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Abstract

While moderate calorie restriction (CR) in the absence of malnutrition has been consistently
shown to have a systemic, beneficial effect against aging in several animals models, its effect on
the brain microstructure in a non-human primate model remains to be studied using post-mortem
histopathologic techniques. In the present study, we investigated differences in expression levels
of glial fibrillary acid protein (GFAP) and B-amyloid plaque load in the hippocampus and the
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adjacent cortical areas of 7 Control (ad /ibitum)-fed and 6 CR male rhesus macaques using
immunostaining methods. CR monkeys expressed significantly lower levels (~30% on average) of
GFAP than Controls in the CA region of the hippocampus and entorhinal cortex, suggesting a
protective effect of CR in limiting astrogliosis. These results recapitulate the neuroprotective
effects of CR seen in shorter-lived animal models. There was a significant positive association
between age and average amyloid plaque pathology in these animals, but there was no significant
difference in amyloid plaque distribution between the two groups. Two of the seven Control
animals (28.6%) and one of the six CR animal (16.7%) did not express any amyloid plaques, five
of seven Controls (71.4%) and four of six CR animals (66.7%) expressed minimal to moderate
amyloid pathology, and one of six CR animals (16.7%) expressed severe amyloid pathology. That
CR affects levels of GFAP expression but not amyloid plaque load provides some insight into the
means by which CR is beneficial at the microstructural level, potentially by offsetting the
increased load of oxidatively damaged proteins, in this non-human primate model of aging. The
present study is a preliminary post-mortem histological analysis of the effects of CR on brain
health, and further studies using molecular and biochemical techniques are warranted to elucidate
underlying mechanisms.
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1. Introduction

Calorie restriction (CR) without malnutrition slows the aging process and prolongs median
and maximum lifespan in yeast, worms, flies, fish, and rodents (Kennedy et al., 2007;
Anderson and Weindruch, 2010). Three independent studies of CR in non-human primates
(Macaca mulatta) have demonstrated that CR confers a protective effect against aging-
related diseases (Bodkin et al., 2003; Colman et al., 2009; Mattison et al., 2012), although
consensus has not been reached regarding the beneficial effect of CR on survival. The
beneficial effects of CR in nonhuman primates include prevention of age-related loss of
muscle mass, fewer incidences of cardiovascular disease, increased insulin sensitivity and
glucose tolerance, lower cancer incidence, preservation of critical gray and white matter
regions, and protective changes in gene expression (Colman and Anderson, 2011; Kemnitz,
2011). The specific mechanisms by which CR delays aging and the onset of age-associated
disease have yet to be elucidated. It has been well established that CR is associated with
reduced levels of oxidative damage and reduced inflammatory tone (Heilbronn and
Ravussin, 2003; Weindruch, 2003), outcomes that may be particularly important with
respect to brain aging.

Recently, our group has demonstrated the wide-ranging effects of CR in the rhesus macaque
brain using neuroimaging techniques. Brain atrophy, a characteristic aging change in both
humans and non-human primates, is attenuated by CR in rhesus macaques, particularly in
the midcingulate cortex, bilateral lateral temporal cortex, and right dorsolateral frontal
cortex (Colman et al., 2009). CR also preserves white matter integrity in the fronto-occipital
fasciculus, superior longitudinal fasciculus, external capsule, and brainstem (Bendlin et al.,
2011). In addition, age-related iron accumulation in the basal nuclei, red nucleus, and
parietal, temporal, and perirhinal cortices is attenuated with CR, and this in turn is associated
with improved performance on motor function tests (Kastman et al., 2010). Consistent with
improved inflammatory tone, CR moderates the effect of important plasma-based
inflammatory (e.g. IL-6) and vascular (e.g. homocysteine) markers on gray and white matter
changes in several brain regions that are sensitive to aging (Willette et al., 2010; Willette et
al., 2012a). Furthermore, CR improves glucoregulatory profiles in these animals and
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positively influences gray matter volume in the hippocampus and motor task performance
(Willette et al., 2012b). While these findings point to an overall salubrious effect of CR on
the brain, it is important to confirm and extend the effect of CR by examining
neuropathological indices using post-mortem histologic techniques.

