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Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder. Amyloid-b
peptide (Ab) deposition in the brain is one of its hallmarks, and the measure of plasma Ab is considered
to be a biomarker for anti-amyloid drug efficacy in animal models of AD. However, age-associated
plasmatic Ab modulation in animal models is practically never addressed in the literature. Mouse
lemur primates are used as a model of normal and AD-like cerebral aging. Here, we studied the effect of
age on plasmatic Ab in 58 mouse lemurs aged from 1 to 10 years. A subset of animals presented high
plasmatic Ab, and the proportion of animals with high plasmatic Ab was higher in aged animals as
compared with young ones. Histologic evaluation of the brain of some of these animals was carried out to
assess extracellular and intracellular amyloid load. In aged lemurs, plasmatic Ab was negatively corre-
lated with the density of neurons accumulating deposits of Ab.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common age-related
neurodegenerative disorder. It is characterized by 2 main micro-
scopic lesions: senile plaques and neurofibrillary tangles. Senile
plaques are mainly constituted of aggregated extracellular deposi-
tion of amyloid-b (Ab) peptides. These latter come from the pro-
teolytic processing of the transmembrane amyloid-b precursor
protein (APP) into mainly 2 types of Ab peptides: Ab40 and Ab42.
Neurofibrillary tangles are constituted of intraneuronal accumula-
tion of abnormally phosphorylated tau proteins. The amyloid
cascade hypothesis is currently the dominant explanation of AD
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etiology. It suggests that a chronic imbalance between production
and clearance of Ab peptides results in intracerebral accumulation
of Ab. This leads to a cascade of events that cause AD (Hardy and
Selkoe, 2002; Sperling et al., 2011). In addition to senile plaques,
Ab is also present as soluble toxic oligomeric forms (Lacor et al.,
2004; Selkoe, 2008) as well as intracellular Ab deposits (Gouras
et al., 2000; Gyure et al., 2001). The latter form occurs before pla-
que formation (Gyure et al., 2001; Wirths et al., 2001) and is also
toxic for the brain (Wirths et al., 2004).

In humans, biomarkers of Ab are used to facilitate AD diagnosis
(Blennow et al., 2010; Jack et al., 2009) and evaluate the efficacy of
anti-AD therapies (Relkin et al., 2009). The most widely used
biochemical marker of Ab is the measurement of Ab42 level in ce-
rebrospinal fluid (CSF). Indeed, the concentration of Ab42 in CSF is
lower in AD patients than in healthy control subjects (Andreasen
et al., 1999). The decrease in CSF Ab42 in AD has been attributed,
at least in part, to deposition of Ab in plaques in the brain (Motter
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et al., 1995; Strozyk et al., 2003). Although measures of Ab42 in the
CSF are widely used in the clinic, it is interesting to outline that Ab40
is the main Ab component in the brain and in peripheric fluids and
the concentration of Ab40 in the CSF is assumed to reflect the total
amount of Ab proteins in the brain (Wiltfang et al., 2007). Also,
recent studies suggested that including measurement of CSF Ab40
levels in a decision tree can help to better discriminate patients
with AD in ambiguous clinical diagnosis cases (Sauvee et al., 2014;
Slaets et al., 2013).

As plasma sampling is simpler and less invasive than a lumbar
puncture, several authors have investigated the ability to use
plasmatic Ab as an alternative to measurements in CSF. The pub-
lished data on plasma Ab from single cross-sectional studies in
humans are however still conflicting: plasma Ab of AD patients
have been reported to be higher, lower, or unchanged as compared
with control subjects (Buerger et al., 2009; Roher et al., 2009;
Sobow et al., 2005). However, a meta-analysis recently suggested
higher baseline plasma Ab40 and Ab42 in cognitively normal sub-
jects who converted to AD (Song et al., 2011). Then when AD de-
velops, plasmatic Ab42 declines (Song et al., 2011). Also, direct
evaluation of relationships between plasma Ab loads and intrace-
rebral amyloid load measures by imaging methods have revealed a
positive relationship between plasma Ab40 levels and cerebral
amyloid load and a negative relationship between Ab42 to Ab40
ratio and cerebral amyloid load (Devanand et al., 2011). In addition
to AD, other factors such as aging have been reported to increase
baseline plasma Ab in humans (Lopez et al., 2008). In addition to its
potential use for AD diagnosis, one possible application of measures
of plasmatic Ab is the evaluation of target engagements for thera-
pies modulating Ab synthesis. For example, treatments with g-
secretase inhibitors are shown to reduce the level of Ab40 in the
plasma (Fleisher et al., 2008).

