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Abstract. The senescence accelerated mouse-prone 8 (SAMPS) strain of mice is an experimental model of accelerated senescence
that has also been proposed as a model of Alzheimer’s disease as it shares several features with this dementia. We have recently
reported amyloid-f3 (AB) granules in the hippocampus of SAMP8 mice, which contain ABs, and AB4 peptides and other
amyloid-f protein precursor fragments. These granules appear clustered mainly in the stratum radiatum of the CA1 region and
increase in number and size with age. Here we performed several studies to examine whether the A3 granules in the hippocampus
of SAMP8 mice contain other proteins characteristic of neuropathological aggregates, such as tau, MAP2, and a-synuclein.
Moreover, we examined whether the A3 granules in the hippocampus correspond to heparan sulphate proteoglycan (HSPG)
positive granules previously described in this animal model. The results showed that A granules correspond to the HSPG
granular structures, being syndecan-2, a protein involved in the remodeling of dendritic spines, the type of HSPG found. Tau
and MAP2, but not a-synuclein depositions, were also found in A3 aggregates. Granules do not appear to have an astrocytic
origin, since although some AP clusters are associated with astrocyte processes, most clusters are not. On the other hand, the
presence of tau, MAP2, and NeuN in AP granules suggests a neuronal origin. As the components identified in A3 granules are
characteristic of the aggregates present in some neurodegenerative diseases, the SAMP8 model seems to be appropriate for the
study of the processes involved in these pathologies.
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INTRODUCTION

The senescence accelerated mouse prone 8
(SAMPS) is a strain of mice with a characteristic accel-
erated aging process and reduced lifespan. At few
months of age, SAMPS8 mice share similar character-
istics with aged humans, such as lordosis, hair loss,
and reduced physical activity [1, 2]. It has recently
been proposed as a neurodegeneration model [3] due
to impairments in learning tasks, as well as altered
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emotions and abnormality of the circadian rhythm [4],
spongy degeneration [5], neuronal cell loss [6], and
gliosis [7] in the brain. Notably, SAMPS also show
other characteristics seen in Alzheimer’s disease (AD)
patients, such as learning and memory deficits [7,
8], brain microvessel defects [9], blood-brain barrier
dysfunction [10, 11], alteration of the cholinergic sys-
tem [12], and other neurotransmitter changes [13—15].
Treatment of SAMP8 mice with antisense oligonu-
cleotides directed to the amyloid-B (AP) region of
amyloid- protein precursor (ABPP) decrease the
expression of ABPP and reverses the deficits in learn-
ing and memory that appear in aged SAMPS mice
[16]. This reversion can be mediated by decreas-
ing the free radical-mediated oxidative stress [17].
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Deficits in learning and memory can also be reduced by
immunotherapy with antibodies to A3 protein [18, 19],
and it has been demonstrated that this therapy induce
acetylcholine increases in the hippocampus of aged
SAMPS [20]. Given such characteristics, it is perhaps
not surprising that SAMPS have also been proposed as
an animal model of AD [21, 22].

In a recent study, we reported that SAMPS8 animals
show A depositions in the hippocampus that increase
in number and extent with age, while ICR-CD1 mice
only showed an increase of these depositions from 12
months of age onwards [23]. The A3 deposits are com-
posed of clustered granules that contain AB42, ABa4o,
and other A protein precursor fragments. A3 deposi-
tion observed in the hippocampus of SAMPS8 animals
emulates granular structures previously described in
this strain, which stain with periodic acid Schiff (PAS)
[24]. PAS staining is mainly used to label struc-
tures containing a high proportion of carbohydrate
macromolecules such as glycogen, glycoprotein and
proteoglycans. The PAS granular structures (PGS)
present in SAMPS mice show this positive staining
due to the presence of heparan sulfate proteoglycan
(HSPG), because these granules can be immunostained
with antibodies against HSPG [25]. Temporal and spa-
tial evolution of A3 granules and PGS are similar. Both
appear at early ages, around 3 months, and increase
with age. Their distribution in clusters and their local-
ization, mainly in the stratum radiatum of CAl, are
also coincident. Either A3 granules or PGS can also
be found in healthy control animals, but at older ages.

HSPG and A proteins are characteristic con-
stituents of various abnormal protein aggregates
present in neurodegenerative diseases, e.g., senile
plaques and neurofibrillary tangles in AD. The pres-
ence of proteins or peptides that can organize in fibrillar
structures and form insoluble aggregates, like A, is a
distinctive feature of most non-infectious neurodegen-
erative diseases [26]. The main constituents of these
aggregates are AP peptide, tau, or synuclein proteins,
although these components can coexist in these struc-
tures, and the aggregate composition is complex due to
the secondary addition of other proteins or molecules
[27].