Several neuropathological alterations are associated with aging in the brain. The expression
level of glial fibrillary acidic protein (GFAP), a marker of astrocytic activation, increases
with age in rodents, rabbits, monkeys, and humans (Finch, 2003). This increased GFAP
expression during aging has been suggested to be a consequence of the increased load of
oxidatively damaged proteins, which occur in tissues throughout the body (Finch, 2003;
Middeldorp and Hol, 2011). In rats, CR attenuates the age-associated increase in glial
activation (Morgan et al., 1997; Kaur et al., 2008). Additionally, reactive astrogliosis is also
predominant in several neurodegenerative diseases, including Down syndrome (Trisomy
21), Parkinson disease, Huntington disease, and Alzheimer disease (AD), and is suggested to
be secondary to marked neurodegeneration and neuronal death characteristic of these
diseases (Middeldorp and Hol, 2011). Higher GFAP expression levels are associated with
AD in humans (Beach et al., 1989). Moreover, subjects with the ApoE &4 allele (a risk
factor for developing AD) express higher levels of GFAP than non-APOE e4 carriers
(Overmyer et al., 1999).

Another common histological change that occurs with aging in both monkeys and humans is
a progressive increase in the formation of amyloid plaques (Heilbroner and Kemper, 1990;
Sloane et al., 1997; Anderton, 2002). These are formed by the abnormal aggregation of
amyloid-p peptide (Ap), a small peptide that is involved in the pathogenesis of AD in
humans (Zhang et al., 2012). Although AB deposition and plaque formation are signature
pathologies of AD in humans, they are also commonly present in the brains of cognitively
normal older adults (Rodrigue et al., 2009). Rhesus monkeys do not develop AD, but
amyloid plaques are detected in the cortex in aged animals (Heilbroner and Kemper, 1990;
Sloane et al., 1997; Uno, 1997). In this way, AD is associated with amyloid plaques but
plaques are not always associated with cognitive impairment. Interestingly, both in rodent
models of AD and in human AD, there is increased GFAP expression adjacent to AR
plaques (Hanzel et al., 1999; Gallagher et al., 2012). Human AD amyloid plaques are
surrounded by astrocytes expressing high levels of antioxidant enzymes, including
superoxide dismutase, suggesting a role for oxidative stress in mediating age-associated
astrocytic activation (Furuta et al., 1995).

The current report is an interim post-mortem histological analysis of the effects of age and
CR on brain health. We examined GFAP expression and A plaque distribution in the male
rhesus macaque hippocampus and the adjacent entorhinal cortex (EC). The hippocampus
exhibits extensive astrogliosis both during normal aging and in neurodegenerative states
such as AD (Nichols et al., 1993). Since amyloid plaques in the aged rhesus brains
preferentially accumulate in association cortical areas (Sani et al., 2003), we also examined
the overlying neocortex (mainly temporal) for Ap plaque distribution. We hypothesized that
CR would lead to a decrease in the expression of GFAP and Ap plaque frequency.

2.1. Subject Characteristics

Table 1 shows the demographic characteristics of the animals. There was no significant
difference in age distribution between Control and CR animals. Age-related causes of death
included adenocarcinoma (N = 3 Controls, 2 CR), cardiomyopathy (N = 1 Control), immune
suppression (N = 1 Control), renal and cardiac disease (N = 1 Control), and cerebral edema
(N =1 Control), whereas non age-related causes included viral cardiomyopathy (N = 1 CR),
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viral myocarditis (N = 1 CR), anastomosis dehiscence (N = 1 CR), and abdominal
hemangioma (N = 1 CR).

