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bstract

We assessed the regional brain atrophy in mouse lemur primates from 4.7 T T2-weighted magnetic resonance images. Thirty animals aged
rom 1.9 to 11.3 years were imaged. Sixty-one percent of the 23 animals older than 3 years involved in the study displayed an atrophy
rocess. Cross-sectional analysis suggests that the atrophy follows a gradual pathway, starting in the frontal region then involving the
emporal and/or the parietal part of the brain and finally the occipital region. Histological evaluation of five animals selected according to
arious stages of atrophy suggested that extracellular amyloid deposits and tau pathology cannot explain by themselves this atrophy and that
ntracellular amyloid deposition is more closely linked to this pathology. This study suggests that most of the age-related atrophy occurring

n mouse lemurs is caused by one clinical, evolving, pathological process. The ability to follow this pathology non-invasively by MRI will
llow to further characterize it and evaluate its relationship with neuropathological lesions that are involved in human diseases such as
lzheimer.
2009 Elsevier Inc. All rights reserved.
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. Introduction

In humans, cerebral atrophy occurs in the course of aging
Dekaban and Sadowsky, 1978; Good et al., 2001) and also
n many age-related neurodegenerative diseases (Valk et al.,
002). The location and rate of atrophy depends on under-
ying pathological processes (Tisserand et al., 2004). For

xample, during Alzheimer’s disease (AD) the atrophy starts
n temporal areas and progressively reaches all the brain
egions (Baron et al., 2001). In fronto-temporal dementia, the
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trophy is more prominent in the frontal lobes and anterior
emporal regions (Bocti et al., 2006).

Animal models are critical to improve our understanding
f age-related neurodegenerative diseases and to develop new
reatments against these diseases. To date, most of the ani-

al studies in the field of AD are based on transgenic mice
Delatour et al., 2006a; Lee et al., 2005). Although very use-
ul, these models do not reproduce all the aspects of human
athologies. In particular their cerebral atrophy is not similar
o that found in AD patients (Delatour et al., 2006b). Sponta-
eous models can be an alternative to transgenic animals.

owever, as for transgenics, the characterization of these
odels is a critical step prior to their use in therapeutic trials.
Mouse lemurs (Microcebus murinus) are small (about

2 cm, 100 g) primates with a mean life span of 5 years and

dx.doi.org/10.1016/j.neurobiolaging.2009.05.018
mailto:marc.dhenain@cea.fr
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maximum life span of 12 years in captivity (Perret, 1997).
heir brain weighs approximately 1.7 g (Bons et al., 1998).

t measures 23 mm from the tip of the olfactory bulbs to the
audal end of the medulla, and has a maximum width of
8 mm (Le Gros Clark, 1931). Previous studies have shown
hat some aged mouse lemurs can present with some of the
esions that characterize AD such as extracellular amyloid
eposits (Bons et al., 1991) or altered tau proteins (Bons et al.,
994; Delacourte et al., 1995). They also display age-related
ron accumulation in the brain (Dhenain et al., 1998) and cere-
ral atrophy (Dhenain et al., 1997). Such alterations remind
uman cerebral aging. In a pilot study, which concerned only
he temporo-parietal area, we described in a series of 30
emurs an atrophy process starting at an age between 5 and

years and evolving rapidly once initiated (Dhenain et al.,
000). In a more recent study in a limited series of 12 ani-
als, we reported that this atrophy process shows regional

pecificity (Dhenain et al., 2003). In these two studies, cere-
ral atrophy was detected by measuring cerebrospinal fluid
CSF) volume, an index of atrophy. Despite these first stud-
es, the cerebral pathologies displayed by the mouse lemurs
re still poorly characterized. One important question is the
eterogeneity of the alterations within the animal population:
o most of the animals with atrophic and neuropathological
lterations suffer from the same disease or are they presenting
ith many different clinical entities?
Thus, the first aim of the current study was to evaluate

y MRI, whether or not the atrophy process observed was
onsistent in all animals and could reflect different stages of
single pathological process. This in vivo study was based

n the automatic segmentation of MRI from mouse lemur
rains and on the automated quantification of CSF volumes
n various pericortical regions. As in our previous studies,
SF volumes in various regions surrounding the cortex were
sed as indexes of regional atrophies. Results showed focal,
ulti-focal and generalized atrophy patterns. These patterns
ere consistent with a progression of the atrophy starting

rom sharply demarcated regions toward a more general-
zed process encompassing the whole brain. In addition,
europathological alterations were assessed in subgroups of
ged lemurs selected according to different stages of local-
zed and generalized atrophy. Intracellular and extracellular
ccumulations of amyloid, slight tau pathology as well as
ncreased gliosis were found in various animals. Interest-
ngly, the atrophied animals were those with the most severe
europathology suggesting that aging in mouse lemurs can
e associated with a progressive and consistent pattern of
eurono-glial alterations and cerebral atrophy.