Tau protein is a microtubule associated pro-
tein (MAP). While normal tau promotes assembly
and stabilizes microtubules, abnormally hyperphos-
phorylated tau sequesters normal tau, MAP1 and
MAP2, and disrupts microtubules. The abnormal
hyperphosphorylation of tau promotes its misfolding,
decrease in turnover and self-assembly into tangles
of paired helical, and/or straight filaments. Disrup-

tion of microtubules by the non-fibrillized abnormally
hyperphosphorylated tau, as well as its aggregation
as neurofibrillary tangles, probably impairs axoplas-
mic flow and leads to slow progressive retrograde
degeneration and loss of connectivity of the affected
neurons. The abnormal hyperphosphorylation of tau is
seen as neurofibrillary tangles in neuropil threads and
dystrophic neurites and is apparently required for the
clinical expression of AD. In related tauopathies this
abnormal hyperphosphorylation leads to dementia in
the absence of amyloid plaques [28].

Alpha-synuclein is predominantly a neuronal pro-
tein, but it is also found in glial cells. In neurons,
a-synuclein localizes mainly in the presynaptic termi-
nals, significantly interacts with tubulin [29] and may
act as a potential microtubule-associated protein like
tau [30]. There is growing evidence that a-synuclein
is involved in the functioning of the neuronal Golgi
apparatus and vesicle trafficking [31]. In pathological
conditions a-synuclein can aggregate to form insol-
uble fibrils, which are the main component of the
Lewy bodies seen in brains from patients with Parkin-
son’s disease and dementia patients. Tubulin, MAPS5
and neurofibrillary proteins can also contribute to the
formation of these structures. On the other hand, o-
synuclein is also the main component of the glial
cytoplasmatic inclusions, which can also contain tau
and MAP2 as accompanying proteins, among others
[32].

The origin and functional significance of PGS in
SAMPS8 animals remains unclear and, although some
degenerative process is suggested by the ultrastruc-
tural characteristics, neither the mechanism of this
degenerative process nor the cellular compartment
where it occurs are known yet. At light-microscopic
level, a close anatomical relationship between gran-
ules and astrocytes has been established [33]. However,
the fibrillar material may be a byproduct of neuronal
phagocytosis by astrocytes. Although neuronal phago-
cytosis is primarily undertaken by microglia, astroglial
proliferation and phagocytosis of debris have been
reported in the degenerating brain. Studies at the elec-
tron microscope revealed that only 5% of the granules
were associated with filament bundles [25], what chal-
lenges their astrocyte origin. Moreover, it has been
reported that similar granules can represent enlarged
presynaptic terminals or elements postsynaptic to axon
terminals [34], supporting the idea of neuronal origin.

One aim of the present study was to examine whether
AP clusters in the hippocampus of SAMP8 mice
correspond to HSPG positive granules. As the most
predominant HSPGs in the central nervous system are
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syndecan-2 and perlecan, the former related to the mat-
uration of dendritic spines and the latter to the basal
membranes of the brain blood vessels, the presence
of these two components was examined. Moreover,
we also explored the possible presence of tau, MAP2
and a-synuclein in these aggregated structures at three
different time-points. Finally, we studied the spatial
relationship between the amyloid granules in the hip-
pocampus of SAMP8 mice and both astrocytes and
neurons.

MATERIAL AND METHODS
Animals

Male SAMPS8 mice aged 3, 6, and 12 months were
used. They were kept in standard conditions of temper-
ature (22 +2°C) and 12:12-h light-dark cycles (300
lux/0 lux). Throughout the study, they had access to
food and water ad libitum. Studies were performed
in accordance with the institutional guidelines for the
care and use of laboratory animals established by the
Ethical Committee for Animal Experimentation at the
University of Barcelona.

Brain processing

The animals were anaesthetized (i.p.) with 80 mg/
Kg of sodium pentobarbital. The thoracic cavity
was opened and the animals received an intracardiac
gravity-dependent perfusion of 50 mL of phosphate
buffered saline (PBS, pH=7.2). After perfusion,
brains were dissected, frozen by immersion in isopen-
tane chilled in dry ice and stored at —80°C until
sectioning. Thereafter, frozen brains were embedded
in OCT cryostat-embedding compound (Tissue-Tek,
Torrance, CA), cut into 20-um-thick sections on a
cryostat (Leyca Microsystems, Germany) at —22°C,
and placed on slides. Sections of the central zone
of the hippocampus (at about bregma —2.30) were
selected according to a mouse brain atlas [35]. Slides
containing brain sections were fixed with acetone for
10min at 4°C, allowed to dry at room temperature
and then stored at —20°C until staining.