Animal models are widely used to discover fundamental
mechanisms associated to AD pathology and evaluate new drugs
against AD. Transgenic mouse models of amyloidosis expressing
mutant forms of human APP and presenilin 1 (Duyckaerts et al.,
2008) and spontaneous models of brain aging such as primates
(Picq et al., 2012) are the most widely used models to study various
aspects of AD pathology and therapy. As in humans, Abmodulation
in animal models can be evaluated in the CSF (Das et al., 2011; Liu
and Duff, 2008). In small animals, Ab can be measured more
easily in the plasma. These measurements are used to evaluate the
effects of various biological factors such as APOE genotype on Ab
clearance (Sharman et al., 2010) or to assess therapeutic effects of
potential drugs. For example, studies in transgenicmousemodels of
AD have shown that treatments with g- or b-secretase inhibitors
reduce plasmatic Ab42 and Ab40 (Chang et al., 2004; Kounnas et al.,
2010; Lanz et al., 2010). Modulation of plasmatic Ab can also be used
to follow-up the effects of anti-Ab immunotherapies in mice
(Lemere, 2009; Wang et al., 2011; Yamada et al., 2009). Studies of
therapeutic interventions in primates also revealed changes in
plasmatic Ab. For example, increased plasmatic Ab is detected
following active immunotherapy in primates such as the mouse
lemur (Joseph-Mathurin et al., 2013; Trouche et al., 2009) and the
caribbean vervet (Lemere et al., 2004).

Few studies in animalmodels have focused on themodulation of
plasmatic Ab during aging. Studies in the Tg2576 transgenic mice, a
model that develops Ab plaques at 12 months, suggested constant
plasma Ab until 12 months of age, after what, an age-associated
decrease in plasma Ab was detected in coincidence with the
marked cerebral deposition of Ab (Kawarabayashi et al., 2001).
Another study in dogs showedhigher plasmatic Ab inyoung animals
as comparedwith old cognitively unimpaired animals andhigher Ab
in old animals with mild cognitive impairment as compared with
either cognitively unimpaired or severely affected dogs (Gonzalez-
Martinez et al., 2011). To the best of our knowledge, age-associated
modulation of plasmatic Ab has never been addressed in non-
human primates. The aim of the present study was thus to eval-
uate the effect of age on plasmatic Ab in the mouse lemur primate
(Microcebus murinus). This small primate (70e150g) has a short life
span of approximately 12 years. A subcategory of aged lemurs can
develop both extracellular (Bons et al., 1991) and intracellular
(Joseph-Mathurin et al., 2013; Mestre-Frances et al., 2000) Ab de-
posits and tau pathologies (Kraska et al., 2011). Our results suggest
increased plasmatic Ab levels in a subpopulation of aged lemurs.We
also show that a high plasmatic Ab in aged animals is associated to a
low level of intraneuronalmaterial detected by the 4G8monoclonal
antibody and that corresponds to Ab accumulation.

2. Methods

2.1. Animals

Fifty-eightmouse lemurswere involved in the present study, n¼
25 young animals (1e5.5 years) and n ¼ 33 aged animals
(5.5e10 years). They were all born in a laboratory breeding colony
(Brunoy, France, Agreement n�E91-114-1). All experiments were
carried out in accordance with European Communities Council
directive (86/609/EEC) under the authorization number 91e326
from the “Direction Départementale des Services Vétérinaires de
l’Essonne” and the Internal ReviewBoard of theURACEACNRS 2210.