. Materials and methods
.1. Subjects

Thirty mouse lemurs aged from 1.9 to 11.3 years (young
dult (from 1.9 to 2.5 years old, n = 7), middle-aged animals

S
o
s
B
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from 3 to 5.9 years old, n = 11), and aged animals (6.4–11.3
ears, n = 12), born and raised in a laboratory breeding colony
t Brunoy (France, agreement no. 962773), were involved in
he MRI study (Table 1). The brain of 5 of these animals, aged
rom 6.4 to 11.2 years, presenting with various atrophy levels
Table 2) were evaluated post-mortem. The delay between

RI and death of these animals was less than 1 year.

.2. MRI evaluation of cerebral atrophy

.2.1. In vivo three dimensional MR imaging
Brain images were recorded according to previously

ublished protocols (Dhenain et al., 2003) on a 4.7 T
ruker Biospec 47/30 system by using a surface coil

diameter = 30 mm) actively decoupled from the transmit-
ing birdcage probe (Bruker GmbH). Briefly, animals
ere pre-anesthetized with atropine (0.025 mg/kg sub-

utaneously) and anesthetized by isoflurane. Respiration
ate was monitored to insure animal stability until the
nd of the experiment. Body temperature of the mouse
emur was maintained by using water filled heating blan-
et. Three-dimensional inversion-recovery fast spin-echo
mages (IR-RARE) were recorded with an isotropic nomi-
al resolution of 234 �m (TR/TE = 2500/6 ms, TEw = 45 ms,
I = 200 ms, RARE-factor = 16).

.2.2. Image post-processing and segmentation protocol
MR images were processed as described in Fig. 1: first,

he sensitivity gradient resulting from surface coil acquisition
as corrected by a phantom based method that we previously
alidated (Fig. 1A) (Dhenain et al., 2003). Briefly, images of
2.5% agar and NaCl 0.09% phantom were recorded under

he same conditions as the brain images. Time domain data
ere filtered by a sine-squared function to enhance signal

o noise ratio. Then, the 3D matrix that yielded isointense
mages of the phantom was calculated and applied to brain
mages (code written under IDL 5.4, Research Systems Inc.).

Intensity non-uniformity in brain images was further
lightly corrected before to apply the segmentation proto-
ols. First, the brain and surrounding CSF were automatically
xtracted from other head tissues by using the freely available
rainVisa software (http://brainvisa.info/download.html)

VipGetBrain and VipClosing routines; Fig. 1B) (Mangin et
l., 1998). The two eyes were also extracted by using the
ame routines. The non-uniformity in MR images intensity
as corrected by using an automatic method based on the
inimization of the entropy within the images also by using

he BrainVisa software (Fig. 1C; VipBiasCorrection routine
Mangin, 2000)). This was performed in a three step manner:
he correction was applied to the brain alone, then to the eyes,
nally it was performed for the brain and the eyes that were
ut back together on the images (Kregul 10.0; Dimfield 3;

ampling 40.0; Grid 2.00). Then the images of the brain and
f the eyes were automatically segmented by using published
egmentation algorithms (Fig. 1D) (Dhenain et al., 2003).
riefly, in a preliminary step, before the segmentation proce-

http://brainvisa.info/download.html
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Table 1
Overview of animals involved in the study. Age during MR exam, age at death and survival are in years.

Age during MR exama Atrophy stage Ophthalmologic exam Age at death Survival after MRI

Young (n = 7)
1.9 St. 0 Well seeing 9.3 7.4
1.9 St. 0 Well seeing 5.8 3.9
2.1 St. 0 Well seeing 2.6 0.5
2.1 St. 0 Well seeing 5.7 (sacrificed) NA
2.2 St. 0 Well seeing 3.3 (sacrificed) NA
2.4 St. 0 Well seeing 6.1 3.7
2.5 St. 0 Well seeing 9.9 7.4

Middle aged (n = 11)
3.6 St. 0 Well seeing 7.4 3.8
3.6 St. 0 Well seeing 3.8 (sacrificed) NA
5.0 St. 0 Well seeing 6.2 1.2
5.1 St. 0 Well seeing 8.0 2.9
5.3 St. 0 Well seeing 7.4 (sacrificed) NA
5.5 (H1) St. 0 Immature cataract of the left eye 6.3 0.9
3.0 St. 1 Well seeing 6.8 3.8
5.8 St. 1 Well seeing 7.6 1.8
5.9 St. 2a Well seeing 6.1 0.2
5.8 St. 2a Immature cataract of the right eye 7.9 2.2
3.9 St. 3 Well seeing 9.7 5.8

Aged (n = 12)
6.4 (H2) St. 0 Well seeing 7.3 0.8
6.9 St. 0 Well seeing 9.8 2.8
6.9 St. 0 Visual impairment but not blind

(right eye: cataract + luxation of
the lens; left eye: normal)