Immunohistochemistry

Slides were brought to room temperature before
being rehydrated with PBS for 5 min. Sections were
then blocked and permeabilized with PBS contain-
ing 1% BSA (Bovine Serum Albumin, Sigma-Aldrich,

Madrid, Spain) and 0.1% Triton-X-100 (Sigma-
Aldrich) for 20 min. After two 5-min washes in PBS,
brain sections were incubated with the primary anti-
body (see below) overnight in the dark at room temper-
ature. Slides were washed again and then incubated for
1 h at room temperature in the dark with the secondary
antibody (see below). After washing again, nuclear
staining was performed by incubating slides in Hoechst
(H-33258, Fluka, Madrid, Spain) at 2 p.g/ml in PBS for
10 min at room temperature in the dark. Finally, slides
were washed and coverslipped with Prolong Gold
antifade reagent (Invitrogen, Carlsbad, CA). Stain-
ing controls were performed by incubating with PBS
instead of the primary antibody or both primary and
secondary antibodies. In double stainings, controls for
cross reactivity of the antibodies were also performed.
Several primary antibodies were used: mouse mon-
oclonal antibody 4GS, directed against human AP
(amino acid residues 17-24 of the A3 peptides, Sigma-
Aldrich); mouse monoclonal antibody against tau
protein (Millipore, Billeica, MA), which detects all
phosphorylated and non-phosphorylated isoforms of
tau; polyclonal antibody goat anti-syndecan-2 (Santa
Cruz Biotechnology, Santa Cruz, CA); rat monoclonal
antibody to Heparan Sulphate Proteoglycan or per-
lecan (Abcam, Cambridge, UK); rabbit polyclonal
antibody against MAP2 (Millipore); rabbit monoclonal
antibody to laminin (Sigma-Aldrich); chicken poly-
clonal antibody to glial fibrillary acidic protein or
GFAP (Millipore), which was used to localize astro-
cytes; rabbit polyclonal antibody to AKT1 (Abcam);
sheep polyclonal antibody to a-synuclein (Abcam);
and mouse monoclonal antibody raised against a pro-
tein called neuronal nuclei protein (NeuN, Millipore).
AlexaFluor 555 donkey anti-goat IgG, AlexaFluor
488, 555 or 660 donkey anti-mouse IgG, AlexaFluor
555 donkey anti-rabbit IgG, AlexaFluor 555 donkey
anti-rat IgG and AlexaFluor 488 goat anti-chicken IgG
(Invitrogen) were used as secondary antibodies.

Image acquisition

Images of fluorescence were taken with a fluores-
cence laser microscope (BX41, Olympus, Germany)
and stored in tif format. All images for each set of
experiments were acquired with the same microscope,
laser and software settings. Some images for fine
colocalization analysis were obtained with a confocal
scanning laser microscope (TCS/SP2, Leica Microsys-
tems, Germany). Image treatment and analysis were
performed by means of the Image J program (National
Institute of Health, USA).
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RESULTS

Amyloid 4G8* granules stain with syndecan-2 but
not with perlecan

In order to discern whether the previously described
granules containing A3 and different fragments of its
precursor protein correspond to the HSPG positive
granules described by Kuo et al. [25], double immuno-
histochemical stainings on brains from 6-month-old
SAMPS8 mice were performed with the 4G8 antibody,
which recognizes the 17-24 amino acid residues of
A peptides, and antibodies to perlecan or syndecan-2,
which are the main HSPG in brain.

Some representative images from these stainings
can be observed in Fig. 1. Staining with 4G8 shows
the presence of clustered granules in the hippocampus
of SAMPS8 mice, with the characteristics already pub-
lished [23]. The staining also shows the neuronal cell
bodies and some blood vessels, the walls of which can
also contain A} accumulation.

Clustered granular structures can also be observed
when staining with antibodies to syndecan-2, and the
4G8 and syndecan-2 double staining shows a good
granular colocalization (Fig. 1A), thus indicating that
the granules contain both components and that AP
granules correspond to HSPG positive granules.

When staining with 4G8 and perlecan, different
results were obtained. The antibodies against perlecan
label blood vessels, which is not surprising as per-
lecan is a component of the basal lamina of vessel wall,
but amyloid granules are not stained (Fig. 1B). Thus,
this 4G8-perlecan combination of antibodies shows
clustered granules stained with 4G8 and blood ves-
sels stained by perlecan. In some cases, blood vessels
also stained with 4G8, but perlecan staining did not
appear in amyloid granules. On the other hand, this
double staining shows that there is no direct relation-
ship between the localization of blood vessels and
clusters, because the latter can be found both proximal
and distal to blood vessels.

Control staining performed using only secondary
antibodies or those of cross reactivity did not show
any staining of these structures, thus confirming the
specificity of the stainings.

Amyloid granules contain tau and MAP2 proteins

In a second set of experiments performed on brains
from 6 month old SAMPS8 mice, we examined the pres-
ence of other characteristic components of insoluble

aggregates that appear in brains that present neurode-
generative pathology.

The presence of tau in amyloid granules was
analyzed by double staining with antibodies to tau
and syndecan-2. This double staining shows that all
syndecan-2 positive granules are also positive for tau
antibodies, thus demonstrating that the tau protein is
present in amyloid granules (Fig. 2A). On the other
hand, not all tau positive granules are stained with the
antibodies against syndecan-2 (Fig. 2A inset), but only
the largest granules.

In order to determine the presence of MAP2 in
the granules, double staining with antibodies directed
against this protein and 4G8 was performed. In the
hippocampal regions where there are clusters of 4G8-
positive granules, there is also granular staining for
MAP2 (Fig. 2B). More detailed examination of these
stainings, however, indicates that the colocalization
of the two proteins is not complete. Although some
granules, generally the largest ones, are labeled with
both antibodies, MAP2 staining predominates in some
and 4GS prevails in others. Moreover, some granules
are only stained with 4G8 or the antibodies to MAP2
(Fig. 2B Inset).

