP70),
peroxin 14p (Pex14p), catalase (CAT), acyl-CoA oxidase
1 (AOX), and 3-ketoacyl-CoA thiolase (THL) were stud-
ied, to get an insight into the biogenesis and functioning
of peroxisomes in the diseased brain. Given the involve-
ment of peroxisomes in the maintenance of the redox
status, antioxidant enzymes other than CAT, namely
selenium-dependent glutathione peroxidase (GPX1),
Cu,Zn-superoxide dismutase (SOD1), and Mn-superoxide
dismutase (SOD2) were also investigated in Tg ani-
mals and in their WT littermates. It is worth recalling
that these proteins, though mainly localized to differ-
ent cell compartments, were also found in peroxi-
somes [25]. At selected stages, markers for oxidative
damage to lipids and nucleic acids - acrolein and
8-hydroxy(deoxy)guanosine (8-OH(d)G), respectively -
were also studied.

Notably, the size and functions of peroxisomal po-
pulation are regulated by a class of ligand-activated
transcription factors (peroxisome proliferator-activated
receptors, PPARs) [26]. Among these, we studied PPARα
which is directly involved in peroxisomal induction [27],
plays a neuroprotective role in age-related inflammation
[28] and enhances memory consolidation [29]. It is
worth-mentioning in this context that PPARα specific
agonists have been demonstrated to exert a neuropro-
tective action against Aβ-mediated toxicity in vitro
[17]. Finally, we examined the expression of PPARγ
coactivator-1γ (PGC-1α), in view of its synergism with
PPARα and its implication in peroxisomal remodeling
and biogenesis [30,31].

Results
The distribution of peroxisomes in Tg and WT hippo-
campal formation from 3-, 6-, 9-, 12-, and 18-month-old
mice was investigated by analyzing the expression of
peroxisomal membrane (PMP70, Pex14p) and matrix
(CAT, AOX, THL) proteins. Markers of oxidative dam-
age to nucleic acids (8-OH(d)G) and to lipids (acrolein),
as well as antioxidant enzymes (SOD1, SOD2, GPX1),
were also studied. Further, to get an insight into the
transcriptional regulation of these genes, PPARα and
PGC-1α expression was examined. At selected stages,
the presence of PMP70 and PPARα in neuronal and/or
astroglial cells was studied by immunofluorescence and
their ultrastructural localization was investigated by
immunoelectron microscopy.

Peroxisomal membrane proteins: Pex14p and PMP70
Pex14p is a membrane-anchored peroxin, involved in
the peroxisomal import of matrix proteins [32-34], and
thus considered a dependable marker for peroxisomal
number [35]. Pex14p hippocampal levels, as assessed by
densitometric analysis of WB (Figure 1a), show no
genotype-dependent differences throughout the exam-
ined period, except for 18 months of age, when remark-
ably higher protein concentration in Tg, compared to
WT, is detected. Rather, age-related decreases are
observed in both normal and diseased animals, namely
between 3 and 6 months in the former, and between 6
and 9 months in the latter. This pattern is consistent
with Pex14p immunohistochemical staining of pyramidal
neurons in CA1 hippocampal field (Figure 1b).
PMP70, a major component of mammalian peroxisomal

membranes, is also considered as a good marker for the
overall size of peroxisomal population [36]. This ATP-
binding cassette transporter, also known as ABCD3, is sug-
gested to be responsible for the metabolic transport of long
and branched-chain fatty acyl-CoAs [37]. Our WB data
(Figure 2a) show a significant PMP70 induction in 3-month-
old Tg hippocampus compared to control. A decrease at
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6 months of age ensues in both genotypes, being especially
dramatic in the diseased mice. Neither age- nor genotype-
related variations are detected at 9 and 12 months, while a
peak of PMP70 protein levels is observed at 18 months, par-
ticularly in the pathological genotype.
PMP70 immunohistochemical results on the CA1 hip-

pocampal field are in agreement with molecular data
(Figure 2b). Indeed, 3-month-old Tg pyramidal cell layer
displays stronger immunoreactivity than its WT counter-
part, while, at 6 months, decreased immunostaining is
observed in both genotypes. At 9–12 months of age,
immunostaining levels remain stable, and they remarkably
increase in 18-month-old hippocampus, especially in the

somata of Tg pyramidal neurons. PMP70 pre-embedding
immunoelectron microscopy allowed us to identify posi-
tive peroxisomes in 3-month-old CA1 pyramidal neurons,
in both WTand Tg animals (Figure 2c). The immunoreac-
tion product appears confined to the membrane, as
expected. Consistent with molecular and immunohisto-
chemical data, ultrastructural analysis shows numerous
PMP70 immunoreactive peroxisomes in hippocampal cells
of young Tg mice.
The strong PMP70 immunoreactivity observed at

18 months suggests possible contribution by astroglio-
sis to peroxisome numerical increase. To address this
issue, we performed GFAP immunohistochemistry and

Figure 1 Pex14p protein levels and distribution in the hippocampus of WT and Tg mice. (a) Densitometric values of Pex14p WB,
performed on hippocampal protein extracts of 3-, 6-, 9-, 12-, and 18-month-old WT and Tg mice. Data are expressed as mean ± SD. *P <0.05; **P
<0.01; ***P <0.001. (b) Pex14p immunohistochemical localization in CA1 hippocampal field of 3-, 6-, 9-, and 18-month-old WT and Tg mice. or,
stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.
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immunoblotting (Figures 3a and b), as well as double
immunofluorescence of PMP70 in combination with
GFAP (Figure 3c). As expected, astrogliosis is present
in the aging hippocampus, particularly in the Tg ani-
mals, and also associates with senile plaques. Confocal
images of 18-month-old WT and Tg CA1 fields show
bright PMP70 immunofluorescence in GFAP– and
GFAP+ cells, in both genotypes. PMP70+/GFAP+ cells
are especially numerous in Tg, demonstrating that per-
oxisomal increase in the AD senescent hippocampus is
importantly contributed by astroglial cells.

Peroxisomal fatty acid β-oxidation enzymes
Even though the important role of peroxisomal β-
oxidation in brain development and functioning is well
recognized [8], no information on this metabolic path-
way in AD is presently available. We therefore analyzed
the expression of two major peroxisomal β-oxidation
enzymes, namely AOX and THL at the onset and during
the progression of AD. The former is the rate-limiting
enzyme catalyzing the first step of the cycle, while THL
is the last enzyme of the pathway. In 3-month-old Tg
hippocampus, AOX expression is significantly higher

Figure 2 PMP70 protein levels and distribution in the hippocampus of WT and Tg mice. (a) Densitometric values of PMP70 WB, obtained
analyzing the hippocampal protein extracts of 3-, 6-, 9-, 12-, and 18-month-old WT and Tg mice. Data are expressed as mean ± SD. *P <0.05; **P
<0.01; ***P <0.001. (b) Immunohistochemical distribution of PMP70 in CA1 hippocampal field of 3-, 6-, 9-, and 18-month-old WT and Tg mice. or,
stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm. (c) PMP70 pre-embedding immunoelectron microscopy of 3-
month-old CA1 pyramidal neurons of WT and Tg animals. In both genotypes positive peroxisomes (arrows) are observed and they appear more
numerous in the cytoplasm of Tg neurons. N, neuronal nucleus; m, mitochondrion. Scale bars, 1 μm.
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than in its WT counterpart (Figure 4a). Starting from
6 months, protein levels significantly decrease and remain
relatively low throughout the progression of disease. This
pattern is supported by AOX immunohistochemical ana-
lysis, showing intense immunoreactivity in CA1 pyramidal
cell somata of 3-month-old Tg hippocampus, not observed
at subsequent stages (Figure 4b). The expression pattern of
THL displays no genotype- or age-linked variations, except
for 18 months, when hippocampal levels are strongly
decreased in both genotypes, suggesting age-dependent
impairment of peroxisomal β-oxidation (Figure 4c).

ROS-scavenging enzymes: CAT, GPX1, SOD1 and SOD2
Peroxisomes play a pivotal role in the protection against
ROS, mainly through their CAT activity, but also thanks
to their content in SOD1, SOD2, and GPX1 [25,38,39].
High CAT levels are found in 3-month-old hippocampus
irrespective of the genotype, while at 6 months signifi-
cantly higher values are observed in Tg, as compared to
WT (Figure 5a). At 9 months, CAT expression in the Tg
decreases to WT levels, which are maintained at later
ages in both genotypes. These data are confirmed by
immunohistochemical results, CA1 pyramidal neurons

Figure 3 GFAP protein levels and distribution in the hippocampus of WT and Tg mice. (a) GFAP immunohistochemical localization in CA1
hippocampal field of 9-, 12-, and 18-month-old WT and Tg mice. or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars,
25 μm. (b) Densitometric analysis of GFAP WB performed on hippocampal protein extracts of 3-, 6-, 9-, 12-, and 18-month-old mice. Values are
expressed as mean ± SD. **P < 0.01; ***P < 0.001. (c) Double immunofluorescence of PMP70 (green) in combination with GFAP (red) in the CA1
hippocampal field of 18-month-old WT and Tg brain. Several PMP70+/GFAP+ cells (yellow) are especially numerous in the pathological genotype.
Scale bars, 25 μm.
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being especially CAT positive in 6-month-old Tg hippo-
campus (Figure 5b).
The other major H2O2–scavenging enzyme, GPX1,

shows no significant variations during normal aging,
while differences in its expression levels are seen in
the pathological genotype, during AD progression. In-
deed, at 3 months, GPX1 expression in Tg is lower
than in WT, increasing thereafter, to reach signifi-
cantly higher levels than WT at 9 months. In the aging
Tg hippocampus a progressive decrease in GPX1 pro-
tein, below WT levels, is observed (Figure 5c). Immu-
nohistochemical data are consistent with WB data
(Figure 5d).

The molecular and morphological expression patterns
of the two enzymes responsible for the dismutation of
the superoxide anion to hydrogen peroxide – SOD1 and
SOD2 – are shown in Figures 6 and 7, respectively. As
to SOD1 (Figure 6a, b), in 3-month-old Tg hippocampus
its levels are significantly lower than in WT, but progres-
sively increase thereafter, reaching at 9 months signifi-
cantly higher levels than its WT counterpart. SOD1
expression remains stable in the Tg at 12 months of age,
when WT levels are instead maximally increased, and
sharply decreases at 18 months in both genotypes.
SOD2 expression pattern during normal aging

(Figure 7a, b) closely resembles that of SOD1 in WT

Figure 4 Peroxisomal fatty acid β-oxidation enzymes in the hippocampus of WT and Tg mice. (a, c) Densitometric values of AOX and THL
WB performed on hippocampal protein extracts of 3-, 6-, 9-, 12-, and 18-month-old WT and Tg brains. Data are expressed as mean ± SD. *P <0.05;
**P <0.01; ***P <0.001. (b) AOX immunolocalization in CA1 hippocampal field of 3-, 6-, and 18-month-old WT and Tg brains. or, stratum oriens; pyr,
stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.
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Figure 5 H2O2-scavenging enzymes in WT and Tg hippocampus. (a, c) Densitometric values of CAT and GPX1 WB performed on
hippocampal protein extracts of 3-, 6-, 9-, 12-, and 18-month-old WT and Tg brains. Values are expressed as mean ± SD. *P <0.05; **P <0.01; ***P
<0.001. (b, d) CAT and GPX1 immunolocalization in CA1 hippocampal field of 3-, 6-, 9- and 18-month-old WT and Tg brains. or, stratum oriens; pyr,
stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.
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hippocampus, while in Tg mice no age-dependent varia-
tions are observed. Interestingly, SOD2 levels are sig-
nificantly higher in 3- and in 18-month-old Tg
hippocampus, compared to their WT counterparts.
Remarkably, at 18 months, SOD2 mainly localizes to
glial cells surrounding senile plaques in Tg hippocampus
(Figure 7c).