7.6 0.6

7.0 St. 1 Well seeing 8.5 1.4
6.9 St. 2b Well seeing 7.1 0.2
7.6 (H3) St. 2a Visual impairment but not blind

Incipient bilateral cataract
8.0 0.4

9.4 St. 2a Visual impairment but not blind
(right eye altered; left eye
normal)

10.4 1.1

7.5 St. 4a Well seeing 8.7 1.3
8.8 (H4) St. 4b Blind bilateral keratitis, thick

white deposits on both corneas
8.8 0.0

11.3 (H5) St. 4b Blind Severe bilateral cataract 11.9 0.6
10.2 St. 4b Blind severe bilateral

cataract + calcic deposits on the
cornea

11.1 0.9

10.9 St. 4b Blind severe bilateral cataract 11.1 0.2
a The terms H1–5 refer to the animals that have been studied by histology (see Table 2).

Table 2
Overview of neuropathological findings in the animals studied by MRI.

Aal Age Atrophy Amyloid GFAP CP13

Cx Hip Deposits Cx Hip Cx Hip

H1 6.3 Stage 0 + + No 0 0 0 +
H2 7.3 Stage 0 ++ + No 0 + 0 0
H3 8.0 Stage 2a + ++ Yes ++ 0 0 0
H4 8.8 Stage 4b + +++ No 0 ++ 0 +
H5 11.9 Stage 4b ++ +++ Yes ++ +++ 0 +

The atrophy patterns are showed in the third column. The following columns correspond to intracellular amyloid deposits, extracellular deposits, CP13 and
GFAP stainings in the cortex (Cx) and hippocampus (Hip), respectively. Stainings are graded as follows: (0) no labeling; (+) slight labeling; (++) moderate
labeling; (+++) high labeling. The names of the animals (H1–5) refer to the Table 1. Ages at death are in years. H1 and H2 animals died at the end of the winter
season after a quick loss of weight (from 110 to 70 g in one month). The other animals were older and died without apparent health issues. Autopsies did not
reveal any obvious alterations in these animals.
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Fig. 1. Processing pipeline used in the current study. (A) Correction of sensitivity gradient resulting from surface coil acquisition by using a phantom based
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ondary parieto-temporal cortex including the CSF localized
in the interhemispheric fissure in the slab where the parieto-
temporal cortex was defined (PTcort), (5) the occipital cortex

Fig. 2. Colored transparent layers corresponding to the RPES, pasted on
a lateral view of the brain. Letters correspond to various slabs that were
used to define brain regions (A: Anterior 1; B: Anterior 2; C: Medium 1; D:
ethod (Dhenain et al., 2003). (B) Creation of a mask for the brain and br
niformity in MR images. Note that this modification was minor as compar
f the 3D maps so that all the maps had the same orientation as a reference
rigin. Attribution of the voxels to various regions was based on a reference

ure, the bit depth of MR images was reduced from 32 to 8 and
he high intensity artifactual voxels were removed (Dhenain
t al., 2003). Then, the automatic statistical segmentation pro-
ocol based on a classification–maximization algorithm that
e previously developed was applied to the images to detect

he thresholds that separated white matter (WM), gray matter
GM), and fluid (Dhenain et al., 2003). This technique allows
nsupervised partitioning of voxels into four pre-defined bins
WM, GM, fluid, and one ‘background’). Briefly, the algo-
ithm performed voxel segmentation in two steps: (1) First,
or each bin it estimated the bin mean (μ), variance (σ2), and
ractional probability (πk). Then an iterative optimization of
oxel attribution to the various bins was based on the calcu-
ation of modified Mahalanobis distance. (2) During the final
egmentation step, each voxel in the original input volume
as segregated into its final tissue bin destination using a
aussian probability equation, with the final estimated bin
arameters computed in step 1 as coefficients (see (Dhenain
t al., 2003) for a more focused description of the method).

The segmented MRI maps from the different mouse
emurs were rotated and shifted so that all the maps had the
ame orientation (Fig. 1E; code written under IDL 5.4) (see
henain et al., 2003). The orientation corresponded to that
f a reference mouse lemur brain that we previously used as
reference for MRI analysis (Dhenain et al., 2003).

.2.3. Regional evaluation of CSF volumes
In the present study, we focused on the CSF voxels that
ere localized between the frontal lobe and the occipital part
f the brain. The most frontal slice taken into account was
he first slice where the olfactory bulb was not detected any-

ore. CSF pixels were classified (Fig. 1F) according to their

M
d
s
o
r

action thanks to this mask. (C) Further slight correction for intensity non-
e phantom-based correction. (D) Mahalanobis-segmentation. (E) Rotation
lemur brain. (F) Classification of CSF pixels according to their region of

f CSF location.