When combining MAP2 and tau staining, tau pro-
tein seems to be predominant in the granules, as already
seen when double-staining with syndecan-2 and tau
(Fig. 2C). Almost all the granules that are labeled
with MAP?2 are also positive for tau, while some tau™
granules are not stained with MAP2 (Fig. 2C Inset).
Colocalization studies with tau and MAP2 show that
there are more granules stained with tau than with
MAP2, and that all granules stained with MAP2 are
also positive for the tau staining (Fig. 2C).

Laminin staining gave no positive label in the gran-
ular aggregates, although the antibody clearly labeled
blood vessels, as expected as it stained the basal lam-
ina. On the other hand, antibodies against a-synuclein
did not stain granules or other structures in the hip-
pocampus of SAMPS8 mice (data not shown).

The staining of tau, syndecan, 4G8 and MAP2 has
also been studied in the hippocampus of SAMPS8 mice
aged 3 and 12 months. As can be observed in Fig. 3A
and 3B, and according to what has been already pub-
lished about A staining in this strain [22], at 3 months
of age there are few clusters and those contain only
some granules, while at 12 months the number of clus-
ters is markedly higher than at younger ages, these
clusters contain numerous granules and they extend
throughout the hippocampus. At 3 months of age dou-
ble staining with tau and syndecan-2 (Fig. 3A) and
tau and MAP2 (Fig. 3E) show that there are some
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Fig. 1. Presence of AP and HSPG in hippocampal granules of 6-month-old SAMP8 mice. A) Staining with 4G8 (A, green) and syndecan-2
(red). B) Staining with 4G8 (green) and perlecan (red). Hoechst staining (blue) corresponds to cellular nuclei. Colocalization of green and red
corresponds to yellow color. Colocalization occurs between A3 and syndecan-2, but not between A and perlecan. Arrows indicate clusters of
granules. Arrowheads indicate blood vessels. Scale bars: 50 wm. Pyr: pyramidal layer.
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merged

Fig. 2. Protein composition of hippocampal granules of 6-month-old SAMP8 mice. A) Staining with tau (green) and syndecan-2 (red). B)
Staining with 4G8 (green) and MAP2 (red). C) Staining with tau (green) and MAP2 (red). Hoechst staining (blue) corresponds to cellular nuclei.
Colocalization of green and red corresponds to yellow color. Arrows indicate clusters of granules. Scale bars: 50 wm. Pyr: pyramidal layer.
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3 months old

12 months old

Fig. 3. Protein composition of hippocampal granules of 3- and 12-month-old SAMPS mice. A and B) Staining with tau (green) and syndecan-2
(red). C and D) Staining with 4G8 (green) and MAP2 (red). E and F) Staining with tau (green) and MAP2 (red). Colocalization of green and
red corresponds to yellow color. A, C and E: 3-month old; B, D and F) 12-month old. Scale bars: 50 wm. Pyr: pyramidal layer.

double-stained granules and other granules that are
only stained with tau, but there are not granules only
stained with syndecan-2 or MAP2. In the 4G8 and
MAP2 double staining (Fig. 3C) some granules are
only stained with one of the two components, MAP2
or 4G8, and others are double stained. At 12 months of
age we also observed that some granules double stained
with syndecan-2 and tau and other granules double

stained with MAP2 and tau, while some granules only
stains with tau (Fig. 3B, 3F). Moreover, when stain-
ing with 4G8 and MAP2, we also observed that some
granules are only stained with one of the two compo-
nents, MAP2 or 4G8, and others are double stained
(Fig. 3D). Thus, in all the studied ages, a predomi-
nance of tau protein is observed over the other stained
proteins.
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Cellular types related with the amyloid granules

In the last set of studies performed on brains from
6-month-old SAMP8 mice, the relationship between
amyloid granules and astrocytes or some constitutive
parts of hippocampal neurons was explored.

Double staining of amyloid aggregates with anti-
bodies against MAP2 and GFAP, a constitutive protein
present in reactive astrocytes, showed several cases of
clusters stained with MAP2 located in regions where
no GFAP reactivity was found (Fig. 4A). In some other
cases, however, an astrocyte is placed near or overlap-
ping the deposits (Fig. 4B). In these latter situations,
there is some spatial relationship between amyloid
granules and the astrocyte processes. Although colo-
calization of GFAP and amyloid staining is minimal,
most of the granules in the cluster seem to be adhered
to the astrocyte processes (Fig. 4C). In some cases, a
ring of GFAP staining can be observed around amyloid
granules, which suggest that the astrocyte processes
encompass the granule (Fig. 4C, arrowhead, single
labeling in C1 and C2).