Oxidative stress markers: acrolein and 8-OH(d)G
To evaluate possible oxidative stress occurring in the
hippocampus during normal and pathological aging,
markers of oxidative damage to biomolecules were
investigated by immunohistochemistry. Antibodies to
acrolein, marker of lipid peroxidation (Figure 8a), and to
8-OH(d)G, marker of DNA/RNA oxidative modifications
(Figure 8b), were tested at 3 and 18 months, as represen-
tative of early and advanced AD stages.
We found a similar immunoreactivity pattern for both

markers, strongly related to the genotype, in that intense
labeling in Tg CA1 pyramidal layer was observed, as
early as 3 months, when WT neurons are faintly immu-
nopositive in their cytoplasm. In 18-month-old hippo-
campus, oxidative damage markers are detected in both
WT and Tg CA1 pyramidal cells, even though the
former are consistently less immunoreactive than the
latter. Intriguingly, the intensity of 8-OH(d)G immunor-
eaction at 18 months in Tg CA1 neurons appears lower
than at 3 months, suggesting a lower degree of oxidative
damage to nucleic acids in late AD.

PPARα and PGC-1α
Since the expression and activity of PPARα, major regu-
lator of peroxisome biogenesis, is influenced by oxidative
stress [28], we also addressed the putative involvement
of this transcription factor at the onset and at late stages
of AD. PPARα immunostaining of CA1 pyramidal cell
layer shows significantly higher levels in 3-month-old
Tg hippocampus, compared to its WT counterpart
(Figure 9a). Triple immunofluorescence experiments of
PPARα in combination with the neuronal marker NeuN
and the astroglial marker GFAP, confirm high expression
of the receptor in 3-month-old Tg neuronal cell nuclei
and demonstrate its presence also in glial cell nuclei
(Figure 9b). Pre-embedding immunoelectron microscopy
further confirms the massive presence of PPARα within
the nucleus of Tg hippocampal pyramidal neurons
(Figure 9c).
Given the growing evidence for a PGC-1α-mediated

transcriptional regulation in response to oxidative stress
and in view of its roles in peroxisome biogenesis [31]
and in promoting the nonamyloidogenic pathway of
APP [40], we analyzed the immunohistochemical
localization of this coactivator in the hippocampal CA1

region (Figure 10). At 3 months of age, PGC-1α appears
localized in both the nucleus and the cytoplasm, includ-
ing dendrites extending in the stratum radiatum, of WT
and Tg hippocampus. Interestingly, at 6 months, immu-
noreactivity is highly concentrated in Tg neuronal nuclei,
while in WT hippocampus nuclear localization is
observed at 9 months. At the latest age considered, a
general decrease in immunoreactivity is detected.

Discussion
The aim of the present study was to investigate the role
of peroxisomes in AD onset and progression. In a previ-
ous work [18], peroxisomal involvement in early AD was
demonstrated in the Tg2576 mouse model, also used in
this work. Differently from that study, in which male
animals were analyzed, we here utilized females, since
epidemiological and histopathological data indicate this
as the most AD-affected gender in mice and humans
[41,42]. We focused on the hippocampal formation, i.e.,
the primarily affected area of the diseased brain [43].
The expression of peroxisome-related proteins was
studied by combined molecular and morphological
approaches, at the onset (3 months) and during AD pro-
gression (6, 9, 12, 18 months) in Tg animals, compared
to their WT counterparts.
Our results demonstrate that significant peroxisomal

alterations occur in Tg mice, as early as 3 months. These
early changes are consistent with behavioral, electro-
physiological, ultrastructural and molecular modifications
reported in this model at the same age [22]. Indeed,
PMP70, long been considered marker of the numerical
size of peroxisomal population [36] is upregulated, as
assessed by WB. Consistently, PMP70 immunohistochem-
istry reveals especially intense immunostaining in the pyr-
amidal layer of Tg hippocampal CA1 subdivision, and
immunoelectron microscopy shows numerous positive
peroxisomes in the somata of these neurons.
Differently from PMP70, the biogenesis marker

Pex14p, also used to evaluate peroxisome number [35],
is unchanged in 3-month-old Tg animals. The absence
of correlation between PMP70 and Pex14p levels in early
AD could either indicate specific concentration of
PMP70 in a numerically unchanged peroxisomal popula-
tion, or impoverishment of Pex14p in proliferated per-
oxisomes. In either case, the altered content in these
proteins likely results in profound modifications of per-
oxisomal functions. Interestingly, Pex14p has recently
been involved in microtubule-based peroxisome motility
[44], suggesting that at this early AD stage, peroxisomes,
endowed with a relatively low Pex14p/PMP70 ratio are
altered in their transport along neurites. To this respect,
it is worth mentioning that a recent work from Berger’s
group demonstrates an increased peroxisomal volume
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Figure 6 SOD1 protein levels and distribution in WT and Tg hippocampus. (a) Densitometric values of SOD1 WB performed on
hippocampal protein extracts of 3-, 6-, 9-, 12- and 18-month-old WT and Tg brains. Values are expressed as mean ± SD. *P <0.05; **P <0.01; ***P
<0.001. (b) SOD1 immunolocalization in CA1 hippocampal field of 3-, 6-, 9-, 12- and 18-month-old WT and Tg brains. or, stratum oriens; pyr,
stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.
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density in neuronal cell bodies of human AD brain,
associated with impaired peroxisome trafficking [16].
The specific increase in early AD of PMP70, presum-

ably involved in fatty acyl-CoA import across peroxi-
somal membranes [37], could reflect the need for a
more efficient acyl-CoA β-oxidation. In agreement with
this hypothesis, AOX, rate-limiting enzyme of peroxi-
somal β-oxidation pathway, is upregulated in 3-month-
old Tg hippocampus. This increase could thus represent
a compensatory response to early Aβ-mediated mito-
chondrial insult, to cope with the impaired energy me-
tabolism, occurring in AD [45,46]. Indeed, abnormalities
in glucose metabolism/mitochondrial function are in-
variant features of early AD [46-49]. Consistently, posi-
tron emission tomography studies in AD patients report
abnormal cerebral glucose utilization, particularly in the
hippocampus, decades prior to the onset of histopatho-
logical and clinical features [50]. A consequent shift in
brain metabolism, from a primarily aerobic glycolysis
pathway to a ketogenic/fatty acid β-oxidation pathway is
thought to occur [51]. In this context, we suggest that
peroxisomal β-oxidation contributes to such metabolic
change, providing mitochondria with acetyl-CoA and
fatty acyl substrates. Induction of peroxisomal β-
oxidation pathway may also be neuroprotective, by en-
hancing the clearance of potentially toxic VLCFAs and
by promoting the biosynthesis of the neuroprotective
docosahexaenoic acid (DHA) [15]. Relevantly, elevated
levels of VLCFA have been found in human AD brain
lesions [16] and the ability of these fatty acids to trigger
oxidative stress and mitochondrial dysfunction on neural
cells has recently been demonstrated [52,53].
A biogenetic/metabolic relationship between peroxi-

somes and mitochondria has long been established and
recently emphasized [13,30,31]. In yeast, experimentally
induced or age-associated mitochondrial dysfunction
activates the so-called retrograde (RTG) signaling path-
way, leading to the transcription of RTG-target genes,
including those required for peroxisome biogenesis and
function [13]. Our results showing increased PPARα nu-
clear immunoreactivity allow us to speculate that this
gene be included among the above mentioned RTG-
target genes. The increased PPARα expression could in
turn be responsible for the induction of its target genes
PMP70 and AOX [54,55]. Even though the molecular
triggers of PPARα activation remain to be determined in
our model, endogenous production of PPARα ligands,
e.g., oxidized lipid molecules, is likely to occur due to
Aβ-mediated ROS generation.
While, in principle, AOX induction in 3-month-old Tg

hippocampus may represent a positive response to
enhanced need for lipid substrates to be processed in
mitochondria, this induction may also result in increased
H2O2 production by the oxidase. Moreover, mitochondrial

respiration supported by fatty acids generates substantial
rates of ROS production [56], thus contributing to cellular
redox status alteration. In this context, even the observed
early increase of SOD2 expression, in agreement with
reports demonstrating induction of mitochondrial genes
in young Tg mice [57], may contribute itself to redox im-
balance, through enhanced conversion of superoxide
anion to H2O2.
Notably, GPX1, the major cytosolic H2O2–scavenging

enzyme, is significantly down-regulated in our early AD
samples, further exacerbating imbalance between gener-
ation and removal of hydrogen peroxide. GPX1 seems
especially critical in AD, since its deletion increases
susceptibility of neurons to Aβ-mediated damage, while
its overexpression protects against neurodegeneration
[58,59]. The postulated pro-oxidant environment likely
results in post-translational modifications of GPX1 itself,
leading to its irreversible inactivation [60]. Even the low
levels of SOD1 detected in the young Tg hippocampus
may be explained taking into account that this cytosolic
protein is selectively damaged by H2O2 [61]. Importantly,
SOD1 deficiency in Tg2576 mice has been associated with
oxidative damage, accelerated Aβ oligomerization and
memory impairment [62].
Therefore, our data strongly support the idea that oxi-

dative stress is the primary culprit in AD pathogenesis
[63]. Consistently, 8-OH(d)G and acrolein, markers of
oxidative modification to biomolecules [64,65], show
DNA/RNA oxidation and lipoperoxidation in the hippo-
campus of young Tg mice. Interestingly, 8-OH(d)G
immunostaining is predominantly localized in the cyto-
plasm, suggesting that mitochondrial nucleic acids are
primarily affected. To our knowledge, this is the first
report of such a modification occurring at 3 months in
this mouse strain. In this context, it is worth mentioning
that acrolein has been suggested not only as a marker of
lipoperoxidation, but also as initiator of oxidative stress [65].
Between 3 and 6 months of age, most peroxisomal