egion of origin by using the following nomenclature: First,
he ventricles were classified into three regions: the third ven-
ricle (3V), the lateral ventricles (LV), and the external part of
he temporal horns of the lateral ventricles (ETH). CSF from
ll the periencephalic spaces were categorized into various
egions, called RPES (regions of the periencephalic spaces)
s previously described (Dhenain et al., 2003). The RPES
orresponded to regions that were directly surrounding the
ortex (Fig. 2). They were identified as (1) the frontal (medio-
orsal) and parietal cortex (FPcort), (2) the frontal ventral
egion (Fvcort), (3) the temporal cortex (Tcort), (4) the sec-
edium 2; E: Posterior 1; F: Posterior 2; see Dhenain et al., 2003 for further
escription of the method). Some RPES were indeed defined on different
labs. For example the frontal medio-dorsal and parietal region was defined
n the Anterior 2 and Medium 1 slabs. Numbers on the background layer
efer to cytoarchitectural areas defined by Le Gros Clark (1931).
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Ocort), and (6) the interhemispheric fissure in the most ante-
ior parts of the brain (IHfiss). The method used to define the
PES has been previously reported (Dhenain et al., 2003).
riefly, RPES definition was based on the use of reference

andmarks that could be easily identified on MR images and
n the cytoarchitectural atlas of the mouse lemur brain by Le
ros Clark (1931). Because it is relatively straightforward to

ssociate a MR slice to a given section from the atlas, the first
andmarks were the sections from the atlas (Le Gros Clark,
931). They were used to divide the brain into five coronal
labs (Fig. 2). In the second step, easily visible anatomical
andmarks such as sulci or fissures, shape, and curvature of
he white matter and of the brain, were used to define sev-
ral “preliminary” RPES (pre-RPES) within each slab. For
xample, the Sylvian fissure separated temporal and pari-
tal pre-RPES in the medium 1 slab. Seventeen pre-RPES
ere defined to classify the CSF from all the periencephalic

paces (see Dhenain et al., 2003 for further description of
he method). The criteria used to separate each slab and
re-RPES within each slab were meticulously noted and
eported in an intranet web site (data not shown). Pre-RPES
rom different slabs were then assembled to define the final
PES.

Thanks to this method, the voxels categorized as CSF
y the automatic segmentation were manually labeled
nd classified as belonging to one of the ventricle regions
r pre-RPES (Fig. 1F). CSF painting was performed by
wo evaluators (MD and EC). Once all images from all
he animals had been labeled, we double-checked that
he voxel attribution to the different ventricle regions and
re-RPES was consistent across animals and between
he two evaluators. Then, the number of voxels belonging
o each region was automatically counted (‘Display’ freeware
http://www.bic.mni.mcgill.ca/software/Display/Display.htm

total brain atrophy index was also calculated by summing
p CSF volumes from all the RPES and ventricles and a
otal cortical atrophy index was computed by adding CSF
olumes from all regions surrounding the cortex. Intraclass
orrelation coefficients were calculated to evaluate the
easures performed by the two evaluators before and after

he control of the consistency of CSF labeling. The obtained
oefficients ranged from 0.98 to 1 for the nine evaluated
PES and was equal to 0.97 and 1 for the total cortical
trophy and total atrophy indexes, respectively.

.2.4. Staging of the atrophy in individual animals
For individual studies, regional atrophy from cortical areas

FPcort, Fvcort, Tcort, PTcort and Ocort) was quantified
or each animal with a three grade scale (0: no atrophy;
: moderate atrophy; ++: severe atrophy). To define the

hresholds between the atrophy grades, animals younger
han 3 years were taken as reference. The thresholds were
csf + (C × SDcsf) where Mcsf and SDcsf were the mean
nd standard deviation for CSF estimate in a given brain
rea for young adults. C was a constant equal to 2.58 (1%
onfidence interval of a Gaussian population) for the thresh-

a
c
s
b
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ld between 0 and + levels, and 5 (arbitrary value) for the
hreshold between+ and ++ levels. The atrophy was then rep-
esented on brain maps that showed the spatial location of the
trophy with a color code (0: blue; +: pink; ++: red).

.3. Neuropathology

.3.1. Tissue processing and histochemical staining
The mouse lemur brains were removed and fixed in 4%

ormalin after the natural death of animals. The brains were
plit into their right and left hemispheres. The right hemi-
phere from each animal was sectioned on the coronal plane
n a cryostat (40-�m-thick sections) whereas the left hemi-
phere was used for paraffin sectioning (6-�m-thick sections)
nd sectioned following a sagittal plane. Right hemispheres
ere plunged 24 h in a 15% and then 30% sucrose solution

or cryoprotection. They were then frozen and sliced into 40-
m-thick coronal sections on a freezing Microtome. Slices
ere then stored at −20 ◦C into a storage solution (Glyc-

rol 30%, ethylene glycol 30%, and phosphate buffer 0.1 M).
hen, floating sections were rinsed with 0.1 M phosphate
uffer and mounted on Superfrost plus glass slides before
eing stained for amyloid-� and Glial Fibrillary Acidic
rotein (GFAP) detection. For anti-A� (biotinylated mouse
onoclonal 4G8 antibody, Biovalley) and anti-GFAP (Rab-