2.2. Blood collection, pretreatment, and plasmatic Ab detection

Blood was collected from the saphenous vein. The vein was
prickedwith a needle at a 45� angle and bloodwas collected in small
heparinisedcapillaries (60mL). Everybloodsamplingwasdoneat the
same time in the morning. All blood samples were kept on ice and
centrifuged (2000g, 10 minutes) at 4 �C in the 15 minutes following
the collection. The plasma layer was then collected in 200 mL poly-
propylene tubes. A cocktail of proteases inhibitors (Complete Mini;
Roche, Meylan, France) was added to each plasma sample at a final
concentration of 1X. The samples were then allowed to freeze in
a �80 �C freezer and were then kept at �80 �C until their analysis.

Plasmatic level of Ab40 was assessed with enzyme-linked
immunosorbent assay (ELISA) kits “Human b amyloid 1-40” (Invi-
trogen, Saint Aubin, France). The ELISAwas carried out following the
manufacturer’s protocol and executed using non-diluted plasma
samples.

2.3. Brain tissue processing and immunohistochemical staining

The brains of 7 agedmouse lemurs with known concentration of
plasmatic Ab were removed and fixed in 4% formalin after the
natural death of animals. Brains were plunged in a 15% sucrose
solution for 24 hours and then in a 30% sucrose solution for cry-
oprotection. They were then frozen and sliced into 40-mm-thick
coronal sections on a freezing microtome. Slices were then stored
at �20 �C in a storage solution (glycerol 30%, ethylene glycol 30%,
and phosphate buffer 0.1 M).

Brains sections from all studied animals were first immuno-
stained using the 4G8 antibody directed against the residues 17e24
of Ab. The 4G8 antibody is routinely used to detect amyloid deposits
(Alafuzoff et al., 2008). Sections were pretreated with hydrogen
peroxide (0.3%), then incubated in a phosphate buffered (0.1 M),
saline (0.9%), and triton (0.2%) solution (PBSþ Tx) with normal goat
serum (NGS; 4.5%). Sections were then incubated for 2 days into
PBS þ Tx solution with NGS (3%) and the primary antibody mouse
monoclonal 4G8 antibody; 1/500; Covance Signet Antibodies,
Debham, MA, USA). Sections were incubated for 1 hour into a PBSþ
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Tx solutionwith NGS (3%) and the secondary antibody (biotinylated
goat anti-mouse antibody; 1/1000; Vector Laboratories, Burlin-
game, CA, USA). The signal was amplified using an avidin-biotin
complex for 1 hour (Vectastain, Vector Laboratories). The final re-
action used diaminobenzidine (DAB; Vector Laboratories) for 2
minutes as the chromogen (brown stains). Counterstaining with
cresyl violet was used to distinguish cells nuclei. Negative controls
were performed by omitting the primary antibody in the procedure.
Positive controls were performed using formalin-fixed brain sec-
tions of APP/PS1dE9 mice (Garcia-Alloza et al., 2006). All sections
were mounted on slides and viewed using a standard microscope
(Zeiss Axioplan, Germany).

As 4G8 cross-reacts with APP (Aho et al., 2010), we performed
control experiments to assess the specificity of 4G8 immunostain-
ing. We carried out double immunofluorescent staining (n ¼ 5 ani-
mals)with a cocktail of primaryantibodies: 4G8 (1/5000) andA8717,
a polyclonal antibody directed against the amino acids 676-695 of
the C-terminus part of the APP (1/500, Sigma-Aldrich, St Louis, MO,
USA). Primary antibodies were incubated overnight at room tem-
perature. Detection-visualization of primary antibodies was per-
formed using a cocktail of secondary antibodies: Goat anti-Mouse
Fluor Hylite 555 (1/200, Jackson Immunoresearch, West Grove, PA,
USA) to detect 4G8 and donkey anti-Rabbit antibody conjugated to
an Alexa Fluor 488 (1/200; Invitrogen) to detect A8717. Sections
were counterstained with 40,6-diamidino-2-phenylindole (DAPI)
and treated for 30 seconds in a saturated Sudan Black solution to
decrease a specific autofluorescence (Delatour et al., 2001).
2.4. Morphologic analysis