markers decrease in WT hippocampal formation, indi-
cating a numerical reduction and/or a metabolic change
of the organelles in the physiological course of maturity.
By contrast, in Tg mice of the same age, when several
hallmarks of AD pathology make their appearance [21],
marker-specific patterns are observed. In particular,
while high levels of CAT and Pex14p are maintained,
PMP70 and AOX are significantly decreased, suggesting
metabolic, rather than numerical, modifications of per-
oxisomes. These changes, indicating decreased efficiency
of peroxisomal β-oxidation, presumably lead to VLCFA
accumulation, consistent with what reported in human
AD [16]. Interestingly, pharmacological inhibition of
peroxisomal β-oxidation, resulting in VLCFA accumula-
tion, is positively correlated with Aβ40 levels in rat cere-
bral cortex [66].
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Figure 7 SOD2 protein levels and distribution in WT and Tg hippocampus. (a) Densitometric values of SOD2 WB performed on
hippocampal protein extracts of 3-, 6-, 9-, 12- and 18-month-old WT and Tg brains. Values are expressed as mean ± SD. **P <0.01; ***P <0.001.
(b) SOD2 immunolocalization in CA1 hippocampal field of 3-, 6-, 9-, 12- and 18-month-old WT and Tg brains. or, stratum oriens; pyr, stratum
pyramidale; rad, stratum radiatum. Scale bars, 25 μm. (c) Higher magnification showing SOD2 immunopositive glial cells around senile plaques in
18-month-old Tg hippocampus. Scale bar, 15 μm.
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The relatively high CAT levels observed in 6-month-old
Tg hippocampus are conceivably sustained by transcrip-
tion factors activated in response to oxidative stress. To
this respect, the cellular redox state sensor PGC-1α may
play a role in regulating CAT expression [67]. Our immu-
nohistochemical data support this relationship, in that at
6 months intense PGC-1α nuclear staining, suggestive of
its induction and activity, is observed in CA1 pyramidal
neurons, exclusively in Tg. The decrease in PGC-1α
nuclear immunostaining seen at later AD stages, also
parallels the behavior of CAT.
The same transcriptional co-activator, which has been

involved in aging and age-associated diseases [68], may
be responsible for the pattern of other antioxidant
enzymes. Indeed, the increased PGC-1α nuclear im
munoreactivity observed around 9–12 months in Wt
neurons is paralleled by the raise in SOD1 and SOD2
levels, occurring in 12-month-old normal hippocampus.
Conversely, the dramatically low expression of PGC-
1α at 12 months in AD neurons, when we first observe
hippocampal amyloid deposits (not shown), is
concomitant with the lower levels of SOD1, SOD2 and,
particularly, GPX1, compared to WT. Accordingly,
altered glutathione redox status has been associated to
the onset of amyloid plaques in a mouse model of AD

[69] and decreased activities of SOD1 and GPX1 have
been reported in symptomatic human AD [62,70]. By
contrast, SOD2 overexpression in Tg mice results in
diminished plaque formation [71].
In 18-month-old mouse hippocampus, genotype-

dependent variations are observed for most peroxisomal
and antioxidant proteins. At this stage, gliosis, known to
occur during brain aging and exacerbated in AD [72-74],
should be taken into account, when interpreting WB quan-
titative data. In fact, astrogliosis may be at least in part re-
sponsible for the peaks of PMP70 and Pex14p observed in
old Tg mice. An important contribution to the overall
brain peroxisomal population by astrocytes, highlighted by
our GFAP/PMP70 double immunofluorescence images, is
consistent with the notion that peroxisomes are abundant
in this cell type [75-77]. Nevertheless, our immunohisto-
chemical data on 18-month-old hippocampus clearly show
enhanced positivity to PMP70 and Pex14p also in CA1
pyramidal neurons, markedly in the Tg, suggesting a global
increase of peroxisome number in the hippocampal tissue,
contributed by both neuronal and glial cells. Differently
from the above membrane proteins, peroxisomal matrix
enzymes, namely CAT, AOX and THL are not increased
or even decreased, in 18-month-old hippocampus, possibly
owing to age-related low efficiency of peroxisomal protein

Figure 8 Immunolocalization of oxidative stress markers at early and advanced AD stages. (a, b) Acrolein and 8-OH(d)G in CA1
hippocampal field of 3- and 18-month-old WT and Tg mice. or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.

Fanelli et al. Molecular Neurodegeneration 2013, 8:8 Page 12 of 19
http://www.molecularneurodegeneration.com/content/8/1/8



Figure 9 PPARα immunolocalization in 3-month-old WT and Tg mice. (a) PPARα immunohistochemistry in CA1 pyramidal cell layer shows a
higher immunoreactivity in Tg hippocampus, than in its WT counterpart. or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale
bars, 25 μm. (b) Confocal image of triple immunofluorescence for PPARα (green) in combination with GFAP (red) and NeuN (blue) demonstrates
the presence of PPARα-positive neurons and astrocytes. Note the brightness of green signal in the Tg section. Scale bars, 25 μm. (c) PPARα pre-
embedding immunoelectron microscopy of CA1 pyramidal neurons shows the nuclear localization of the immunoreaction product, especially
concentrated in the Tg nucleus. Arrows indicate the nuclear envelope. N, nucleus; n, nucleolus. Scale bars, 2 μm.
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import [13] and in keeping with the impairment of brain
peroxisomal acyl-CoA β-oxidation in physiological and
pathological human aging [15,16].
Oxidative stress is known to occur in age-related neu-

rodegeneration [78,79]. Our results on 18-month-old
WT hippocampus show significantly lower levels of
SOD1 and SOD2 proteins, while GPX1 is not decreased,
with respect to previous ages. Thus, it seems that oxida-
tive damage in the aging hippocampus may result from
defective scavenging of superoxide anion, rather than
hydrogen peroxide. In 18-month-old Tg hippocampus,
GPX1 levels are significantly lower than in the corre-
sponding WT, indicating impaired removal of H2O2,
thus exacerbating the physiological age-related alteration
of the cellular redox status. Concerning SODs, while
SOD1 follows the decreasing trend of the age-matched
WT hippocampus, SOD2 is not decreased in 18-month
-old Tg, being significantly higher than in its WT coun-
terpart. This finding can be explained by immunohisto-
chemical data, showing particularly high concentration
of SOD2 in glial cells surrounding amyloid plaques.
Consistently, SOD2 - but not SOD1, CAT, or GPX1 - is
induced in astroglia by activated microglia in an in vitro
model of neuroinflammation [80].
A pro-oxidant cellular environment in the aged hippo-

campus is further demonstrated by the presence of
oxidative damage markers (acrolein and 8-OH(d)G), par-
ticularly concentrated in Tg neurons. However, while in
WT hippocampus both markers clearly show age-
dependent increase, the same is not true for the Tg,
where 8-OH(d)G immunoreactivity appears reduced in
18-month-old hippocampus, compared to the young.
This observation is in agreement with data from other
Authors indicating a negative correlation between 8-OH
(d)G levels and histological amyloid burden [81,82].

Conclusions
Overall, our results confirm and extend our previous
observations on the early involvement of peroxisomes in
AD pathogenesis [18]. In particular, we strongly suggest
that these organelles constitute a first line of defense in
support of mitochondria, primary targets of intracellular
Aβ/ROS-mediated damage. This protective role specific-
ally involves increased peroxisomal fatty acyl β-oxida-
tion, likely providing mitochondria with acetyl-CoA and
shortened acyl-CoAs. This conclusion may shed new
light into the physiological significance of peroxisome
metabolism in mature neurons, so far mainly related to
the synthesis of plasma membrane components and to
neurotransmission [7-10,83,84].
In brain aging, when oxidative stress sensu strictu

begins, peroxisomes become target of ROS, their func-
tions irreversibly decline, thus contributing themselves
to the “pro-oxidant loop” [13]. Deepening knowledge of

these processes, which are associated to aging and accel-
erated/exacerbated in AD, will add significantly to the
dissection of pathogenic mechanisms of the disease. At
the same time, the early response shown by peroxisomes
supports the potential use of some of their proteins as
biomarkers, to recognize the first signs of presym-
ptomatic AD and to follow the effectiveness of novel
therapeutic approaches, possibly involving peroxisomal
induction. Indeed, preventing or treating the disease
earlier than in its mild to moderate stages presently
appears a major task, as stressed by the latest commen-
taries on the topic [85,86].

Methods
Animals
Heterozygous female Tg mice [20] and WT littermates
were used for all experiments. Male mice (C57B6 × SJL),
hemizygous for human AβPP695 carrying the double
mutation K670N and M671L (FADSwedish mutation),
were purchased from Taconic Farms, Inc. (Germantown,
NY, USA). The Tg colony is maintained and the geno-
typing is performed as previously described [18].
For immunoblotting analyses, Tg and WT female mice

aging 3, 6, 9, 12, and 18 months were used. Six animals
from each group were killed by cervical dislocation,
brains were rapidly excised on an ice-cold plate, and the
hippocampus was dissected out before pooling samples
(three pools of two hippocampi each). For morphological
studies, three Tg mice and three WT littermates for each
age considered were deeply anesthetized with urethane
(1 g/kg body weight, injected i.p.), before rapid killing by
transcardial perfusion with the fixative solution.
Experiments were performed in accordance with the

European Community’s Council Directive 86/609/EEC.
Formal approval of these experiments was obtained from
the Italian Ministry of Health (D.L.vo 116/92; Prot. No.
155-VI-1.1.). All efforts were made to minimize the
number of animals used and their suffering.

Molecular analyses
Total homogenate preparation from hippocampal tissue
Protein extraction was performed by homogenizing tis-
sue in lysis buffer (320 mM sucrose, 50 mM NaCl,
50 mM Tris–HCl, pH 7.5, 1% Triton X-100, 0.5 mM
sodium orthovanadate, 5 mM β-glycerophosphate, 1%
protease inhibitor), incubating on ice for 30 min. Homo-
genates were then centrifuged at 13,000 g for 10 min.
The total protein content of the resulting supernatant
was determined using a spectrophotometric assay,
according to Bradford [87]. Samples were then diluted
3:4 in 200 mM Tris–HCl, pH 6.8, containing 40% gly-
cerol, 20% β-mercaptoethanol, 4% sodium dodecyl phos-
phate (SDS), bromophenol blue.
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Figure 10 PGC-1α immunohistochemistry in CA1 hippocampal field of 3, 6-, 9-, 12- and 18-month-old WT and Tg mice. Arrowheads, Aβ
plaques. or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars, 25 μm.
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Immunoblotting analyses
Western blotting (WB) experiments were performed as
previously described [18]. Membranes were probed at
4°C overnight with the following primary antibodies:
1:10000 rabbit polyclonal anti-Pex14p (generous gift of
Prof. R. Erdmann, Ruhr-Universität Bochum, Bochum,
Germany); 1:1000 rabbit polyclonal anti-PMP70 (Sigma-
Aldrich, St. Louis, MO, USA); 1:200 rabbit polyclonal
anti-glial fibrillary acidic protein (anti-GFAP, Sigma-
Aldrich); 1:1000 rabbit polyclonal anti-AOX (generous
gift of Prof. A. Völkl, University of Heidelberg, Heidel-
berg, Germany); 1:1000 rabbit polyclonal anti-THL (generous
gift of Prof. P. Van Veldhoven, Katholieke Universiteit
Leuven, Leuven, Belgium); 1:2000 rabbit polyclonal
anti-CAT (Rockland, Gilbertsville, PA, USA); 1:3000
rabbit polyclonal anti-GPX1 (Abnova, Taipei City, Tai-
wan); 1:1000 rabbit polyclonal anti-SOD1 (Abcam,
Cambridge Science Park, Cambridge, UK); 1:10000
anti-SOD2 (Abcam); 1:3000 mouse monoclonal anti-β
-actin (Sigma-Aldrich). This was followed by incuba-
tion with 1:2000 HRP-conjugated goat anti-rabbit or
anti-mouse IgG secondary antibodies (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) in blocking solution,
for 1 h at 4°C. Immunoreactive bands were visualized
by a chemiluminescence detection kit (ECL Plus™
Western Blotting Detection Reagents, Amersham GE
Healthcare, Little Chalfont, UK). The relative densities
of immunoreactivity were determined by densitometry
using the software ImageJ (NIH, Bethesda, MD, USA)
and normalized with respect to β-actin. Data are mean
of five different experiments.