it Anti-GFAP, DAKO) immunohistochemistry, the brain
amples were pretreated with hydrogen peroxide (0.3%).
hen they were bathed into a Phosphate Buffer’s (0.1 M)
aline’s (0.9%) and Triton’s (Sigma 100×, 0.2%) solution
PBS + Tx) with Normal Goat Serum (NGS) (Sigma G6767,
.5%). Then, during two days, the samples were incubated
nto a solution of PBS + Tx with NGS (3%) and the pri-

ary antibody (concentrations of 1/1000 and 1/5000 for
nti-amyloid and anti-GFAP, respectively). Then the sam-
les were bathed for one hour into a solution PBS + Tx
ith NGS (3%) with the 1/250 biotinylated anti-mouse and

nti-rabbit secondary antibodies (VECTOR BA-92000 and
A-1000 respectively). Next, for amyloid staining, the signal
as amplified by using avidine–biotine–vectastain complex

tandard (ELITE PK 6100 0.225%). For anti-GFAP stain-
ng, the antibody was first bathed in a Tyramine Biotin
eagent bath (Blast PC 2815-0897 1:1000) before being
mplified by avidine–biotine–vectastain complex (0.1125%).
inal reaction made use of diaminobenzidine (DAB) nickel
VECTOR, SK-4100) or DAB for two minutes as chromogen
gray–black or brown stains, respectively). Negative controls
ere performed by omitting the primary antibody in the pro-

edure. Positive controls for Abeta immunochemistry were
erformed using formalin-fixed samples taken from the supe-
ior temporal gyrus of human Alzheimer samples received in
994 in the R. Escourolle Laboratory of La Salpêtrière Hos-
ital (Paris, France). A� studies were also performed using

utomated immunostaining protocols based on Ventana Dis-
overy XT technologies. To this aim, 40-�m-thick coronal
ections, mounted on Polysine glass slides, were pretreated
y an automated heat induced epitope retrieval procedure

http://www.bic.mni.mcgill.ca/software/Display/Display.html
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Tris/borate/EDTA buffer, pH 8.0, 8 min at 95 ◦C followed
y 4 min at 100 ◦C) and were incubated with primary anti-
ody (biotinylated mouse monoclonal antibody 4G8, 1/250,
igma) during 60 min. A 32 min incubation with secondary
ntibody (biotinylated anti-mouse antibody, 1/2000, VEC-
OR BA-92000) was performed before the disclosure using

he ABC method with DAB as the chromogen (brown stain).
inally, the sections were counterstained with hematoxylin
Ventana Medical Systems, 760-2021) and a bluing reagent
Ventana Medical Systems, 760-2037).

The left hemisphere was embedded in paraplast and cut
nto 6-�m-thick serial sagittal sections. The sections were
ested for the presence of tau pathology using the CP13 anti-
ody specific for phosphorylated serine 202 (generous gift of
. Davies) (Andorfer et al., 2003). Sections were dewaxed in
oluene and a graded series of alcohol solutions and were
ncubated with formic acid (80%) for 15 min. They were
hen incubated with 10% goat serum in Tris-buffered saline
or 30 min and then with CP13 antibodies (1/200) during 4
ays at 4 ◦C. Immunological complexes were detected by
equential application of a 1/100 dilution of biotinylated
mmunoglobulin and horseradish peroxidase labeled avidine
Vector), for 30 min each. Immunoreactivity was detected
ith 0.005% DAB (Sigma). Standard immunohistochemi-

al controls were performed, including (1) omission of the
rimary antibody, (2) use of irrelevant secondary antibodies,
nd (3) use of preimmune serum. No labeling was observed
or any of the various controls. As all the controls were neg-
tive, the immunoreactivity observed was considered to be
pecific for the antibody used.

The severity of intracellular amyloid, extracellular amy-
oid, tau, and GFAP loads were quantified in the cortex and
entral hippocampus, using the following semi-quantitative
cale: (0) no staining; (+) slight staining; (++) moderate
taining; (+++) strong staining (Fig. 3). This evaluation was

erformed by two researchers who were blind to the age and
trophy levels of animals. Intraclass correlation coefficients
or the various measures were equal to 0.66 and 0.71 for the
ntracellular cortical and hippocampal amyloid, 0.91 and 0.81

o
a
b
k

ig. 3. Anti-amyloid labeling (4G8) in the hippocampus (a–b–c–d) of mouse lemu
taining (b), moderate staining (c) and strong staining (d). Scale bars represent 100
Aging 32 (2011) 894–906 899

or the cortical and hippocampal GFAP, and 1 for the CP13
taining.