When combining MAP2 and NeuN staining, a neu-
ronal marker apparently restricted to neuronal nuclei,
perikarya and some proximal neuronal processes in
both fetal and adult brain, a clear NeuN staining can
be observed in the hippocampus pyramidal region,
in which the cell bodies of pyramidal neurons are
located (Fig. 4D). Granular clusters stained with both
NeuN and MAP2 can also be observed (Fig. 4D, sin-
gle labeling in D1 and D2). Detailed visualization of
the granules indicates that they contain different pro-
portions of both constituents. In some granules there is
double staining, but in others MAP2 or NeuN staining
clearly predominates.

Finally, amyloid granule staining was also combined
with the labeling of AKT protein, which allows visu-
alization of some neurites, i.e., axons and dendrites,
from neurons in the hippocampus of SAMP8 animals.
This double staining revealed 4G8" amyloid granules
and part of the neuronal network in the neuropil of
the hippocampus (Fig. 4E). Detailed visualization of
this staining does not reveal any relationship between
axons or dendrites stained with AKT and the presence
of amyloid granules (Fig. 4F).

DISCUSSION

Besides the A components already described [23],
the granules in the hippocampus of SAMP8 mice con-
tain tau, MAP2, and syndecan-2. All these components
are characteristic of the aggregates of some neurode-

generative diseases. The coexistence of AP peptides
and tau protein is frequently observed in neurode-
generative diseases [36]. AP can also interact with
syndecan-2, related with the formation of synaptic con-
tacts [37], and both can be found in amyloid plaques of
AD patients [38]. Moreover, tau and MAP2, which in
physiological conditions stabilize the neurofilaments
of axons and dendrites, have been found together in
neurofibrillary tangles [28]. The presence of these
components, as well as that of NeuN, a characteris-
tic protein of neurons, suggests a neuronal origin for
the granules and some neurodegenerative process for
its formation.

The staining with antibodies against a-synuclein
demonstrated no positivity in the aggregates found in
the hippocampus of SAMPS animals. This protein is
present in Lewy body disease [39, 40], Parkinson’s
disease [32], and other a-synucleinopathies [41]. The
absence of a-synuclein in SAMPS aggregates and the
presence of tau and AP suggest that these granules
are closer to the depositions of taupathies and amy-
loidopathies rather than those of a-synucleinopathies.
However, an increase in a-synuclein levels has been
reported in SAMP8 animals aged 5 and 10 months,
although these results were obtained using homoge-
nized brain tissue and Western-blot techniques [42,
43].

We also determined here the presence of both A3
and tau in granular structures. Considering that both
proteins can be the main components of the aggregates
in neurodegenerative diseases, there is a need for a
deeper study of these two components in these amyloid
granules from SAMPS8 animals, in order to determine
whether this model support the AR cascade hypoth-
esis, the tau hypothesis, both, or neither. It has been
described that A initiates the hyperphosphorylation
of tau, but other studies indicated that hyperphospho-
rylated tau is the element that initiates the pathological
process [36]. Our results indicate, already at three
months of age, that the granules show a predominance
of tau over AP and all other components tested. At 6
and 12 months of age, the number of clusters and the
number of granules in the clusters increase, but remains
the predominance of tau over all the other components
tested. These facts point out that tau protein has an
important role in the formation of the granules and
its presence could be related with the subjacent neu-
rodegenerative process. However, it has to be taken
into account that current thinking on AD pathology
includes the concept that hallmark lesions may be non-
toxic and may represent a host response to an upstream
pathophysiological process [44], and thus the observed
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Fig. 4. Relationship of cellular types and hippocampal aggregates from 6-month-old SAMPS8 mice. A) Staining with GFAP (green) and MAP2
(red). B) Staining with GFAP (green) and tau (red). C) Staining with GFAP (green) and tau (red). Single labeling is shown in C1 and C2. D)
Staining with NeuN (green) and MAP2 (red). Single labellings are shown in D1 and D2. D3) Magnification of inset in D. E) Staining with
4G8 (green) and AKT-1 (red). F) Staining with syndecan-2 (green) and AKT-1 (red). Hoechst staining (blue) corresponds to cellular nuclei.
Colocalization of green and red corresponds to yellow color. Arrows indicate clusters of granules. Scale bars: 50 wm. Pyr: pyramidal layer.
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granules and the presence of tau could represent only
a final stage but not the responsible of the pathological
processes that are being produced.

Here we have studied tau protein as total tau and it
would be interesting to ascertain which types of tau
are present in the granules, as hyperphosphorylated
tau is involved in multiple neurodegenerative diseases,
ultimately promoting the degeneration of affected neu-
rons [45]. Indeed, the increase in hyperphosphorylated
tau protein in SAMP8 mice has been found in the
hippocampus by Western-blot techniques [46]. The
abnormal tau protein can sequester, among others,
MAP?2 protein [47], which may explain the presence of
MAP?2 in the granules of the hippocampus of SAMP8
mice.