Morphological analyses
Brain tissue preparation
Mice were perfusion-fixed and brains were paraffin-
embedded, as previously described [18]. The left halves
from 3-month-old Tg and WT brains were used for
immunoelectron microscopy.

Immunohistochemistry
Serial, 5-μm-thick sagittal brain sections from Tg and WTani-
mals were deparaffinized and processed for immunohisto-
chemistry, as previously described [18]. The following primary
antibodies were used: 1:500 rabbit polyclonal anti-Pex14p
(generous gift of Prof. R. Erdmann); 1:200 rabbit polyclonal
anti-PMP70 (Sigma-Aldrich); 1:300 rabbit polyclonal anti-
GFAP (Dako, Glostrup, Denmark); 1:100 rabbit polyclonal
anti-AOX (generous gift of Prof. A. Volkl, Heidelberg); 1:200
rabbit polyclonal anti-CAT (Rockland); 1:100 rabbit polyclonal
anti-SOD1 and 1:1000 anti-SOD2 (Abcam); 1:500 rabbit poly-
clonal anti-acrolein (generous gift of Prof. K. Uchida, Nagoya
University, Nagoya, Japan); 1:200 rabbit polyclonal anti-
PPARα (ABR Affinity BioReagents, Golden, CO, USA); 1:50

mouse monoclonal anti-PGC-1α (Calbiochem), and 1:500
mouse monoclonal anti-8OH(d)G (QED Bioscience Inc., San
Diego, CA, USA),. In control sections, the primary anti-
body was omitted. Biotinylated goat anti-rabbit IgG (Vec-
tor Laboratories, Burlingame, CA, USA), or biotinylated
goat anti-mouse IgG (Vector) were used as secondary
antibodies. Immuno-complexes were visualized, and slides
were dehydrated and mounted, as previously reported
[18]. Sections were observed under an Olympus BX 51
microscope, equipped with a Leica DFC 420 camera; elec-
tronic images were captured by a Leica Application Suite
system, and composed in an Adobe Photoshop CS5
format.

Immunofluorescence
For double immunofluorescence experiments, sagittal par-
affin sections from 18-month-old Tg and WT brains were
deparaffinized and rehydrated, as above. Sections were
incubated overnight at 4°C with a mixture of rabbit poly-
clonal anti-PMP70 (1:100, Sigma-Aldrich) and either mouse
monoclonal anti-GFAP (1:200, Chemicon, Temecula, CA,
USA), or mouse monoclonal anti-Neuronal Nuclei (anti-
NeuN 1:100, Chemicon). Sections were thoroughly rinsed
with PBS, then incubated for 1 h at RT with a mixture of
1:100 Alexa488 conjugated goat anti-rabbit IgG (Invitrogen)
and 1:500 Alexa555 conjugated goat anti-mouse IgG (Invi-
trogen). All antibodies were diluted with PBS containing
4% BSA. Triple immunofluorescence experiments were
performed on 3-month-old Tg and WT brains, using a
mixture of primary antibodies (1:100 rabbit polyclonal anti-
PPARα, 1:200 sheep polyclonal anti-GFAP, 1:100 mouse
monoclonal anti-NeuN) and of secondary antibodies (1:100
Alexa633 conjugated goat anti-rabbit IgG, 1:500 Alexa488
conjugated goat anti-mouse IgG, and 1:100 Alexa546 con-
jugated goat anti-sheep IgG). Controls were performed by
omitting the primary antibody. Slides were observed in a
Leica TCS SP5 confocal microscope and electronic images,
captured by a Leica Application Suite system, were com-
posed in an Adobe Photoshop CS5 format.

Immunoelectron microscopy
Samples from 3-month-old Tg and WT brains were sagittally
cut by a vibratome, and 100-μm-thick sections, were pro-
cessed for pre-embedding immunolocalization, according to
the previously described procedure [18]. Sections were incu-
bated with either 1:500 anti-PMP70 or with 1:150 anti-
PPARα, as primary antibodies, diluted in PBS. After immu-
nocomplexes visualization, slices were osmium-postfixed,
dehydrated, and flat-embedded in Epon as previously
described [18]. CA1 hippocampal fields of the resin-
embedded sections, identified in a light microscope, were
remounted on Epon blanks, and further sectioned on a
Reichert Ultracut S ultramicrotome. Ultrathin sections
were briefly contrasted with uranyl acetate and lead
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citrate, and observed in a Philips CM120 electron micro-
scope equipped with a Philips Megaview III camera. Elec-
tronic images were captured by AnalySys 2.0 software and
composed in Adobe Photoshop CS5 format.

Statistical analysis
Statistical evaluation for WB experiments was performed
using GraphPad Prism 4 software. For comparison be-
tween genotypes and among different ages, statistical ana-
lysis of WB densitometric values was accomplished using
two-way analysis of variance (ANOVA) followed by the
Bonferroni test to detect significant differences between
groups. Means from independent experiments were then
expressed as means ± SD. For all statistical analyses,
P <0.05 was considered as statistically significant.
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a b s t r a c t

Autophagy is a major protein degradation pathway, essential for stress-induced and constitutive protein
turnover. In nervous tissue, autophagy is constitutively active and crucial to neuronal survival. The
efficiency of the autophagic pathway reportedly undergoes age-related decline, and autophagy defects
are observed in neurodegenerative diseases. Since Ambra1 plays a fundamental role in regulating the
autophagic process in developing nervous tissue, we investigated the expression of this protein in
mature mouse brain and during physiological and Alzheimer type aging. The present study accomplished
the first complete map of Ambra1 protein distribution in the various brain areas, and highlights differ-
ential expression in neuronal/glial cell populations. Differences in Ambra1 content are possibly related to
specific neuronal features and properties, particularly concerning susceptibility to neurodegeneration.
Furthermore, the analysis of Ambra1 expression in physiological and pathological brain aging supports
important, though conflicting, functions of autophagy in neurodegenerative processes. Thus, novel
therapeutic approaches, based on autophagy modulation, should also take into account the age-
dependent roles of this mechanism in establishing, promoting, or counteracting neurodegeneration.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

The activating molecule in Beclin 1 regulated-autophagy
(Ambra1) is a large protein (approximately 130 kDa), involved in
neural development. In mouse embryos, Ambra1 is abundantly
expressed in the central and peripheral nervous system. At
embryonic day 8.5, the protein is present in the neuroepithelium,
and at embryonic day 11.5 its expression is localized to the
ventral-most part of the spinal cord, encephalic vesicles, neural
retina, limbs, and dorsal root ganglia. Consistent with the role of
Ambra1 in differentiation and morphogenesis of the central ner-
vous system, its deletion, obtained using the gene trapping

technique (Ambra1gt/gt mice), results in early and severe neuro-
pathological features, including neuroepithelial hyperplasia and
defective neural tube closure, leading to embryonic death (Fimia
et al., 2007). At the cellular level, ablation of the Ambra1 gene
results in impaired regulation of autophagy and altered balance
between apoptotic cell death and cell proliferation. However, the
precise mechanisms leading to embryonic lethality in Ambra1gt/gt

mice are yet to be elucidated (Cecconi et al., 2008).
Ambra1 has been shown to interact with Beclin 1 (BCL-2

interacting protein), promoting its binding to lipid kinase Vps34
(vacuolar protein sorting-associated protein 34), thus mediating
autophagosome nucleation (Fimia et al., 2007). Taken together,
Ambra1, Beclin 1, and Vps34 have been defined as the autophagy
core complex (He and Levine, 2010). Autophagosome formation
is primed by Ambra1 release from the cytoskeleton. In fact, on
autophagy induction, Ambra1-dynein light chain 1 complex
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translocates from the microtubules to the endoplasmic reticulum
(ER), thus enabling autophagosome nucleation. Dissociation of
Ambra1-dynein light chain 1 from the dynein complex requires
phosphorylation of Ambra1 by the serine/threonine kinase ULK1
(unc-51 like kinase 1) (Di Bartolomeo et al., 2010). Ambra1 is also
able to bind BCL-2 in a Beclin 1-independent manner, so that, in
normal conditions, a pool of Ambra1 associates with BCL-2 in
proximity to mitochondria, inhibiting its autophagic function.
After autophagic induction, Ambra1eBeclin 1 interaction is
favored, and the Ambra1eBCL-2 interaction is disrupted
(Strappazzon et al., 2011).

Increasing evidence of a pivotal role of autophagy in the
homeostasis of nervous tissue, mainly composed of postmitotic
cells, is accumulating in recent years. In particular, this mechanism
has been shown to be constitutively active in healthy neurons and is
crucial to cell survival (Bolland and Nixon, 2006; Hara et al., 2006;
Jaeger andWyss-Coray, 2009; Johnson et al., 2012;Mizushima et al.,
2008; Son et al., 2012). However, information on the regulation of
this process in the different brain areas and neural cell types is
largely incomplete, although this aspect deserves attention,
considering the high level of anatomic and functional heterogeneity
of the nervous system.

The efficiency of the autophagic pathway reportedly undergoes
an age-related decline, involving the decreased turnover of intra-
cellular components and reduced ability of cells to adapt to
changes in the extracellular environment (Rubinsztein et al., 2011).
Indeed, integrity of the autophagosomalelysosomal network ap-
pears to be critical in the progression of aging, particularly in the
context of neurodegenerative disease states (Caballero and Coto-
Montes, 2012; Lipinski et al., 2010). Abnormal autophagy might
be involved in chronic nervous system disorders, including Hun-
tington’s disease (HD), Alzheimer’s disease (AD), and Parkinson’s
disease (Cheung and Ip, 2011; Choi et al., 2013; Nixon, 2007; Sarkar
and Rubinsztein, 2008). Of relevance, all these neuropathological
conditions typically affect specific brain regions and, within each
area, selected neuronal populations, and other subtypes are
spared. In acute brain injuries, such as ischemia or hypoxia
(Uchiyama et al., 2008) and acute focal lesions (Viscomi et al.,
2012), autophagic processes might also be triggered. In this re-
gard, it is interesting that autophagic induction has the potential to
be either protective or destructive, and the influence of autophagy
depends on the type, degree, and duration of the inciting cellular
stress (Jaeger and Wyss-Coray, 2009; McCray and Taylor, 2008;
Smith et al., 2011). For example, in AD, although autophagy is
widely regarded as an intracellular hub for the removal of the
detrimental amyloid beta (Ab) peptides (Pickford et al., 2008),
compelling data also reveal an unfavorable function of autophagy
in facilitating the production of intracellular Ab (Yu et al., 2005).
This, coupled with defective clearance of autophagic vacuoles,
creates conditions favorable for Ab accumulation (Nixon, 2007;
Tung et al., 2012). The emerging “Janus faced” role of autophagy in
AD is likely also to depend on age-related variations of its stimu-
lation and/or efficiency, which in turn relies on the expression
levels of specific molecules (regulators and/or effectors) involved
in the process.