. Results

.1. Regional location of the atrophy process

Fig. 4 displays typical MR images from one non-atrophied
nd one atrophied mouse lemur brains (5.5 and 8.8 years old,
espectively, see Table 1). Maps of CSF accumulations in
egions surrounding cortical regions were calculated on the
asis of these images. These maps revealed different pat-
erns of atrophy in the animals involved in this study (Fig. 5).
irst, some animals did not show CSF increase in any of

he cortical regions. This was the case for 100%, 54% and
5% of the young, middle-aged, and old animals, respec-
ively. These animals were classified as stage 0 animals. In
ll other animals there was some degree of atrophy, which
ollowed a typical sequential pattern that permitted the parti-
ioning of these animals into four different stages of atrophy.
tage 1 animals (n = 3) displayed a focal atrophy that involved
nly the frontal medio-dorsal and parietal (FPcort) cortical
egions. Stage 2 animals (n = 5) had an atrophy process that
n addition to the FPcort, led to CSF accumulation in another
ortical region adjacent to the FPcort. For four of these ani-
als, the additional region was the parieto-temporal cortex

PTcort) (stage 2a). It was the temporal cortex (Tcort) for one
nimal (stage 2b). In stage 3 animals (n = 1) the atrophy pro-
ess involved FPcort, PTcort, and Tcort regions. Finally, in
tage 4 animals (n = 5), CSF increases were found all around
he cortical regions evaluated, i.e. FPcort, PTcort, Tcort, and
ccipital cortex (Ocort) (n = 5, stages 4a and 4b). One of
hese animals also displayed an increased CSF level around
he frontal ventral (Fvcort) cortical region. Notably, four out

f these five “stage 4” animals were blind. Three of these
nimals had bilateral mature cataract; one also had a severe
ilateral keratitis whereas the last one had a severe bilateral
eratitis leading to an opaque deposit on the whole cornea,

rs aged of 8.8, 6.4, 8.0, and 11.2 years, respectively. No staining (a), slight
�m.
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F
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ig. 4. Horizontal (a and b) and coronal (c and d) images from a 5.5 years non-a
urrounding cortical regions is obvious in the atrophied animal (arrow).

ig. 5. The maps of CSF accumulation in regions surrounding cortical regions reve
he number of animals displaying each stage is showed underneath the maps. Red
ean + 5 × SD of the CSF volumes in young adults). Pink regions correspond to hig

olumes in young adults). Blue regions correspond to low CSF levels (CSF volum
volving patterns of CSF accumulation occurred in mouse lemurs. It started in the f
trophied animal as compared to a 8.8 years atrophied animal. White CSF

aled several stages of cerebral atrophy in the studied population of animals.
regions correspond to very high level of CSF (CSF volumes superior to the
h level of CSF (CSF volumes superior to the mean + 2.58 × SD of the CSF
e inferior to the mean + 2.58 × SD of the CSF volumes in young adults).
rontal regions and then spread rostro-caudally towards the occipital cortex.
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ts lens being no longer visible under slit lamp examination
data not shown). None of the other animals involved in the
tudy, including one stage 4 animal, displayed detectable oph-
halmologic alterations leading to blindness (ophthalmologic
xamination performed by a trained veterinarian by using an
phthalmoscope and a slit lamp after instillation of atropine
n the eye (data not shown, but see Beltran et al., 2007).

General linear model was used to evaluate variables
xplaining survival rate in non-blind mouse lemurs (which
ied of natural death). Age at MRI was associated with

urvival rate in mouse lemurs (F(1, 16) = 7.74, p < 0.05).
owever, the atrophy stage was not associated to the survival

ate (F(4, 16) = 0.62, p > 0.05). This suggests that atrophy did
ot induce an increased mortality in lemurs.

a
f
(
c

ig. 6. CSF volumes in brain regions from the mouse lemurs involved in this study.
nd ventricles (a), frontal (medio-dorsal) and parietal cortices (b), the interhemisph
ot the occipital cortex (f) were correlated to the age of the animals (the older animal
tudies). Animals without regional atrophy are labeled as hollow triangles. Other a
lack lozenges: stage 2 atrophy pattern; black squares: stage 3 atrophy pattern; blac
Aging 32 (2011) 894–906 901

.2. Correlative studies between age and CSF levels

Correlative studies between age and CSF volumes in
arious brain regions were performed in a second step
f the study. The four stage 4 blind animals with a high
trophy level (Fig. 6a) were excluded from these correlative
nalyses as their CSF volumes were greater than those of
he other animals. First we looked at global atrophy indexes.
ignificant correlations were found between the age of the
nimals and the total brain atrophy index (CSF volumes from

ll the RPES and ventricles; r = 0.49, Benjamini–Hochberg
alse discovery rate-adjusted p-value (BH-FDRp) < 0.05
Benjamini and Hochberg, 1995)) (Fig. 6a) or the total corti-
al atrophy index (r = 0.44, BH-FDRp < 0.05). By looking at