Although the components found in the granules of
SAMPS mice seem to indicate a neuronal origin, we
have also observed in some cases that the region occu-
pied by a cluster of granules is also occupied by a
determinate astrocyte. However, not all the aggregates
are close to reactive astrocytes, thus a reactive astro-
cyte is not essential for the presence of these clusters.
Moreover, when clusters and astrocytes are close, the
astrocyte processes are adjacent to the granules, even
surrounding them, but the granules do not appear to
constitute a part of the astrocyte process. The pres-
ence of reactive astrocytes close to amyloid aggregates
could thus be related to a reactive process, in which
astrogliosis is induced in response to injury, like an
alteration of synaptic transmission and cytotoxicity or
extracellular accumulation of fibrillar material [48].

Our results also indicate that amyloid granules
present in the hippocampus of SAMPS8 mice cor-
respond to the PAS granular structures that contain
HSPG described previously by Kuo et al. [25], being
syndecan-2 the HSPG. Kuo and colleagues, in ultra-
structural studies of the PGS stained with HSPG
antibodies, detected some deformed cellular organules
and remains of cellular membranes surrounding the
PGS. Although it is not yet established, these mem-
branes could correspond to residual degenerative parts
of neurons.

Although we could notrelate the granules with AKT-
1 staining, it has to be pointed out that AKT-1 staining
only shows a minor part of the neuropil, and recent
studies suggest that activation of AKT inhibits toxicity
of A3 and formation of neurofibrillary tangles, leading
to protection of neurons against apoptosis [49].

In summary, we conclude that SAMPS8 mice present
complex aggregates formed by multiple proteins that
are distinctive of neurodegenerative diseases. The pres-
ence of MAP2, syndecan-2, NeuN, and especially tau

protein and A3 peptides, points to SAMPS8 mice as a
potential animal model in which to study the process
of senescence and neurodegenerative diseases.

ACKNOWLEDGMENTS

This study was supported by grants BFU2009-
08352, BFU2010-22149 and SAF2009-13093 from
Spain’s “Ministerio de Educacién y Ciencia”;
PI080400 from the Spain’s “Instituto de Salud Car-
los III” (FEDERFOUNDS); and 610RT0405 from
the “Programa Iberoamericano de Ciencia y Tecnolo-
gia para el Desarrollo” (CYTED). We would like to
thank the “Generalitat de Catalunya” for supporting
the research group (2009/SGR00853).

Authors’ disclosures available online (http://www.j-
alz.com/disclosures/view.php?id=799).

REFERENCES

[1] Hamamoto H, Honma A, Irino M, Matsushita T, Toda K,
Matsumura M, Takeda T (1984) Grading score system: A
method for evaluation of the degree of senescence in senes-
cence accelerated mouse (SAM). Mech Ageing Dev 26,
91-102.

[2] Takeda T, Hosokawa M, Higuchi K (1994) Senescence accel-
erated mouse (SAM), a novel murine model of aging. In The
SAM Model of Senescence, Takeda T, ed. Elsevier, Amster-
dam, pp. 15-22.

[3] Takeda T (2009) Senescence-accelerated mouse (SAM) with
special references to neurodegeneration models, SAMPS and
SAMPI10 mice. Neurochem Res 34, 639-659.

[4] Miyamoto M (1997) Characteristics of age-related
behavioural changes in senescence-accelerated mouse
SAMP8 and SAMP10. Exp Gerontol 32, 139-148.

[5S] Yagi H, Irino M, Matsushita T, Katoh S, Umezawa M,
Tsuboyama T, Hosokawa M, Akiguchi I, Tokunaga R, Takeda
T (1989) Spontaneous spongy degeneration of the brain
stem in SAM-P/8 mice, a newly developed memory-deficient
strain. J Neuropathol Exp Neurol 48, 577-590.

[6] Kawamata T, Akiguchi I, Yagi H, Irino M, Sugiyama H,
Akiyama H, Shimada A, Takemura M, Ueno M, Kitabayashi
T, Ohnishi K, Seriu N, Higuchi K, Hosokawa M, Takeda T
(1997) Neuropathological studies on strains of senescence
accelerated mice (SAM) with age-related deficits in learning
and memory. Exp Gerontol 32, 161-170.

[71 Nomura Y, Okuma Y (1999) Age-related defects in lifespan
and learning ability in SAMP8 mice. Neurobiol Aging 20,
111-115.

[8] Spangler EL, Patel N, Speer D, Hyman M, Hengemihle J,
Markowska A, Ingram DK (2002) Passive avoidance and
complex maze learning in the senescence accelerated mouse
(SAM): Age and strain comparisons of SAM P8 and R1. J
Gerontol A Biol Sci Med Sci 57, 61-68.

[9] Ueno M, Sakamoto H, Kanenishi K, Onodera M, Akiguchi I,
Hosokawa M (2001) Ultrastructural and permeability features
of microvessels in the hippocampus, cerebellum and pons
of senescence-accelerated mice (SAM). Neurobiol Aging 22,
469-478.


http://www.j-alz.com/disclosures/view.php?id=799

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

G. Manich et al. / Amyloid Granules in SAMPS Mice 545

Pelegri C, Canudas AM, del Valle J, Casadesiis G, Smith
MA, Camins A, Pallds M, Vilaplana J (2007) Increased per-
meability of blood-brain barrier on the hippocampus of a
murine model of senescence. Mech Ageing Dev 128, 522-
528.