The fundamental role played by Ambra1 in nervous system
development and its cellular function as a crucial regulator of
autophagy, prompted us to investigate Ambra1 expression in adult
mouse brain, to highlight possible specific roles of the protein in
different neuronal and/or glial cell populations. Also, to gain some
insight into age-related changes in efficiency of autophagy, we
studied Ambra1 expression, during physiological and Alzheimer
type aging. To this aim, we examined 3-, 6-, 12-, and 18-month-old
mice, compared with their counterparts in a transgenic mouse
model of AD (Tg2576; Hsiao et al., 1996), focusing on the neocortex

and the hippocampus as major areas affected by functional decline
(D’Amelio et al., 2011; Giannakopoulos et al., 2009; Jacobs et al.,
2012; Jacobsen et al., 2006; Small et al., 2011).

2. Methods

2.1. Animals

For Ambra1 immunolocalization studies in adult brain, C57BL/6
mice aged 6 months, were used.

For studies on Ambra1 expression during physiological and
AD type aging, heterozygous Tg2576 mice (Hsiao et al., 1996)
and wild type littermates were used. Male mice (C57BL/6 � SJL),
hemizygous for human AbPP695 carrying the double mutation
K670N and M671L (FADSwedish mutation), were purchased
from Taconic Farms, Inc (Germantown, NY, USA). The Tg2576
colony was maintained by breeding hemizygous transgenic
male with female B6SJLF1 mice and the genotyping was per-
formed using established methods (Taconic polymerase chain
reaction protocol) and genomic DNA extracts from tail biopsy
specimens.

Experiments were performed in accordance with the European
Community’s Council Directive 86/609/EEC. All efforts were made
to minimize the number of animals used and their suffering. Mice
were housed in a 12-hour light:12-hour dark cycle with ad libitum
access to standard mouse food and and water. Room temperature
was maintained at 24 �C.

2.2. Immunoblotting analyses

For Western blot (WB) analyses, Tg2576 and wild type (WT)
female mice aged 3, 6, 12, and 18 months were used. Six animals
from each group were killed using cervical dislocation, brains were
rapidly excised on an ice-cold plate, and the hippocampus and
neocortices were dissected out. Three pools of 2 hippocampi each,
and 3 pools of 2 neocortices each were obtained.

Protein extraction was performed by homogenizing tissue
in lysis buffer (320 mM sucrose, 50 mM NaCl, 50 mM Tris-HCl
[pH 7.5], 1% Triton X-100, 0.5 mM sodium orthovanadate, 5 mM
b-glycerophosphate, and protease inhibitors), and incubating on ice
for 30 minutes. Homogenates were then centrifuged at 13,000g for
10 minutes. The total protein content of the resulting supernatant
was determined using a spectrophotometric assay (Bradford
method). Samples were then diluted 3:4 in sample buffer (200 mM
Tris-HCl [pH 6.8], 40% glycerol, 20% b-mercaptoethanol, 4% sodium
dodecyl sulfate, and bromophenol blue).

Proteins were applied to sodium dodecyl sulfate-polyacrylamide
gels (SDS-PAGE; sodium dodecyl sulfate polyacrylamide gel
electrophoresis) and electroblotted on a PVDF (polyvinylidene
difluoride) membrane (Sigma-Aldrich, St Louis, MO, USA).
Nonspecific binding sites were blocked for 1 hour at room tem-
perature (RT) with 5% (wt/vol) nonfat dry milk (Bio-Rad Labora-
tories, Hercules, CA, USA) in Tris-buffered saline containing 0.1%
(vol/vol) Tween-20. Membranes were probed at 4 �C overnight with
1:500 rabbit polyclonal anti-Ambra1 (SDIX, Newark, DE, USA). In
some experiments on the neocortex, 1:1000 rabbit polyclonal
anti-Beclin1 D18 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
1:1000 rabbit polyclonal anti-MAP kinase (mitogen-activated
protein kinase) light chain 3 (LC3) (Cell Signaling Technology,
Denver, CO, USA). These steps were followed by incubation for 1
hour with 1:10,000 goat anti-rabbit immunoglobulin (Ig) G coupled
to horseradish peroxidase (Bio-Rad Laboratories, Segrate, Italy).
Immunoblot analyses were performed using a chemiluminescence
detection kit (ECL Plus Western Blotting Detection Reagents,
Amersham GE Healthcare, Little Chalfont, UK). The relative levels of
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immunoreactivity were determined using densitometry and the
software ImageJ (National Institutes of Health, Bethesda, MD, USA)
for Windows. Each reported value was derived from the ratio be-
tween arbitrary units obtained by the protein band and the
respective b-actin band (chosen as housekeeping protein). Data are
the mean of 5 different experiments.

2.3. Light microscopic analyses

For the analysis of Ambra1 immunolocalization in adult brains,
four 6-month-old C57BL/6 mice of either sex were used. For studies
on Ambra1 expression during physiological and AD type aging,
Tg2576 and WT female mice aged 3, 6, 9, 12, and 18 months (3 for
each time point and for each genotype) were used. All the animals
were deeply anesthetized with urethane (1 g/kg body weight,
injected intraperitoneally), before rapid killing using transcardial
perfusion. Mice were perfused at RT with phosphate buffered saline
(PBS), followed by 4% freshly depolymerized paraformaldehyde
(Sigma-Aldrich) in 0.12 M phosphate buffer, pH 7.3. Brains were left
in situ for 1 hour in ice, dehydrated in graded ethanol, transferred to
Bioclear (BioOptica, Milan, Italy), then to a 1:1 mixture of Bioclear
and paraffin, and finally embedded in paraffin. Coronal or sagittal
5-mm thick sections were serially cut using a microtome and
collected on Superfrost plus slides (Thermo Fisher Scientific,
Rockford, IL, USA).

2.4. Immunohistochemistry

Sections were deparaffinized using xylene and graded ethanol,
and rehydrated. Slides were then immersed in 10 mM sodium cit-
rate buffer, pH 6.1, and processed for the antigen retrieval proce-
dure, using a microwave oven operated at 720 W for 10 minutes.
After cooling, slides were transferred to PBS containing 3%
hydrogen peroxide, for 5 minutes, in the dark, then to PBS with 0.2%
Triton X-100 and 3% bovine serum albumin (BSA), for 1 hour at RT.
Sections were incubated for 48 hours at 4 �C with 1:100 rabbit
polyclonal anti-Ambra1 (Cat. No. 4557, ProSci Incorporated, Poway,
CA, USA), in PBS containing 0.1% Triton X-100 and 1.5% BSA. Slides
were then incubated for 1 hour at RT with biotinylated goat anti-
rabbit IgG (Vector Laboratories, Burlingame, CA, USA), diluted
1:200 in PBS containing 1% normal goat serum (Vector Labora-
tories). Immunocomplexes were revealed using the Vectastain Elite
ABC kit (Vector Laboratories), using 3,30-diamino-benzidine (DAB;
Substrate kit for Peroxidase, Vector Laboratories), as the chro-
mogen. Slides were finally dehydrated, mounted with Eukitt
(Kindler GmbH and Co) and observed using an Olympus BX 51
microscope, equipped with a Leica DFC 420 camera. Electronic
images were captured using a Leica Application Suite version 3.5.0
system, and composed in an Adobe Photoshop CS2 format.

In control sections, (1) the primary antibody was omitted; or (2)
the primary antibody was substituted with normal rabbit serum; or
(3) the primary antibody was preincubated with the peptide used
for inoculation (Cat No.4557P, ProSci Incorporated).

2.5. Immunofluorescence

For double immunofluorescence experiments, paraffin sections
from C57BL/6 brains were deparaffinized and rehydrated as
described in section 2.4. Sections were incubated overnight at 4 �C
with a mixture of rabbit polyclonal anti-Ambra1 (1:100, Cat. No.
4557; ProSci Incorporated), and mouse monoclonal antibodies
against 1 of the following cell markers: glial fibrillary acidic protein
(anti-GFAP 1:200; Millipore, Temecula, CA, USA), ionized calcium-
binding adaptor molecule 1 (anti-Iba1 1:100; Abcam, Cambridge,
UK), neuronal nuclei (anti-NeuN 1:100; Millipore), glutamic acid

decarboxylase (anti-GAD67 1:500, Millipore), choline acetyl trans-
ferase (anti-ChAT 1:100; Millipore), tyrosine hydroxylase (1:2000;
Millipore). Negative controls were performed by omitting the pri-
mary antibodies.

Sections were thoroughly rinsed with PBS, then incubated for
1 hour at RT with PBS containing 4% BSA and a mixture of
1:500 Alexa488 conjugated goat anti-rabbit IgG (Invitrogen, Life
Technologies Italia, Monza, Italy) and 1:500 Alexa555 conjugated
goat anti-mouse IgG (Invitrogen). Controls were performed by
omitting the primary antibody. Slides were observed and photo-
graphed using a Leica TCS SP5 confocal microscope.

2.6. Electron microscopic analyses

For ultrastructural Ambra1 immunolocalization in adult brains,
four 6-month-old C57BL/6mice of either sexwere anesthetized and
perfusion-fixed as specified in section 2.3. Brain samples were
sagittally cut using a vibratome, and 100-mm thick sections were
collected in PBS.

Sections were processed for Ambra1 immunoenzymatic locali-
zation, before resin embedding. After incubation in blocking
medium (PBS containing 5% nonfat dry milk and 0.2% Triton-X 100)
for 1 hour at RT, free-floating sectionswere incubated for 48 hours at
4 �Cwith rabbit polyclonal anti-Ambra1 (1:100, Cat. No. 4557; ProSci
Incorporated), diluted in PBS containing 2% nonfat drymilk and 0.1%
Triton-X 100, in continuous agitation conditions. Negative controls
were performed by omitting the primary antibody. Subsequent in-
cubations with the biotinylated secondary antibody, ABC, and with
DAB were carried out as described in section 2.4. After extensive
washes in ice-cold PBS, slices were postfixed in 1% OsO4 in 0.12 M
phosphate buffer for 1 hour at 4 �C, rinsed in water, dehydrated in
gradedethanol andpropyleneoxide, andflat-embedded inEpon812
(TAAB, Reading, UK). Selected areas of neocortex, CA1 hippocampal
field, and cerebellar cortex were remounted on Epon blanks, and
further sectioned using a Reichert Ultracut S ultramicrotome.
Ultrathin sections were briefly contrasted with uranyl acetate and
lead citrate, and observed using a Philips CM120 electron micro-
scope equipped with a Philips Megaview III camera. Electronic
imageswere captured using AnalySys 2.0 software and composed in
Adobe Photoshop CS2 format.