The volume of CSF surrounding all the regions of the periencephalic spaces
eric fissure (c), the parieto-temporal cortex (c), the temporal cortex (d), but
s that were blind and severely atrophied were not included in the correlative
nimals are represented as follows. Black triangles: stage 1 atrophy pattern;
k circles: stage 4 atrophy patterns.
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he various regions of interest, we found a significant corre-
ation between the age of the animals and the CSF volumes
n the FPcort (r = 0.49; BH-FDRp < 0.05) (Fig. 6b), IHfiss
r = 0.55, BH-FDRp < 0.05) (Fig. 6c), PTcort (r = 0.47, BH-

F
(
a
v

ig. 7. Amyloid pathology in mouse lemurs. Extracellular amyloid deposits in mo
nd d) Amyloid deposits stained with the same conditions in humans, and transgenic
e and f) Intracellular amyloid deposits (arrows) in the cortex of a 8.8 years old mous
taining method). (a–d) Scale bars represent 200 �m.
Aging 32 (2011) 894–906
DRp < 0.05) (Fig. 6d), Tcort (r = 0.44, BH-FDRp < 0.05)
Fig. 6e), third ventricle (3V) (r = 0.49, BH-FDRp < 0.05),
nd external part of the temporal horns of the lateral
entricles (ETH) (r = 0.47, BH-FDRp < 0.05) but not within

use lemur at low magnification (a) and higher magnification (b, arrows). (c
mouse model of AD, respectively (4G8 antibody, manual staining method).
e lemur with a very strong intracellular amyloidosis (4G8 antibody, Ventana
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Fig. 8. (a) CP13 positive neurons (arrows) in an aged mouse lemur primate. (b–e) Anti-GFAP staining in stage 0 (b and c) and 4b (d and e) animals. The corpus
callosum (asterisk) was strongly stained in all the studied animals (b and d). Cortical staining (arrow) was not detected in non-atrophied animals (b), but could
be detected in atrophied ones (d). Hippocampal staining was also more obvious in the atrophied animal (e) as compared to the non-atrophied (c). Scale bars:
50 �m for CP13 (a) and 100 �m for GFAP staining (b–e).
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he Fvcort, the Ocort (Fig. 6f), or the lateral ventricles (LV)
BH-FDRps > 0.05).

.3. Neuropathological studies

Two stage 0, one stage 2 and two animals with stage 4
trophy were included in a detailed neuropathological anal-
sis. An overview of the histological results is presented in
he Table 2.

Extracellular amyloid deposits were detected in the brain
f two out of the three atrophied animals (Fig. 7a and b).
n all five animals, whatever the atrophy level considered,
ntracellular amyloid deposition was observed in cortical and
ippocampal regions either with manual (Fig. 3) or auto-
atic staining methods (Fig. 7e and f). In the hippocampus,

he intracellular amyloid load matched with the severity of
trophy (stage 0 animals had slight amyloid levels; stage 2
nimals had moderate amyloid levels; stage 4 animals had
igh amyloid levels (Table 2)).

CP13 positive neurons were detected in the hippocam-
us of three animals (Fig. 8a) with CP13 staining graded + in
he hippocampus of the two most severely atrophied animals
Table 2) and graded + in one stage 0 animal. No CP13 stain-
ng could be detected in the cortex of any of the animals
valuated.

GFAP immunocytochemical detection revealed a strong
taining of white matter fibers such as the corpus callosum in
ll studied animals (Fig. 8b and d). In addition to white mat-
er tracks, an increased GFAP staining was also observed in
ortical areas (Fig. 8d) and hippocampus (Fig. 8e, Table 2), in
ome animals. The hippocampal labeling was more obvious
n the animals displaying the highest atrophy (Table 2).

. Discussion

In this study, we evaluated cerebral atrophy in a cohort of
0 mouse lemur primates aged from 1.9 to 11.3 years. Atro-
hy was quantified by estimating CSF volumes in regions
urrounding the cortex. CSF pixels were determined by using
n user-independent segmentation protocol that allowed to
erform 3D segmented brain maps thanks to a Mahalanobis
lgorithm. In a previous study, we showed that results of
he segmentation protocol applied to mouse lemurs are accu-
ate and reproducible (Dhenain et al., 2003). The segmented
aps of mouse lemur brains were then used to evaluate

egional atrophy. In a preliminary step, all brain regions
n which CSF was expected to be present were defined on
eference atlases. Then the CSF voxels from the 3D seg-
ented maps of the various animals were manually assigned

o one of the defined areas by using morphological knowledge
nd reference atlases. Using these assays further increased

he accuracy of the segmentation procedure. Thanks to this

ethod, evaluations of CSF volumes by various evaluators
ed to high intraclass correlation coefficients (from 0.97 to
).

m
s
m
e

Aging 32 (2011) 894–906

Evaluation of ventricular and periencephalic CSF increase
n various animals indicated that some animals did not show
ny atrophy whereas atrophy, when present, followed a typi-
al pattern: starting in the frontal cortex region, then involving
he temporal and/or the parietal part of the brain and finally
he occipital region. Such patterns of atrophy were found in
4 out of the 23 middle-aged and aged animals involved in
he study (i.e. 61% of these animals). When studying the full
ohort of 30 animals, a significant correlation between CSF
evels and age was found in many cerebral regions. However,
everal middle-aged and aged animals were not atrophied.
his indicates that aging by itself cannot predict atrophy in
ouse lemurs and that the typical pattern of cerebral atrophy

bserved in some middle-aged and aged animals is part of a
athological process.