Intracellular 4G8 positive deposits, revealed by immunoper-
oxidase stainings, were detected mainly in the parietal cortex,
hippocampus, and in the caudate nucleus (see Section 3). The
optical fractionator method was used to quantify the deposit-
positive cells in these regions (West et al., 1991). Aggregate-
positive cells were counted using a Zeiss Axioplan microscope
equipped with a digital color camera, xey motorized stage
controller, and Mercator (ExploraNova) stereology software. The
regions of interest were delineated using a 1.5� objective, in
accordance with a mouse lemur brain atlas (Bons et al., 1998).
Sampling was performed bilaterally within the delineated areas
with a 20� objective. The analysis was done on slices spaced out of
800 mm. Analysis was performed from squares sampling the
structure (14.8% of the surface). The density of cells presenting
intracellular aggregates (number of cells per mm2 of surface
sampled) was calculated.

For the purpose of control experiments colocalization of 4G8-
positive intracellular objects and A8717-positive objects were
assessed in the caudate nucleus. The analysis was performed on 5
animals with ImageJ and the JACOP plugin (Bolte and Cordelieres,
2006). We studied the cytofluorograms and calculated a mean
Pearson and overlap coefficient for all neurons exhibiting both 4G8
and/or A8717 signals.
2.5. Statistical analysis

Spearman test was used to evaluate the correlation between
plasmatic Ab and age or cerebral 4G8 positive objects. c2 test was
used to compare the proportion of animals with low and high
plasma Ab in young and aged animals. Student t test was used to
perform group comparisons. Statistical analysis was made using
PRISM 5 software (Graphpad, La Jolla, CA, USA). p-value < 0.05 was
set as statistically significant level for each test.
3. Results

3.1. Plasmatic Ab

Plasmatic Ab was evaluated in 1- to 10-year-old mouse lemurs.
No significant correlation was noted between plasmatic Ab40 and
age (Fig. 1A). However, a large heterogeneity was observed in aged
animals, as compared with young ones. Indeed, whenwe separated
plasma Ab in 2 categories: low level (�55 pg/mL) and high level
(>55 pg/mL), we found a significantly larger number of aged ani-
mals with a high plasma Ab as comparedwith young animals (43 vs.
16 % of the old and young animals, respectively; X2 ¼ 4.64; p ¼
0.031). The concentrations of plasma Ab in the animals classified as
low or high plasma Ab levels were significantly different (mean �
standard error of the mean ¼ 36.2 � 1.5 pg/mL and 86.7 � 7.9 pg/
mL, Student t test, p < 0.0001, respectively).
3.2. Neuropathology

The brains of 7 aged animals (6.1e9.3 years old) studied for plas-
matic Ab could be evaluated by neuropathology (4 animals had low
plasmatic Ab (Fig. 1A, green dots) and 3 had high plasma Ab (Fig. 1A,
reddots). ExtracellularAbdepositswereobserved inthecortexofonly
1 of the 7 aged animals analyzed (Fig. 2H). Itwas an8-year-old animal
with a high concentration of plasmatic Ab (59.9 pg/mL). The 2 other
animals with high plasmatic Ab (127.5 and 63.5 pg/mL) did not have
plaques. Inall theanimals,4G8-positiveobjectsweremainlyobserved
in the form of intracellular deposits (Fig. 2CeG). These deposits were
present in several brain regions such as the parietal cortex, hippo-
campus, caudate nucleus, and in a ventral brain areas corresponding
to the nucleus basalis ofMeynert (Bons et al.,1998). They appeared as
an accumulation of spherical vesicles within the cells (Fig. 2AeG,
Fig. 3AeB). The density of vesicles variedwithin the cells: the vesicles
density could be low (Fig. 2G, label 1); it could be higher, providing an
aspect of diffuse deposition (Fig. 2G, label 2); in some cases, the ves-
icles were densely packed within the cells (Fig. 2G, label 3). Overall,
the densely packed depositswere less numerous than the less packed
more diffuse deposits.