2.2. GFAP Immunoreactivity

There was no significant relationship between GFAP expression and age in a combined
analysis that included all Control and CR animals (p > 0.05). GFAP was detected at
significantly higher levels in Control animals in the hippocampus compared to CR animals
(Fig 1). Specifically, GFAP immunoreactivity in the CA region of the hippocampus (Fig 1d-
f, control = 100 = 6.07%, CR = 72.77 £ 3.76%, p = 0.004) and entorhinal cortex (Fig 1j-I,
control = 100 * 10.34%, CR = 62.05 £ 6.18%, p = 0.032) was significantly greater in
Controls than CR. A trend in a similar direction (Controls > CR) was detected in the granule
cell layer of the dentate gyrus (Fig 1la-c, control = 100 £ 20.13%, CR = 64.37 £+ 3.85%, p =
0.24) and subiculum (Fig 1g-i, control = 100 £ 13.61%, CR = 69.72 £+ 5.52%, p = 0.13), but
did not reach significance. There was a significant correlation in GFAP expression among
the different regions examined within individuals (p < 0.01).

2.3. AB plaque distribution

There was a significant correlation between average amyloid rating across all regions
examined and age in a combined analysis of all Control and CR animals (Spearman's
coefficient = 0.572, p = 0.041, Fig 2a). The distribution of amyloid plaques was variable
across animals (Figure 2b, c). Plaques of both neuritic and diffuse types were included in the
analyses. Two Control (aged 15 and 20) and one CR (aged 24 years) animals did not have
any plaques in any of the regions examined. None of the animals exhibited plaque pathology
in the CA region of the hippocampus. Five animals (2 Controls, 3 CR) displayed plaques in
the subiculum region, four (1 Control, 3 CR) in EC, and ten (5 Controls, 5 CR) in one or
more regions of the neocortex. Table 2 lists AR plaque ratings for animals with positive
amyloid pathology in the specified location. Nonparametric tests revealed no difference in
ratings of amyloid distribution between the two dietary conditions.

2.4. Neurofibrillary tangles

One section each from the two CR animals with significant amyloid pathology was
processed for silver staining to assess the presence of neurofibrillary tangles. There was no
evidence of neurofibrillary tangles in either animal.

3. Discussion

In the present study, we demonstrate that CR animals have significantly lower GFAP
immunoreactivity in the CA region of the hippocampus and entorhinal cortex of rhesus
macaques. However, we did not find a regulatory effect of CR on the development of
amyloid plaques in the aged monkey hippocampus and adjacent cortical areas. While there
have been numerous reports examining the effects of CR on the brain using neuroimaging
methods in this non-human primate model, to our knowledge, this is the first study to report
the effect of CR on the expression of brain markers of aging using post-mortem
immunohistochemical techniques.

Astrogliosis occurs during the normal aging process in rodents, rabbits, monkeys, and
humans (Sloane et al., 2000; Finch, 2003; Haley et al., 2010). Previous studies have shown
that there is an increase in GFAP immunoreactivity in subcortical white matter of the
frontal, temporal, and parietal cortices (Sloane et al., 2000), and in the hippocampus of the
aged macaques compared to young animals (Haley et al., 2010). This increase in expression
occurs in conjunction with increases in GFAP synthesis and degraded products, suggesting
alterations in both production and degradation of GFAP with age (Sloane et al., 2000). There
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was no significant age correlation in GFAP expression given the limited age range of the
current sample, with only two animals below the age of 20. However, we show that CR
monkeys display decreased GFAP immunoreactivity in the CA region of the hippocampal
formation and entorhinal cortex compared to Controls, which is similar to CR studies in
rodents (Morgan et al., 1997). While a similar trend (Controls > CR) was detected in the
granule cell layer of the dentate gyrus and subiculum, this difference did not reach
significance, possibly due to the small sample size and increased variance in GFAP
expression in these regions.