In a previous study that focused on temporal regions, we
howed that cerebral atrophy can occur spontaneously with
ging in mouse lemurs. We showed that the age of the begin-
ing of the atrophy can vary in various animals and that once
nitiated, the atrophy process can evolve rapidly (Dhenain
t al., 2000). However from that study, we could not identi-
ed whether the cerebral atrophy observed corresponded to
arious patterns or rather to one, typical pattern of evolution.
he current study allowed us to identify a gradual pathway of
trophy suggesting that one pathological entity is responsible
or most of the cerebral atrophy observed in mouse lemurs.
his pathology leads to CSF accumulation first in the frontal

egion then in the temporal and/or parietal parts of the brain
nd finally the occipital region.

It is notable that we focused only on evaluation of CSF
olumes. As in mouse lemurs the relationship between CSF
olumes and regional gray or white matter atrophy has never
een studied so far, future studies will be necessary to isolate
he atrophied structures at the origin of the CSF increase
n pericortical regions and notably to evaluate if the CSF
ncrease is due to cortical atrophy or rather to an atrophy of
ubcortical structures or white matter.

Cerebral atrophy has been largely described in human
erebral pathologies or aging. Its detection in animal models
f aging and/or of AD is more controversial. Age-related,
RI-detectable, severe atrophy has been rarely described

n transgenic mouse models of AD and when reported is
ften associated with regions that are not involved in amyloid
athology such as white matter tracts (Delatour et al., 2006a).
ecause of its severe age-related atrophy, the mouse lemur
rimate is an interesting model to evaluate age-associated
erebral atrophy.

At completion of the in vivo MR imaging study, we evalu-
ted neuropathological alterations in five aged animals with
tage 0, 2 and 4 atrophies. As it is often the case with mouse
emurs, the studied animals died quickly without obvious
athology (two animals lost a lot of weight during their last

onth of life). Tau pathology which was detected in two

everely atrophied animals but also in one non-atrophied
ouse lemur cannot explain the cerebral atrophy. Diffuse

xtracellular amyloid deposits were also detected in two of
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he atrophied animals. However, this amyloid extracellular
eposition was low (even in one stage 4 animal) as compared
o what occurs in the brain of AD patients and/or transgenic

ouse models of AD. Because of the lack/weakness of amy-
oid plaques detection in atrophied animals, our data suggest
hat the cerebral atrophy is not directly caused by extracellu-
ar amyloid deposition. On the other hand, our present data
uggest a relationship between atrophy and intracellular amy-
oid deposition. Indeed, all the atrophied animals had high
ntracellular accumulation of � amyloid in the hippocampus.
ntracellular A� deposition preceding extracellular deposi-
ion (Wirths et al., 2004) has been demonstrated in human
D (D’Andrea et al., 2001; Gouras et al., 2000), as well as in

ransgenic mouse models of AD (Casas et al., 2004; Oakley
t al., 2006; Oddo et al., 2003; Wirths et al., 2001). This
ntracellular A� accumulation can lead to neuronal dysfunc-
ion, tau pathology, gliosis (Casas et al., 2004), apoptosis,
nd to cerebral atrophy (Christensen et al., 2008; Chui et al.,
001; Fernandez-Vizarra et al., 2004; Oakley et al., 2006;
irths et al., 2004). Notably a recent study in a newly devel-

ped model of AD (APPT714I mouse model), characterized
y intracellular accumulation of A� without extracellular A�
eposits, has shown that intracellular amyloid deposition can
ead to a MRI-detectable brain atrophy even in the absence of
xtracellular amyloid deposition (Van Broeck et al., 2008).
o our knowledge, our study is the first description of a pos-
ible link between intracellular amyloid accumulation and
erebral atrophy, in non-transgenic animals that do not over-
xpress mutated forms of amyloid. Future studies on a larger
umber of mouse lemur primates will be necessary to further
haracterize the pathological alterations responsible for the
trophic process described here.

In conclusion, our data suggest that cerebral atrophy in
ouse lemurs is mainly related to an evolving clinical entity

hat occurs approximately in 60% of middle aged or aged
emurs. The pathology leads to CSF accumulation in frontal,
hen temporal and/or parietal part of the brain before involv-
ng in the last stage, the occipital part of the brain. Preliminary
ata also suggests that this pathology is associated to intracel-
ular amyloid deposition and reactive astrocytosis. The ability
o detect in vivo by MRI the animals with pathological aging
ill open new perspectives for this model of normal cerebral

ging either to select homogeneous populations in clinical
tudies or to follow-up the effect of drug treatments against
athological aging (Bons et al., 2006; Trouche et al., 2008).
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