The 4G8 positive objects were found in the same brain locations
regardless of the immunostaining method (immunoperoxidase or
immunofluorescence). No fluorescent staining could be detected in
sections incubated without primary antibodies, indicating the
absence of confounding autofluorescent background that may
interfere with the analysis of double staining. Immunodetection of
APP with the A8717 antibody revealed intracellular staining of
numerous neurons in almost all brain regions. APP immunostaining
was hence not exclusively observed in the neurons displaying 4G8
immunoreactivity (Fig. 3A). In the caudate nucleus, 445 cells were
randomly selected for APP/4G8 co-labeling analysis. Of these 396
neurons (i.e., 89%) were A8717-positive and 4G8-negative (Fig. 3A),
whereas only 9neurons (2%) of the sampledpopulationwereA8717-
negative and 4G8-positive (Fig. 3A). Nine percent (40/445) of the
neurons were both A8717-positive and 4G8-positive; however, in
this subpopulation of double-stained neurons the intracellular to-
pographies of A8717 and 4G8 immunostainings were different and
poorly colocalized: low overlap coefficients were indeed observed
between 4G8 and A8717 signals (r ¼ 0.569, 95% CI 0.528e0.621) in
the 5 studied animals (Fig. 3C). These results showed that, in our
experimental conditions, 4G8 immunostaining does not cross-react
with APP and therefore points to local accumulations of Aß.

In the 3 quantified brain regions, the 4G8-positive cells were
more numerous in the animals with low plasma amyloid load as
compared with animals with high plasma amyloid load (Fig. 1B).
Interestingly, the total number of 4G8-positive cells in the caudate



Fig. 1. (A) Plasma Ab40 in mouse lemurs primates (n ¼ 25 young animals [1e5.5 years] and n ¼ 33 aged animals [5.5e10 years]). Ab levels were classified either as low (�55 pg/mL;
dark or green spots) or high levels (>55 pg/mL; white or red spots). A larger number of animals older than 5.5 years had a high Ab level as compared with young animals. The green
and red spots correspond to animals that were studied by histology. The yellow ring corresponds to an animal that had extracellular amyloid deposits. (B) Number of neurons
presenting intracellular Ab positive profiles in the caudate, parietal cortex, and hippocampus of animals with low and high plasmatic Ab loads (data represent mean � SEM). (C) Plot
fitting plasmatic Ab and the density of intracellular Ab aggregates in the caudate of aged animals. The values on the side of the dots are ages of the animals at blood sampling. The
curve represents a logarithmic fit between intracellular Ab and plasmatic Ab. A significant negative correlation was found between intracellular Ab and plasmatic Ab (r ¼ �0.86, p <

0.05). Abbreviations: Ab, amyloid-b; SEM, standard error mean. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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nucleus was negatively correlated to plasmatic Ab40 (Fig. 1C;
r ¼ �0.86, p < 0.05).