Del Valle J, Duran-Vilaregut J, Manich G, Camins A, Pallds
M, Vilaplana J, Pelegri C (2009) Time-course of blood-brain
barrier disruption in senescence-accelerated mouse prone 8
(SAMPS) mice. Int J Dev Neurosci 27, 47-52.

Onozuka M, Watanabe K, Fujita M, Tomida M, Ozono S
(2002) Changes in the septohippocampal cholinergic system
following removal of molar teeth in the aged SAMP8 mouse.
Behav Brain Res 133, 197-204.

Flood JF, Farr SA, Uezu K, Morley JE (1998) Age-related
changes in septal serotonergic, GABAergic and glutamatergic
facilitation of retention in SAMP8 mice. Mech Ageing Dev
105, 173-188.

Kondziella D, Bidar A, Urfjell B, Sletvold O, Sonnewald U
(2002) The pentylenetetrazole-kindling model of epilepsy in
SAMPS8 mice: behaviour and metabolism. Neurochem Int 40,
413-418.

Nomura Y, Kitamura Y, Ohnuki T, Arima Y, Yamanaka Y,
Sasaki K, Oonuma Y (1997) Alterations in acetylcholine,
NMDA, benzodiozepine receptors and protein kinase C in the
brain of the senescence-accelerated mouse: an animal model
useful for studies on cognitive enhances. Behav Brain Res 83,
51-55.

Kumar VB, Farr SA, Flood JF, Kamlesh V, Franko M,
Banks WA, Morley JE (2000) Site-directed antisense oligonu-
cleotide decreases the expression of amyloid precursor protein
and reverses deficits in learning and memory in aged SAMP8
mice. Peptides 21, 1769-1775.

Poon HF, Joshi G, Sultana R, Farr SA, Banks WA, Morley
JE, Calabrese V, Butterfield DA (2004) Antisense directed
at the AP region of APP decreases brain oxidative mark-
ers in aged senescence accelerated mice. Brain Res 1018,
86-96.

Morley JE, Kumar VB, Bernardo AE, Farr SA, Uezu K,
Tumosa N, Flood JF (2000) B-Amyloid precursor polypep-
tide in SAMP8 mice affects learning and memory. Peptides
21, 1761-1767.

Morley JE, Farr SA, Flood JF (2002) Antibody to amyloid 8
protein alleviates impaired acquisition, retention, and memory
processing in SAMP8 mice. Neurobiol Learn Mem 78, 125-
138.

Farr SA, Banks WA, Uezu K, Sano A, Gaskin FS, Morley JE
(2003) Antibody to 3-amyloid protein increases acetylcholine
in the hippocampus of 12 month SAMPS male mice. Life Sci
73, 555-562.

Morley JE, Banks WA, Kumar VB, Farr SA (2004) The
SAMP8 mouse as a model for Alzheimer disease: Studies
from Saint Louis University. Int Congr Ser 1260, 23-28.
Pallas M, Camins A, Smith MA, Perry G, Lee H, Casadesus
G (2008) From aging to Alzheimer’s disease: Unveiling
“the switch” with the senescence-accelerated mouse model
(SAMPS). J Alzheimers Dis 15, 615-624.

Del Valle J, Duran-Vilaregut J, Manich G, Casadesus G, Smith
MA, Camins A, Pallas M, Pelegri C, Vilaplana J (2010) Early
amyloid accumulation in the hippocampus of SAMP8 mice.
J Alzheimers Dis 19, 1303-1315.

Akiyama H, Kameyama M, Akiguchi I, Sugiyama H,
Kawamata T, Fukuyama H, Kimura H, Matsushita M, Takeda
T (1986) Periodic acid-Schiff (PAS)-positive, granular struc-
tures increase in the brain of senescence accelerated mouse
(SAM). Acta Neuropathol 72, 124-129.

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

Kuo H, Ingram DK, Walker LC, Tian M, Hengemihle JM,
Juckers M (1996) Similarities in the age-related hippocam-
pal deposition of periodic acid-Schiff -Positive granules in
the senescence-accelerated mouse P8 and C57BL/6 mouse
strains. Neurosci 74, 733-740.

Chiti F, Dobson C (2004) Protein misfolding, functional amy-
loid and human disease. Annu Rev Biochem 75, 333-366.
Frost B, Diamond MI (2010) Prion-like mechanisms in neu-
rodegenerative diseases. Nat Rev Neurosci 11, 155-159.
Igbal K, Liu F, Gong CX, Alonso Adel C, Grundke-Igbal I
(2009) Mechanisms of tau induced neurodegeneration. Acta
Neuropathol 118, 53-69.

Alim MA, Hossain MS, Arima K, Takeda K, Izumiyama Y,
Nakamura M, Kaji H, Shinoda T, Hisanaga S, Uéda K (2002)
Tubulin seeds alpha-synuclein fibril formation. J Biol Chem
277,2112-2117.