Previous studies have demonstrated widespread distribution of A plaques in the aged
macaque cortex, starting around the age of 25 and escalating significantly after 30 years in
the frontal areas. Until the age of 30, plaques are only found in a few animals and are
generally relatively sparse (Sloane et al., 1997; Uno, 1997; Sani et al., 2003; Shah et al.,
2010). Our current findings are in agreement with these prior studies in that the density of
AP plagues was variable across animals. Two Control and one CR animal showed no
amyloid pathology. A majority of the animals (including two 21 year old animals) expressed
relatively few amyloid plaques. Prior studies also reported that amyloid plaques in the aged
rhesus brains generally form in association cortical areas and spare the primary motor and
sensory cortices (Heilbroner and Kemper, 1990; Sani et al., 2003). Consistent with these
findings, we found amyloid plaques in the inferotemporal and parietal cortices. Additionally,
while the presence of neurofibrillary tangles comprises a hallmark feature of AD, it has not
been reported in nonhuman primate brains (Shah et al., 2010). Accordingly, we did not
observe any neurofibrillary tangles in the two aged macaque brains examined. Although CR
has been shown to attenuate AP deposition in AD transgenic mouse models (Patel et al.,
2005; Mouton et al., 2009), we did not find a significant effect of diet on the distribution of
AP plaques in the rhesus macaque brain. A possible explanation is that many of these
monkeys are too young to express significant age-associated amyloid pathology in the brain,
thus precluding unbiased comparisons in Ap plaque distribution between the two groups.

Although the exact mechanisms underlying CR remain to be investigated, differences in
GFAP expression in the hippocampus between control-fed and CR animals might reflect a
reduction in oxidative damage in the brain. In fact, CR attenuates the age-associated
oxidative damage in brain membranes in rodent models (Tacconi et al., 1991; Dubey et al.,
1996). Studies in primary rodent glial cultures have demonstrated that exposure of astrocytes
to hydrogen peroxide and cysteamine induces oxidative stress and directly increases GFAP
mMRNA (Morgan et al., 1997). Decreased levels of macromolecular oxidation products in the
liver and other tissues of aging rodents suggest that CR acts by reducing oxidative stress
systemically (Hagopian et al., 2005; Seo et al., 2006; Browning et al., 2008).

There are some limitations to the current study. Our sample included only males, and future
studies should explore these effects in both males and females to probe for potential
contributions of gender on brain aging. A larger sample size would also enable controlling
for age and cause of death influences. Several animals in this cohort are still living; as more
animals come to post mortem, the project will undertake comprehensive histologic and
biochemical assessment. Here we show that CR affects GFAP expression but not amyloid
plaque load. These data pave the way for future studies aimed at identifying causative events
in brain aging and in the mechanisms of delayed aging by CR.

4. Experimental Procedure

4.1. Animals

Post-mortem brain tissue from thirteen rhesus macaque males (Controls = 7, CR = 6), aged
15 to 29 years at the time of death, processed in this study were part of the longitudinal
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“Dietary Restriction and Aging Study” at the Wisconsin National Primate Research Center
(WNPRC). Details of the dietary manipulation and experimental setup have been described
extensively elsewhere (Kemnitz et al., 1993; Ramsey et al., 2000). Animals were either fed
ad libitum (Controls) or were maintained on a moderately restricted diet (30% reduced
intake from individualized baseline), with both groups receiving comparable diet
supplements. Animals were initiated on the CR diet in young adulthood between 8.5 to 14
years of age and the length of CR diet ranged from 7 to 20 years prior to death. The study
was approved by the Animal Care and Use Committee of the Graduate School of the
University of Wisconsin-Madison. As the animals died, the cause of death was determined
through necropsy by a qualified primate pathologist. Deaths were differentiated into age-
related causes (e.g., adenocarcinoma) and non age-related causes (e.g., anesthesia). Brains
were removed following a standard necropsy protocol. The left hemisphere was fixed in
10% buffered formalin solution, subsequently blocked, and embedded in paraffin using
standard techniques, while the right hemisphere was cut in the coronal plane and frozen at
-80°C Paraffin-embedded coronal brain blocks containing the left hippocampus at the level
of the lateral geniculate nucleus were cut (5 um) using a microtome.