4. Discussion

Plasma Ab is used as a biomarker for drug efficiency studies in
animal models of AD (Chang et al., 2004; Kounnas et al., 2010; Lanz
et al., 2010). However, age-associated plasmatic Ab modulation in
animal models is practically never addressed in the literature. Also
data on evolution of plasma Ab during aging and AD in humans are
still controversial (Buerger et al., 2009; Roher et al., 2009; Sobow
et al., 2005; Song et al., 2011). Assessing the effect of age and pa-
thology progression on plasmatic Ab in primate models is thus a
crucial issue. Here, we evaluated plasmatic Ab in mouse lemur
primates, a model of cerebral aging that can spontaneously develop
intracellular (Joseph-Mathurin et al., 2013; Mestre-Frances et al.,
2000) and extracellular (Bons et al., 1991) Ab deposits while aging.
In mouse lemurs, plasma Ab is already used as a biomarker in drug
studies (Joseph-Mathurin et al., 2013; Trouche et al., 2009) although
the age effect on plasmatic Ab has never been studied. In mouse
lemurs, plasma Ab concentrations are much lower than in trans-
genic mice, as mouse lemurs are non transgenic animals who are
not overexpressing Ab. Because of the low plasma Ab concentration
in lemurs, Ab42 levels are usually below the limit of detection with
classical ELISA tests (Trouche et al., 2009). We thus focused on Ab40
that is the main Ab component in the brain. In humans Ab40 in the
CSF is assumed to reflect the total amount of Ab proteins in the
brain (Wiltfang et al., 2007), and a positive relationship has been
reported between plasma Ab40 levels and cerebral amyloid load
measured by imaging methods (Devanand et al., 2011). Ab40 in the
plasma is also used to follow-up the action of drugs modulating Ab
synthesis or promoting amyloid clearance in animals (Chang et al.,
2004; Lanz et al., 2010; Trouche et al., 2009) and humans (Fleisher
et al., 2008). Interestingly, as opposed to transgenic mice (data not
shown), we found 2 categories of aged mouse lemurs: low (57%)
and high (43%) plasmatic Ab (Fig. 1A). This suggests that in lemurs,
Ab is modulated differently among animals with aging.

Only 1 animal of the 7 lemurs evaluated by histology, displayed
extracellular Ab plaques. This animal had high plasma Ab. However,
the other animals with higher plasmatic Ab did not show any
extracellular Ab deposits. Extracellular deposits were not found in
mouse lemurs with low plasma Ab. This possibly suggests a lack of
correlation between these 2 parameters. However, as the number
of extracellular deposits is very rare in mouse lemurs, the number
of animals included in our histologic evaluation is likely too low to
establish such a correlation.

Strikingly, intracellular accumulation of 4G8 positive material
was detected in all studied animals (with density of intraneuronal
staining varying from one case to the other). We selected the 4G8
antibody to immunodetect intraneuronal deposits as it is a standard
antibody used in animal and human tissues to reveal Aß deposition.
4G8 immunohistochemistry is even considered as a reference



Fig. 2. Ab deposits in brain tissues of aged mouse lemurs (4G8 staining). (AeF) Comparison of Ab deposits in animals with low (A, C, and E) and high (B, D, and F) plasmatic amyloid
load. (A and B) Low-resolution image showing the caudate (cd), corpus callosum (cc), and internal capsula (ci). (CeF) Higher-magnification images showing intracellular amyloid
deposits (arrows) in the caudate. (G) High-magnification image processed with the 3D mode algorithm of exploranova software showing various types of intracellular deposits:
spherical vesicles with a low density (1); spherical vesicles with an increased density providing an aspect of diffuse deposition (2); and densely packed vesicles (3). (H) Extracellular
amyloid plaques as seen in the cortex of only 1 animal (arrows). Scale bars: A, B and H: 200 mm and CeG: 50 mm. Abbreviation: Ab, amyloid-b. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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Fig. 3. Identification of the nature of the 4G8-positive intracellular deposits. (A and B)
Immunofluorescent stained sections showing the location of 4G8 (red) and A8717-
positive (green) objects. (A) Example showing cells labeled only with 4G8 or with
A8717 (arrows). (B) Example showing different locations of 4G8 and A8717-positive
objects within the same neuron (arrows). (C) The overlap coefficients were low be-
tween objects detected by the 4G8 or the A8717 antibodies (C). Scale bars ¼ 10 mm. (For
interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)
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method for multicentric studies (Alafuzoff et al., 2008) and for the
standardization of neuropathological assessment of brain
amyloidosis (Alafuzoff et al., 2009). However, because of epitope
specificity 4G8 can cross-react with APP. The presence of Aß in
neurons is currently highly discussed. It can be clearly evidenced in
neuronal cell cultures (Lee et al., 2003) and also in a few AD
transgenic mouse lines with very aggressive neuropathology, such
as the APPxPS1-Ki and 5xFAD models (Faure et al., 2011; Oakley
et al., 2006). However, the presence of Aß in neurons of AD mice
remains a matter of debate (Cuello et al., 2012; Winton et al., 2011;
Wirths et al., 2012).