Alim MA, Ma QL, Takeda K, Aizawa T, Matsubara M, Naka-
mura M, Asada A, Saito T, Kaji H, Yoshii M, Hisanaga S,
Uéda K (2004) Demonstration of a role for alpha-synuclein
as a functional microtubule-associated protein. J Alzheimers
Dis 6, 435-442.

Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ,
Bhullar B, Liu K, Xu K, Strathearn KE, Liu F, Cao S,
Caldwell KA, Caldwell GA, Marsischky G, Kolodner RD,
Labaer J, Rochet JC, Bonini NM, Lindquist S (2006) Alpha-
synuclein blocks ER-golgi traffic and Rabl rescues neuron
loss in Parkinson’s models. Science 313, 324-328.
Armstrong RA, Lantos PL, Cairns NJ (2008) What determines
the molecular composition of abnormal protein aggregates in
neurodegenerative disease? Neuropathology 28, 351-365.
Jucker M, Walker LC, Schwarb P, Hengemihle J, Kuo H, Snow
AD, Bamert F, Ingram DK (1994) Age-related deposition of
glia-associated fibrillar material in brains of C57BL/6 mice.
Neuroscience 60, 875-889.

Irino M, Akiguchi I, Takeda T (1994) Ultrastructural study of
PAS-positive granular structures (PGS) in brains of SAMPS.
In The SAM Model of Senescence, Takeda T, ed. Excerpta
Medica, Tokyo, pp. 371-374.

Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stero-
taxic Coordinates. Academic Press, London.

Huang HC, Jiang ZF (2009) Accumulated amyloid-beta pep-
tide and hyperphosphorylated tau protein: Relationship and
links in Alzheimer’s disease. J Alzheimers Dis 16, 15-27.
Lucido AL, Suarez-Sanchez F, Thostrup P, Kwiatkowski AV,
Leal-Ortiz S, Gopalakrishnan G, Liazoghli D, Belkaid W,
Lennox RB, Grutter P, Garner CC, Colman DR (2009) Rapid
assembly of functional presynaptic boutons triggered by adhe-
sive contacts. J Neurosci 29, 12449-12466.

Shimizu K, Toh H (2009) Interaction between intrinsically
disordered proteins frequently occurs in a human protein—
protein interaction network. J Mol Biol 392, 1253-1265.
Trojanowski JQ, Goedert M, Iwatsubo T, Lee VM (1998) Fatal
attractions: abnormal protein aggregation and neuron death
in Parkinson’s disease and Lewy body dementia. Cell Death
Differ 5, 832-837.

Hashimoto M, Masliah E (1999) Alpha-synuclein in Lewy
body disease and Alzheimer’s disease. Brain Pathol 9, 707-
720.

Jellingher KA (2009) Recent advances in our understanding
of neurodegeneration. J Neural Transm 116, 1111-1162.
Caballero B, Vega-Naredo I, Sierra V, Huidobro-Fernandez C,
Soria-Valles C, De Gonzalo-Calvo D, Tolivia D, Gutierrez-
Cuesta J, Pallas M, Camins A, Rodrfguez—Colunga M1J,
Coto-Montes A (2008) Favorable effects of a prolonged treat-
ment with melatonin on the level of oxidative damage and



546

[43]

[44]

[45]

[46]

G. Manich et al. / Amyloid Granules in SAMPS8 Mice

neurodegeneration in senescence-accelerated mice. J Pineal
Res 45, 302-311.

Alvarez-Garcia O, Vega-Naredo I, Sierra V, Caballero B,
Tomas-Zapico C, Camins A, Garcia JJ, Pallas M, Coto-
Montes A (2006) Elevated oxidative stress in the brain of
senescence-accelerated mice at 5 months of age. Biogeron-
tology 7, 43-52.

Castellani RJ, Lee HG, Zhu X, Perry G, Smith MA (2008)
Alzheimer’s disease pathology as a host response. Neu-
ropathol Exp Neurol 67, 523-531.

Brion JP (2006) Immunological demonstration of tau protein
in neurofibrillary tangles of Alzheimer’s disease. J Alzheimers
Dis 9, 177-185.

Canudas AM, Gutierrez-Cuesta J, Rodriguez MI, Acuiia-
Castroviejo D, Sureda FX, Camins A, Pallis M (2005)
Hyperphosphorylation of microtubule-associated protein tau

[47]

[48]

[49]

in senescence-accelerated mouse (SAM). Mech Ageing Dev
126, 1300-1304.

Alonso AD, Grundke-Igbal I, Barra HS, Igbal K (1997)
Abnormal phosphorylation of tau and the mechanism of
Alzheimer neurofibrillary degeneration: sequestration of
microtubule-associated proteins 1 and 2 and the disassem-
bly of microtubules by the abnormal tau. Proc Natl Acad Sci
U S A94,298-303.

Ho GJ, Drego R, Hakimian E, Masliah E (2005) Mechanisms
of cell signaling and inflammation in Alzheimer’s Disease.
Curr Targets Inflamm Allergy 4, 247-256.

Nakagami Y (2004) Inhibitors beta-amyloid-induced toxic-
ity by modulating the Akt signaling pathway. Drug News
Perspect 17, 655-660.