2.7. Statistical analysis

Statistical analysis for WB experiments was performed using
GraphPad Prism 4 software.

For comparison between genotypes and among different ages,
statistical analysis of WB densitometric values was conducted using
2-way analysis of variance followed by the Bonferroni test to detect
significant differences between groups.

Means from independent experiments were then expressed as
mean � SD. For all statistical analyses, p < 0.05 was considered
statistically significant.

3. Results

3.1. Cellular distribution and ultrastructural localization of Ambra1
in the adult mouse brain

We investigated Ambra1 expression in the 6-month-old mouse
central nervous system, to determine its expression profile at
the level of different cell types. To this aim, we performed double
immunofluorescence experiments on different brain areas,
namely the neocortex, hippocampus, and cerebellar cortex, using
antieAmbra1-specific antibodies in combinationwith antibodies to
neural cell markers (NeuN, neuronal marker; GFAP, astrocytic
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marker; Iba1,microglialmarker). Ambra1 is expressed in virtually all
neurons, even though expression levels differ among NeuN-positive
cells (Fig. 1AeC). The protein invariably shows a cytoplasmic
localization, around the nucleus, often concentrated at a cell pole.
Compared with neurons, glial cells are overall poorer in Ambra1.
GFAP-positive astrocytes in the neocortex and cerebellar cortex
appear almost negative to Ambra1, and the widely distributed
astroglial cells in the hippocampus show some Ambra1 expression
(Fig.1DeF). Iba1-positivemicroglial cells aremostlynegative in the3
areas considered, even though Ambra1-fluorescent puncta are
occasionally seen in hippocampal microglia (Fig. 1GeI). All control
sections were negative (not shown).

To further investigate the ultrastructural distribution of Ambra1,
we performed pre-embedding immunoelectron microscopy on
specific brain areas (Fig. 2). The analysis revealed an exclusively
cytoplasmic localization of the protein in some neurons, including
pyramidal cells in the neocortex (Fig. 2A and A0) and hippocampus
(Fig. 2B and B0), and Purkinje neurons in the cerebellar cortex
(Fig. 2C and C0). DAB immunoprecipitates are prominent in
neuronal soma, mostly associated with the ER, perinuclear
cisternae, and outer mitochondrial membrane. In contrast, no
specific positivity in myelinated or unmyelinated axons was
detected (Supplementary Fig. 1A and B). Glial cells, including
astroglial, oligodendroglial, and microglial cells appear as devoid of

immunoreaction product (Fig. 2A and A0; Supplementary Fig. 1A, C,
and D). Control sections were negative (not shown).

3.2. Regional distribution of Ambra1 in the adult mouse brain

Ambra1 is widely expressed in the forebrain, midbrain, and
hindbrain, assessed using immunohistochemistry, and DAB as the
chromogen. All negative controls were devoid of staining (see
Supplementary Fig. 2, showing a section in which the primary
antibody was preincubated with the peptide used for inoculation).

Notably, the signal intensity varies among different brain
regions, and within each area, with higher levels in the cortical
territories (including archicortex, paleocortex, and neocortex), and
in the caudal-most nuclei.

In the rhinencephalon (Fig. 3), mitral cells of the olfactory bulb,
representing the major source of afferent input to the olfactory
cortex, are strongly immunoreactive in their cytoplasm (Fig. 3B).
Other output neurons show a lower degree of immunostaining. In
the same region, the targets of olfactory bulb, including the piriform
cortex (especially pyramidal layer II), the olfactory tubercle, and the
insular cortex show remarkable staining (Fig. 3CeE).

In the telencephalon (Fig. 4), the septal complex is especially
immunoreactive, the staining being detected in several neuronal
cells (Fig. 4B). The neocortex also displays high Ambra1 expression,

Fig. 1. Double immunofluorescence using anti- Ambra1 (green signal) in combinationwith neural cellmarkers, NeuN, GFAP, or Iba1 (red signals). (A) Deep layers (V, VI) of the Cx, showing
Ambra1 cytoplasmic localization inpyramidal neurons. (B) CA1field of theHip, displayingmoderate colocalization inpyramidal cells. (C) Abundant Ambra1 immunoreactivity is present in
thePL, andneurons in theGLandMLshowmoderate-to-lowpositivity. (D) In theCx,GFAP-positiveastrocytes,mostly foundat the border between layerVI and thecc are almost negative to
Ambra1. (E) Hippocampal astrocytes in the Rad show some Ambra1 positivity. (F) In the Cb, scarce overlapping of GFAP and Ambra1 immunofluorescence is observed. (G) Iba1-positive
microglia in the Cx are almost devoid of Ambra1 immunostaining. (H) In the hippocampus, yellow dots indicating colocalization of Iba1 and Ambra1 are occasionally observed in the
Or and Rad. (I) Microglia in the Cb is negative for Ambra1 immunoreactivity. V and VI indicate layers of the neocortex. Scale bars, (AeF) and (H), 60 mm; (G) and (I), 25 mm. Abbreviations:
Ambra1, Beclin 1 regulated-autophagy; Cb, cerebellar cortex; cc, corpus callosum; Cx, neocortex; GFAP, glialfibrillary acidic protein; GL, granule cell layer; Hip, hippocampus; Iba1, ionized
calcium-binding adaptor molecule 1; ML, molecular layer; NeuN, neuronal nuclei; Or, stratum oriens; PL, Purkinje cell layer; Pyr, stratum pyramidale; Rad, stratum radiatum.
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particularly in the motor area (Fig. 4C). The most intense staining is
found in layer V, where giant pyramidal neurons appear strongly
immunoreactive in their somata, especially at the apical pole of the
cell (Fig. 4D). In the basal ganglia, the caudate putamen shows
different levels of Ambra1 expression in the various neuronal sub-
types. Indeed, medium-sized spiny projection neurons show faint

immunoreactivity, and a population of large interneurons display
intense staining (Fig. 4E). To characterize Ambra1-positive cells in
this area, we performed double immunofluorescence analysis using
antibodies to ChAT, a specific marker for giant aspiny interneurons.
Colocalization of the 2 markers in the caudate putamen demon-
strates high Ambra1 expression in this neuronal subset (Fig. 4FeH).

Fig. 3. (A) Overview of Ambra1 immunohistochemistry in a coronal section of mouse rhinencephalon. (B) Olfactory bulb. Note intense staining in the neurons of the ML and weaker
immunoreactivity in tufted cells (arrow) in the EPL. (CeE) Olfactory cortex. Remarkably stained neurons are present in the olfactory tubercle (C), insular cortex (D), and layer II of the
piriform cortex (E). Scale bars, (A) 1 mm; (BeE) 100 mm. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; EPL, external plexiform layer; IPL, internal plexiform layer; ML, mitral
cell layer.

Fig. 2. Ambra1 pre-embedding immunoelectron microscopy. (A and A0) Neocortex. DAB immunoprecipitates (arrow) are observed in the cytoplasm of a Pyr, and the Ol nearby is
negative. The higher magnification in (A0) shows localization at the endoplasmic reticulum (arrows) and at the outer mitochondrial membrane. (B and B0) Hippocampal CA1 field.
Portions of Pyr, showing immunoreaction product in the cytoplasm, particularly in association with endoplasmic reticulum, outer mitochondrial membrane and perinuclear
cisternae (arrows in B0). (C and C0) Cerebellar cortex. Ambra1-associated immunoprecipitates (arrows) are localized in the cell soma of a PC, especially inside the endoplasmic
reticulum cisternae (clearly seen in C0). In contrast, Gr appear devoid of immunoreaction product. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; DAB, 3,30-diamino-
benzidine; er, endoplasmic reticulum; Gr, granule cell; m, mitochondrion; Ol, oligodendrocyte; PC, Purkinje cell; Pyr, pyramidal neuron.

S. Sepe et al. / Neurobiology of Aging 35 (2014) 96e108100



Author's personal copy

Analyzing more caudal sections (Fig. 5A), the pattern shown in
the hippocampal formation appears especially interesting
(Fig 5BeD). Immunohistochemical analysis showed variable
Ambra1 expression levels in the pyramidal layer of thehippocampus
proper, along CA fields. Indeed, Ambra1 immunoreactivity in pyra-
midal cells increased, proceeding from region CA1, where the cell
bodies are relatively small, to region CA3, where the giant neurons
are found (Fig. 5B and C). Some interneurons, dispersed in the stra-
tum radiatum and stratum lacunosum moleculare are also densely
labeled (Fig. 5C). Interestingly, thedentategyrus is characterizedbya
gradient of Ambra1 immunostaining, moving from the polymorphic
layer/granular layer border to the molecular layer (Fig. 5D).

Another structure centrally involved in learning and memory
processes, being part of the hippocampodiencephalic circuit, is the
anterior thalamic nucleus. Interestingly, neurons belonging to the
thalamic region and, markedly, to the anterior nucleus, express high
levels of Ambra1 (Fig. 5E).

Double immunofluorescence in the thalamus shows colocali-
zation of Ambra1 with GAD67, used as a marker for GABA-ergic
neurons, and with GAD-negative neurons (Fig. 5FeH).

In the mesencephalon, selected regions were highly immuno-
reactive (Fig. 6A). Among these, the deep gray layer of the superior
colliculus, the red nucleus, the locus coeruleus, and the oculo-
motor nucleus were especially positive (Fig. 6BeE). In contrast,
important mesencephalic centers, such as the substantia nigra and
ventral tegmental area (VTA), were weakly Ambra1 immunoreac-
tive. Double immunofluorescence confirmed low levels of Ambra1
signal in dopaminergic neurons in VTA, identified according to
tyrosine hydroxylase reactivity (Fig. 6FeH).

The brain stem (Fig. 7A) is especially rich in Ambra1, showing
abundant immunolabeling in several sensory and motor nuclei,
such as the abducens nucleus, mesencephalic trigeminal nucleus,
andmedial vestibular nucleus, pontine reticular nucleus, and Raphe
nucleus (Fig. 7BeD).

Ambra1 expression in the cerebellum (Fig. 8A) varies depend-
ing on the considered area and neuronal subtype. In the deep
nuclei, such as the medial cerebellar nucleus, large neurons are
strongly immunoreactive. Notably, projections of these nuclei
reach the red nucleus and the thalamic region, where Ambra1 is
strongly expressed.

Fig. 4. (A) Overview of Ambra1 immunohistochemistry in a coronal section of mouse telencephalon. (B) Septal complex, displaying high immunoreactivity. (C and D) Motor cortex,
showing intense immunopositivity throughout the layers (IeVI), particularly in large pyramidal neurons of layer V (arrow in D). (E) Nucleus caudate putamen, showing remarkably
stained giant aspiny neurons (black arrow), as opposed to the weakly positive medium-sized spiny neurons (white arrow). (FeH) Double immunofluorescence to Ambra1 (green)
and ChAT (red) in the caudate putamen. Bright yellow signal, indicating colocalization, is observed in giant cholinergic interneurons, and ChAT-negative spiny neurons are only
mildly Ambra1-positive. Scale bars, (A) 1 mm; (BeH) 100 mm. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; ChAT, choline acetyl transferase.