Results from our double labeling control experiments revealed
that, in mouse lemurs, 4G8-positive intracellular objects do not
strictly correspond to APP accumulation. It can be concluded that
4G8 objects in mouse lemurs are mainly composed of Ab and not of
APP. Intracellular Ab deposition is often considered as an early stage
of the evolution toward AD either in experimental models (Casas
et al., 2004; Walsh et al., 2000) or in humans (Gouras et al., 2000).
Interestingly, intracellularAbvanishes as extracellularAbdeposition
increases (Wirths et al., 2001). This suggests that it is released in the
extracellular space before to aggregate in extracellular Ab deposits.
Also, there is a balance between the soluble extracellular Ab in the
brain and in the plasma (Craft et al., 2002). Ourdatamaysupport a 3-
phases model of amyloidosis development: (1) a low plasmatic
amyloid load can be associated either to a low amyloid synthesis
which may be the case in young animals and in some aged animals,
or to the sequestration of Ab in the intra-neuronal space, as seen in
the old animals included in our study; (2) then, Ab is released in the
extracellular space from where it is exported to the periphery
increasing plasma concentration. This would explain the high
plasma Ab levels found in animals with a low intracellular amyloid
load; (3) Data from the literature suggest that later the extracellular
Ab may also aggregate into parenchymal Ab plaques leading to a
reduced plasma Ab (Song et al., 2011). The phases 1 and 2 of this
process match with our observations in lemurs and could explain
some findings reported in humans (Song et al., 2011) and dogs
(Gonzalez-Martinez et al., 2011) underlining an increased plasmatic
Ab in early phases of AD or of AD-like age-related pathologies. These
events could correspond to a time frame during which amyloid can
be released from cells but is not yet aggregated into plaques, hence
favoring its passage to the plasmatic compartment.

Other factors could however explain plasmatic Abmodulation in
our animals. In humans, it was proposed that plasmatic Ab pool
does not only result from intracerebral Ab clearance, but also from
peripheral sources such as the skeletal muscle, platelets, and
vascular walls, which produce appreciable amounts of Ab (Kuo
et al., 2000). Also, some plasma proteins such as immunoglobu-
lins, apolipoproteins, and proteins of the complement can bind and
mask Ab peptides or can modulate their metabolism (Roher et al.,
2009). Pathologic states such as atherosclerotic vascular diseases
can also modulate the bioavailability of peripheral Ab, which ap-
pears to bind fatty streaks in atherosclerotic vessels (Roher et al.,
2009). We cannot rule out a role of these factors in the regulation
of plasma Ab in lemurs. Finally, plasmatic Ab in lemurs could also be
regulated by internal factors such as corticoid levels. Indeed, a study
in macaques has shown that plasmatic Ab is reduced by chronic
exposure to corticoids (Kulstad et al., 2005). Environmental factors
leading to stress and increased glucocorticoid levels might thus also
modulate plasmatic Ab in lemurs. Longitudinal studies will thus
have to be performed to further elucidate the origin of plasmatic Ab
pool and to study the reason of heterogeneous plasmatic Ab in old
lemurs. However, our results suggest that in aged animals plasmatic
Ab can be used as a stratification biomarker to include homoge-
neous animals in experimental groups for preclinical drug trials
that aim at modifying amyloid load.
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