4.2. GFAP Immunostaining

Two to three comparable coronal sections from each animal were used for assessment of
GFAP immunoreactivity. Briefly, following standard deparaffinization and rehydration
protocol, sections were heated in an autoclave in 100 mM citrate buffer (pH 6) for antigen
retrieval, washed in phosphate buffer saline (PBS), permeabilized using 0.1% Triton X-100
in PBS (PBS/TX), blocked for 1 hour with 10% goat serum, 2% bovine serum albumin, and
0.1% PBS/TX, and incubated overnight in rabbit anti-GFAP (polyclonal; 1:500; Dako,
Carpinteria, CA, USA) diluted in blocking solution at 4°C. After three washes in PBS on the
following day, sections were incubated in blocking solution containing Alexa 488-
conjugated anti-rabbit secondary antibody for 1 hr at room temperature (5 pg/mL;
Molecular Probes-Invitrogen, Carlshad, CA, USA). Nuclei were identified with 4”,6-
diamidino-2-phenylindole (DAPI, Molecular Probes-Invitrogen) counterstain. Slides were
mounted using Gel/Mount aqueous mounting medium (Electron Microscopy Sciences,
Hatfield, PA, USA) and stored in the dark. One Control animal was excluded from the
analyses due to the section drying out overnight during primary antibody incubation. GFAP
labeling was imaged on a Leica microscope using ImagePro 6.3 software at 40x
magnification. Quantification of relative optical density (ROD) of GFAP staining was
performed in two to three non-overlapping fields of view from the granule cell layer of the
dentate gyrus, CA (regions 1-3), and subiculum of the hippocampal formation and the
neighboring EC.

4.3. AB Immunostaining

One comparable coronal section from each animal was used to assess the presence and
distribution of Ap plaques in the hippocampus, entorhinal, and adjacent neocortex. These
slides were processed in BenchMark ULTRA automated slide preparation system (Ventana
Medical Systems, Tucson, Arizona). Following deparaffinization, slides were heated to
95°C in a Tris-based cell conditioning solution (pH 8-8.5, Ventana) for antigen retrieval,
washed in reaction buffer (pH 7.6, Ventana), and incubated in mouse monoclonal B-amyloid
antibody (1:150, Biocare Medical, Concord, CA) for 1 hour. The target antigen was
visualized using ultraView Universal DAB Detection Kit (Ventana), which contains
horseradish peroxidase (HRP) labeled anti-mouse secondary antibody. The sections were
then counterstained with hematoxylin. A board certified neuropathologist (MSS), blind to
the animals' condition and age, assessed the processed slides at 5x magnification and rated
the Ap plaque burden on a 0-3 CERAD (The Consortium to Establish a Registry for
Alzheimer's Disease) plaque score (0 = none, 1 = sparse, 2 = moderate, 3 = severe amyloid
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pathology) in the hippocampus and adjacent neocortical areas (Mirra et al., 1991; Mirra et
al., 1993).

4.4. Statistics

All statistical analyses were performed using IBM SPSS 20 software (Chicago, IL). For
correlational analyses, the Spearman Rank correlation coefficient was used. Group
differences in GFAP immunoreactivity and amyloid plaque levels were assessed using
nonparametric tests. Alpha was set at 0.05 (2-tailed) to be considered significant.
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Figure 1.

GFAP immunoreactivity (green) in the dentate gyrus (DG) (a-c), CA (1-3) (d-f), and
subiculum (g-i) of the hippocampus and EC (j-1) of representative Control (a, d, g, j) and
calorie restricted (CR) (b, e, h, k) animals. GFAP expression is significantly reduced in the
CR animals (N = 6) compared to Controls (N = 6). * denotes a significant difference
between the two dietary groups (p < 0.05). Nuclei were counterstained with DAPI (blue).
Relative optical density (ROD) is expressed as mean percent (:SEM) relative to average
control expression.
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Figure 2.
(a) There is a significant direct association between average amyloid plaque rating and age

in a combined analysis that included both control-fed and calorie restricted monkeys
(Spearman's coefficient = 0.572, p = 0.041). Amyloid plaque staining in the temporal cortex
showing sparse amyloid pathology (score = 1) in Control (b) and CR (c) animals.
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Subject characteristics

Controls CR
N 7 6
Age (years)
Mean + SEM | 23.25+1.74 | 25.77+1.20
Range 15-28 21-29
Cause of death
Age-related 7 2
Non age-related 0 4
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