S. Sepe et al. / Neurobiology of Aging 35 (2014) 96e108 101



Author's personal copy

The cerebellar cortex (Fig. 8B) showed remarkable immuno-
staining in the Purkinje cell layer, and the granule cell layer and
neurons in the molecular layer were only mildly positive. A
close-up view of the intracellular distribution of the Ambra1 signal
in Purkinje cells shows polarized and particulate immunoreaction
product (Fig. 8C). Notably, even within the Purkinje cell layer,
immunoreactivity showed different degrees of intensity. In each
cerebellar lobule, DAB staining exhibited an inner-to-outer
gradient. Interestingly, Purkinje neurons of the whole lobule 10
and of the ventral part of lobule 9 were strikingly negative (Fig. 8A).

3.3. Ambra1 expression in physiological and Alzheimer-like aging

The suggested correlation between physiological and/or patho-
logical neurodegeneration and decreased autophagic efficiency

(Caballero andCoto-Montes, 2012; Rubinsztein et al., 2011) prompted
us to analyze age-dependent variations in Ambra1 expression, in the
Tg2576 mouse model of AD, compared with its WT counterpart.
Specifically, we analyzed 3-, 6-, 12-, and 18-month-old Tg2576 ani-
mals, representing the onset and progression of AD, focusing on the
neocortex and hippocampus,which are themost affected areas in the
pathology (D’Amelio et al., 2011; Giannakopoulos et al., 2009; Jacobs
et al., 2012; Jacobsen et al., 2006; Small et al., 2011).

In the neocortex, WB analysis in WT animals (Fig. 9A) showed a
progressive decrease in Ambra1 levels until 12 months of age,
followed by an increase at 18 months. Tg2576 mice showed a
similar trend of Ambra1 expression in the aging neocortex, but
displayed significantly lower protein levels at 3 months, with
respect to their WT littermates (Fig. 9A). Morphological data on the
neocortex are consistent with WB results, indicating age- and

Fig. 5. (A) Overview of Ambra1 immunohistochemical localization in a coronal section of mouse telencephalon/diencephalon. (BeD) Hippocampal formation, showing moderate
immunoreactivity in CA1 pyramidal cells (B), higher positivity in the CA3 field (C), and a gradient-like staining pattern in the DG (D). (EeH) Anterior thalamic nucleus. Numerous
Ambra1-positive cells are detected in (E), and in (FeH), double immunofluorescence for Ambra1 (green signal) and GAD67 (red signal), allows the identification of several GABA-
ergic neurons expressing the proautophagic protein (yellow staining in H). Scale bars, (A) 1 mm; (BeD) 100 mm. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; DG, dentate
gyrus; GAD, glutamic acid decarboxylase; GL, granule cell layer; LMol, stratum lacunosum-moleculare; ML, molecular layer; Or, stratum oriens; PoDG, polymorphic layer; Pyr,
pyramidal layer; Rad, stratum radiatum.
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genotype-dependent differences in Ambra1 immunoreactivity
(Fig. 9B). Interestingly, uneven Ambra1 expression among neurons
was observed in 3-month-old Tg2576 neocortex; most pyramidal
neurons expressed hardly detectable Ambra1 levels, and only a few
displayed intense immunoreactivity. In 12- and 18-month-old
Tg2576 neocortex, Ambra1 immunoreactivity was enhanced. At the
most advanced AD stage, the Tg2576 neocortex also appears
partially disrupted in its cytoarchitecture, because of the appear-
ance of amyloid plaques (arrow in Fig. 9B). Similar to the Ambra1
expression pattern, Beclin1 and LC3II levels increased with age
(Supplementary Fig. 3).

In the hippocampus, Ambra1 expression underwent a general
decrease during aging (Fig. 9C). In the WT mouse, this decrease
became significant at 12 months, and in the Tg2576 mouse, protein
levels significantly decreased at 6 months, remained unchanged at
12 months, and reached their lowest values at 18 months.
Morphological results of the distribution of Ambra1 protein in the
hippocampus were consistent with WB data. In WT mice, pyrami-
dal cells of CA1eCA3 fields and granule cells of the dentate gyrus
progressively lost their immunopositivity (Fig. 9D). Tg2576 hippo-
campus also showed an age-related Ambra1 decrease, though

comparable immunoreactivity levels were observed between 6 and
12 months of age; a sharp decrease was detected at the most
advanced stage of disease.

4. Discussion

4.1. Distribution of Ambra1 in the adult mouse brain

Ambra1 is centrally involved in the regulation of the autophagic
process (Fimia et al., 2007), which is highly relevant for the high
turnover of cellular components in postmitotic cells of the nervous
tissue (Hara et al., 2006; Jaeger and Wyss-Coray, 2009). In the
present study, we accomplished the first complete map of Ambra1
protein distribution in the adult mouse brain. Our extensive
investigation of the different brain areas, cell types, and cell pop-
ulations thus contributes to the understanding of the role played by
this molecule and, more generally, by autophagy, in nervous tissue
homeostasis.

Our immunohistochemical data showed that Ambra1 is highly
expressed in neuronal cells, consistent with their requirement
for high organelle turnover, membrane recycling, and energy

Fig. 6. (A) Overview of Ambra1 distribution in a coronal section of mouse mesencephalon. (B) Superior colliculus, showing intense staining in the deep gray layer. (C) Red nucleus,
showing intense immunopositivity in its magnocellular part. (D) Locus coeruleus, displaying moderate Ambra1 immunostaining. (E) Oculomotor nucleus, as an example of Ambra1-
positive motor nucleus. (FeH) Ventral tegmental area, immunoreacted for Ambra1 (green) and TH (red). Scarce expression of Ambra1 in dopaminergic neurons is observed. Scale
bars, (A) 1 mm; (BeH) 100 mm. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; TH, tyrosine hydroxylase.
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consumption (Bolland and Nixon, 2006; Johnson et al., 2012; Son
et al., 2012). Moreover, neurons use macroautophagy as a defense
response mechanism, to oxidative stress (Zukor et al., 2009).

Ambra1 light microscopic immunolocalization in neurons
shows a particulate cytoplasmic staining. Ultrastructural analysis
demonstrates association of the protein with the ER, consistent
with the Ambra1 role in regulating the formation of autophago-
somes, originating from the ER compartment referred to as ome-
gasome (Di Bartolomeo et al., 2010; Mizushima et al., 2011). Our

data are also in agreement with the selective localization to the ER
of Atg9 (autophagy-related protein 9), another factor required for
autophagome assembly (Tamura et al., 2010). Recent work from
Yoshimori’s group adds further details to the autophagosome for-
mation theory, showing that these structures can originate at the
ERemitochondria contact site in mammalian cells (Hamasaki et al.,
2013). In keeping with this view, we observed Ambra1 immuno-
reactivity at the outer mitochondrial membrane level, thus sup-
porting its interaction with BCL-2 (Strappazzon et al., 2011). This

Fig. 7. (A) Ambra1 immunohistochemical distribution in a coronal section of the brain stem. (B) The MVe, 6N, and Me5 contain strongly immunoreactive neurons. (C) Pontine
reticular nucelus. (D) Raphe nucleus. Scale bars, (A) 500 mm; (BeD) 100 mm. Abbreviations: 6N, abducens nucleus; Ambra1, Beclin 1 regulated-autophagy; Me5, mesencephalic
trigeminal nucleus; MVe, medial vestibular nucleus.

Fig. 8. (A) Overview of Ambra1 expression in a sagittal section of the cerebellum, showing a differential pattern in its lobules (2e10Cb). Note the negative Purkinje neurons in
ventral 9Cb and in the whole 10Cb. (B) Detail of the cerebellar cortex, showing stronger immunoreactivity in the PL than in the GL and ML. (C) High-power view of Purkinje neurons,
showing particulate staining concentrated at their apical pole. Scale bars, (A) 500 mm; (B) and (C) 100 mm. Abbreviations: Ambra1, Beclin 1 regulated-autophagy; GL, granular layer;
Med, medial cerebellar nucleus; ML, molecular layer; PL, Purkinje cell layer.

S. Sepe et al. / Neurobiology of Aging 35 (2014) 96e108104



Author's personal copy

localization is also consistent with the described interaction be-
tween Ambra1 and Parkin, leading to mitophagy induction (Van
Humbeeck et al., 2011).

Glial cells appear relatively poor in Ambra1, based on our double
immunofluorescenceexperiments, performed indifferent brain areas
using specific markers (GFAP, Iba1). It is conceivable that astrocytes
require less autophagic activation than neurons, beingmore resistant
to oxidative stress, for their higher content in antioxidants (Dringen
et al., 1999; Fernandez-Fernandez et al., 2012). Even microglial cells
are supposed to undergo a low rate of autophagy, not only for their
small size, but also because, under steady-state conditions, a resting
phenotype is maintained (Saijo and Glass, 2011).

The immunohistochemical analysis of serial coronal brain sec-
tions allowed us to demonstrate wide expression of Ambra1 in all
regions along the rostro-caudal axis. Nevertheless, the signal
intensity showed region-, population-, and cell-specificity, sug-
gesting that neurons might have different Ambra1 requirements, in
relation to autophagic control and, possibly, to other, undefined
roles of the protein. To further investigate this issue, we performed

double immunofluorescence experiments, to detect Ambra1
expression in cholinergic, GABAergic, and dopaminergic neurons.
Overall, our data suggest a correlation between the abundance of
Ambra1 and the expression of ChAT, the biosynthetic enzyme of
acetylcholine. The intense degree of immunoreactivity shown by
principal neurons of the septal complex, giant aspiny interneurons
of the caudate-putamen, and neurons of virtually all of the motor
nuclei of the brain stem support this hypothesis.

Concerning the septohippocampal system, the high expression
of our protein could relate to the importance of cholinergic neuro-
transmission in learning and memory (Niewiadomska et al., 2009;
Schliebs and Arendt, 2011), thus supporting the participation
of autophagic processes in these functions (Ma et al., 2011). This
is also consistent with the beneficial effect of the autophagic
inducer rapamycin on synaptic plasticity and memory rescue
in normal and pathological aging (Caccamo et al., 2010; Santos
et al., 2011).

Several other neuronal subtypes are also rich in Ambra1, such as
GABAergic neurons in the anterior thalamic nucleus. Interestingly,

Fig. 9. Ambra1 expression during normal and AD type brain aging. (A) Immunoblot results in the neocortex. (B) Immunohistochemical localization in sagittal sections (interaural
levels, approximately 1.56 mm) of the neocortex. Different age- and genotype-dependent distribution of the protein in pyramidal cells is observed. Note the amyloid plaque in 18-
month-old Tg2576 neocortex (arrow). (C) Immunoblot results in the hippocampus. (D) Immunohistochemical localization in sagittal sections (interaural levels, approximately 1.56
mm) of the hippocampus. Different age- and genotype-dependent distribution of the protein in CA1, CA3, and DG neurons is observed. * p < 0.05; ** p < 0.01. Scale bars, (B) 100 mm;
(D) 500 mm. Abbreviations: AD, Alzheimer’s disease; Ambra1, Beclin 1 regulated-autophagy; DG, dentate gyrus.
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this area is closely connected to the septohippocampal system, and
therefore also involved in learning and memory processes
(Aggleton et al., 2011).

In contrast, we detected scarce colocalization of Ambra1 with
the catecholaminergic- and dopaminergic-specific marker tyrosine
hydroxylase in mesencephalic neurons, particularly in the sub-
stantia nigra and VTA. This could indicate that in physiological
conditions these cells need to tightly modulate autophagic activity,
consistently with studies from other authors, showing that its
induction in substantia nigra dopaminergic neurons can be detri-
mental (Cheng et al., 2011). In fact, a double-edged role of the
autophagic process in cell maintenance and/or degradation is well
established (McCray and Taylor, 2008), because excess activity
might result in autodigestion of the whole cell content.

Based on these results, we can hypothesize that Ambra1
expression can only partially be correlated with specific neuro-
transmitters. Rather, the cell size appears strongly correlated to
Ambra1 content. Indeed, intense immunoreactivity is found in
mitral cells of the olfactory bulb, neocortical giant spiny pyramidal
neurons, giant aspiny interneurons of the caudate putamen, neu-
rons of the magnocellular part of red and vestibular nuclei, motor
nuclei neurons, and Purkinje cells of the cerebellar cortex. In these
highly heterogeneous neuronal subsets, Ambra1 abundance is
presumably linked to high organelle turnover, because of the size,
plasticity, and consequent high metabolic request.

Consistent with the hypothesis of a link between cell volume
and Ambra1-mediated autophagy requirements, several neuronal
populations characterized by small-to-medium cell size display
relatively low immunoreactivity levels. Tufted cells in the olfactory
bulb, spiny neurons of the caudate putamen, granule cells of the
dentate gyrus, parvicellular parts of the red nucleus and vestibular
nuclei, and granule cells of the cerebellar cortex are paradigmatic of
this concept.

The relative abundance of Ambra1 might influence important
neuronal properties, other than metabolism, namely, resistance to
cell injury. It appears that certain neuronal populations, containing
high levels of the protein, are protected against neurotoxic insults of
diverse origin. For example, we found low levels of Ambra1 in the
substantia nigra, which is primarily affected in Parkinson’s disease.
Differently, neurons of the locus coeruleus, characterized by an
elevated content in the proautophagic protein, undergo neuro-
degeneration only in the final steps of the disease, being spared in
early stages (Cheung and Ip, 2009).

In the basal ganglia, medium-sized spiny projection neurons,
scarcely expressing Ambra1, are known to be selectively affected by
HD. In contrast, giant, aspiny interneurons, which are strongly
immunoreactive, are less affected in HD (Cepeda et al., 2007). Of
note, autophagy dysfunction is widely accepted as a pathogenetic
factor in HD, and experimental induction of autophagy enhances
mutant huntingtin clearance (Sarkar and Rubinsztein, 2008). The
hippocampal formation is especially vulnerable to chronic and
acute neurodegeneration events, and shows uneven Ambra1 posi-
tivity. Although implications for AD pathology are discussed in the
next section, it is interesting to note here that the CA1 pyramidal
layer, especially sensitive to ischemia and reperfusion damage, is
relatively poor in Ambra1. In contrast, Ambra1-rich CA3 pyramidal
cells and interneurons appear highly resistant to ischemic injury
(Martone et al., 2000). The role of autophagy in hypoxic and/or
ischemic injury is still debated, because this process might correlate
either positively or inversely with apoptotic neuronal death,
depending on the hippocampal region (Ginet et al., 2009; Uchiyama
et al., 2008, 2009).

A role of autophagy-induced neuronal death has also emerged in
the so-called “Purkinje cell degeneration” (pcd), which also affects
mitral cells of the main olfactory bulb (Chakrabarti et al., 2009;

Fernandez-Gonzalez et al., 2002; Valero et al., 2007). In this
model, sharing clinical and pathological characteristics of inherited
human spinocerebellar ataxia (Baltanás et al., 2011), stellate, basket,
and granule cells of the cerebellar cortex and tufted cells in the
olfactory bulb are spared (Valero et al., 2007). Intriguingly, Purkinje
and mitral cells contain remarkably higher levels of Ambra1, when
compared with neurons resistant to pcd in either cerebellum or
olfactory bulb. In this case, the high basal autophagic level might
represent a critical factor when a toxic stimulusdin pcd, a mutated
form of cytosolic carboxypeptidase 1dimproperly activates the
process. It is worth mentioning that, among Purkinje cells, those
located in lobules IX and X are strikingly negative. These particular
areas of the cerebellar cortex are resistant to Niemann-Pick disease,
an accumulation disorder characterized by enhanced autophagy
(Ishibashi et al., 2009; Sarna et al., 2003).

Even though Ambra1 function has mainly been related to
autophagy, further roles in the control of other cellular activities
cannot be ruled out. Considering the phenotype shown by Ambra1
gene-trapping mutants in the nervous system (Fimia et al., 2007),
its participation in regulating the balance between proliferation
and differentiation can be envisioned (Cecconi et al., 2008). Our
results, showing a specific distribution of Ambra1 immunostaining
in the neurogenic area of the hippocampal formation (i.e., the
dentate gyrus), could support this hypothesis. In fact, the Ambra1
pattern, characterized by a gradient from the subgranular zone to
the granular layer and/or molecular layer border, reflects the dis-
tribution of progressively differentiating neural cells from neural
progenitors, to neuroblasts, to mature neurons (Bonfanti and
Peretto, 2011). The richest population might include neural stem
cells, based on their morphology and distribution. Further studies
are needed to elucidate the possible role of the protein in
neurogenesis.

4.2. Ambra1 expression in physiological and Alzheimer-type aging

Our immunohistochemical data on the hippocampal formation
highlighted variable Ambra1 levels in its subfields, which might
correspond to differential susceptibility of AD. Indeed the CA1 field,
containing low Ambra1 levels, is reportedly affected early in the
disease (D’Amelio et al., 2011), and CA3, expressing higher protein
levels, is apparently spared. This speculation and the debated cor-
relation between brain aging, neurodegeneration, and autophagic
efficiency (Cheung and Ip, 2011) prompted us to analyze age-
dependent variations in Ambra1 expression in the Tg2576 mouse
model, compared with in its WT counterpart. We focused on the
neocortex and hippocampus (i.e., the most damaged areas during
normal and pathological aging) (D’Amelio et al., 2011;
Giannakopoulos et al., 2009; Jacobs et al., 2012; Jacobsen et al.,
2006; Small et al., 2011).

In WT mice, WB analysis revealed elevated Ambra1 levels in 3-
month-old mouse neocortex, suggesting a crucial role in plasticity
of this area. Indeed, this brain region differentiates late in embry-
onic development and its maturation progresses postnatally,
undergoing morphological and functional modifications (Yuste and
Bonhoeffer, 2004). Worthy of note, autophagic roles in protein
synthesis-dependent synaptic plasticity have been demonstrated in
a variety of neuronal subtypes (Hernandez et al., 2012; Shehata
et al., 2012; Welberg, 2012). In contrast, the augmented Ambra1,
Beclin1, and LC3II levels in the senescent neocortex (from 18-month
old animals) suggest a neuronal response to age-related oxidative
stress and misfolded protein accumulation, thus supporting the
hypothesized involvement of autophagy in brain senescence
(Caballero and Coto-Montes, 2012; Madeo et al., 2010; Rubinsztein
et al., 2011). In fact, it is likely that an induction of regulatory pro-
teins occurs, and the formation, maturation, and degradation of
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autophagic vacuoles is impaired, thus resulting in their accumula-
tion (Ma et al., 2011).

As for Tg2576 mice, Ambra1 levels in neocortex from 3-month-
old animals, assessed using WB and immunohistochemistry, are
significantly lower than inWTanimals. Protein levels remain low at
6 months of age, when these mice show dramatic in vivo memory
impairment (Jacobsen et al., 2006). These data suggest early auto-
phagy dysregulation at the onset of AD pathology, in agreement
with other reports (Nixon and Yang, 2011), even though other
autophagy-related molecules, namely Beclin1 and LC3II, are un-
changed. Late in the pathology, Ambra1, Beclin1, and LC3II levels
significantly increase, possibly as an attempt to cope with severe
neuronal damage, consequent to oxidative stress and amyloid
plaque deposition (Agostinho et al., 2010). Our results were
consistent with the reported autophagy transcriptional upregula-
tion in aged AD patients (Lipinski et al., 2010).

In the hippocampus, progressively lower Ambra1 levels, during
either normal or pathological aging, are detected. The decrease
becomes significant in the WT mouse at approximately 12 months
of age, and in the pathological genotype it occurs already at 6
months of age. Notably, between 3 and 6 months, hippocampal CA1
spine density decreases in Tg2576 mice, concomitant with long-
term potentiation deficits, spatial memory impairment, and Ab
oligomerization (D’Amelio et al., 2011; Jacobsen et al., 2006).
Interestingly, at 12 months of age, the Tg2576 hippocampal
CA1eCA3 fields and the dentate gyrus show stable immunoposi-
tivity, different from their WTcounterparts. This result could reflect
an attempt to counteract the ongoing neuronal damage, by acti-
vating not only an autophagic response, but, possibly, also neuro-
genesis. Different from that observed in the Tg2576 neocortex,
Ambra1 levels significantly decrease between 12 and 18 months of
age, suggesting that when the neuropathological phenotype is most
dramatic, hippocampal neurons are unable to respond to an Ab-
mediated insult, thus emphasizing region-based differences in
susceptibility to neuronal damage (Cimini et al., 2009).

Overall, our data on physiological and AD type aging are
consistent with the proposed involvement of autophagy in neuro-
degeneration (Caballero and Coto-Montes, 2012; Cheung and Ip,
2011; Jaeger and Wyss-Coray, 2009; McCray and Taylor, 2008;
Santos et al., 2011). Moreover, considering the dual role of auto-
phagy in the clearance and/or in the accumulation of Ab peptide
(Tung et al., 2012), our results on age-related variations of Ambra1
levels in AD brain might contribute to clarify this issue, also in view
of potential therapeutic strategies, involving autophagymodulation
(Majumder et al., 2011; Santos et al., 2011; Yang et al., 2011).

4.3. Conclusions

Taken together, our results, demonstrating abundant Ambra1
content in neurons, highlight the so far unexplored role of this
molecule in mature nervous tissue. Moreover, its differential
expression in the various brain areas and neuronal populations
suggests multifaceted functions of Ambra1 in nervous tissue
homeostasis, through autophagy regulation and, possibly, in cell
proliferation. In this view, our study opens the way to further in-
vestigations aimed to defining the precise mechanisms whereby
Ambra1 contributes to nervous system development, homeostasis,
and response to injury.

During physiological and pathological brain aging,modulation of
Ambra1 expression might be critical for establishing, promoting, or
counteractingneurodegenerative processes. Thus, novel therapeutic
approaches, based on inducing or repressing autophagy should also
take into account age-related variations of Ambra1 and other regu-
latory molecules, which could contribute to the Janus-faced role of
autophagy at the onset and during the progression of AD.
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