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Abstract

Caloric restriction (CR) mitigates neurological damage arising from aging and a variety of other
sources, including neuropathology in young adult mice that express single and double transgenic (tg)
mutations associated with Alzheimer disease (AD). To evaluate the potential of CR to protect against
relatively heavy AD-type pathology, middle-aged (13-14 month-old) mice that co-express two
mutations related to familial AD, amyloid precursor protein (APP) and presenilin 1 (PS1), were fed
balanced diets with 40% fewer calories than ad libitum-fed controls. Following 18 weeks of
treatment, mice were killed and brains processed for quantification of total volume of amyloid-beta
(AB) inthe hippocampal formation and the overlying neocortex. Computerized stereology confirmed
that CR reduced the total AB volume by about one-third compared to that in age-matched controls.
Thus, CR appears to attenuate the accumulation of AD-type neuropathology in two cortical brain
regions of middle-aged dtg APP/ PS1 mice. These findings support the view that CR could be a
potentially effective, non-pharmacology strategy for reducing relatively heavy Ap deposition in older
adult dtg APP/ PS1 mice, and possibly afford similar protection against the onset and progression of
AD in older adult humans.
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Introduction

In the 1930s Mary Crowell and Clive McCay reported that rats submitted to calorie restriction
(CR) live almost twice as long as non-restricted rats. Since that time, findings from a diverse
range of species support the view that CR exerts beneficial effects on health and longevity
[12,15,22,31,32]. In mammals, an inverse relationship exists between the degree of CR and
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morbidity associated with disease and early death [28,30]. The mechanisms of these effects
involve alterations in insulin production and sensitivity, body temperature, systolic blood
pressure, serum triglycerides, glycation products, and oxidative damage to skeletal muscle
[25,28,30,31]. Using a variety of experimental models of aging and neurological disease,
dietary factors appear to protect against deleterious changes in brain [3,4,10,11,14,24-28,
40-49]. Rats treated with up to 40% CR exhibit neuroprotection against neuronal damage from
kainic acid in a model of excitotoxicity [11]. In mice, 40% CR attenuates against production
of protein carbonyls measured in homogenates of whole brain and different subregions,
including cortex, striatum, midbrain and cerebellum, with significant increases in protein-
bound sulfhydryls in whole brain, cortex, striatum, midbrain, cerebellum and hindbrain [10].

The diagnosis of Alzheimer's disease (AD), an age-related condition clinically characterized
by progressive dementia with late middle-age onset, is confirmed by postmortem findings of
widespread amyloid-beta (Ap)-containing plaques and neurofibrillary tangles throughout
cortical tissue [8,34]. Elevated AP peptide levels precede the formation of neurofibrillary
tangles in cortical brain regions, suggesting a primary role for Af in the neuropathology
associated with AD [19]. Quantitative studies of structural changes in brains of AD cases and
age-matched controls support the view that progressive amyloid deposition in cortical brain
regions correlates with the severity of dementia [9,19,34,36,38].

About 10-15% of the approximately 5 million patients with AD in the U.S. possess mutations
associated with an early-onset, familial form of the disease [13,17]. Transgenic expression of
these human mutations led to the development of mouse models that express mutant Ap
peptides and form amyloid plaques in cortical brain areas that are histologically identical to
those in AD [5-7,20,21,33]. One line of double transgenic (dtg) mice that co-overexpresses
two mutant AD-type proteins, amyloid precursor protein (APPa246e) and presenilin 1
(PS1gg), is associated with unusually early, abundant cortical deposition of mutant AB-
containing amyloid plaques in cortical tissue. By 5 months of age, these dtg APP/ PS1 mice
demonstrate accelerated increases in Ap1.42 production and formation of AD-type plaques
compared to that in single transgenic APP mice [5,6]. At 6 mos of age, mice in this line of dtg
APP/ PS1 mice show no observable impairments in cognitive function compared to non-tg
littermate controls [45]. By middle-age (13-18 mos), the accumulation of Ap (amyloid load)
in hippocampus significantly correlates with the degree of neuron loss in two populations of
neurons (CA1 and LC) involved with normal cognitive function [1,29,38]. As these mice age
to 18 mos, the accumulation of amyloid in cortical tissue correlates with episodic memory
impairments [45]. Thus, studies in this line of dtg APP/ PS1 mice support the view that amyloid
accumulation in cortical brain regions plays a critical role in the development of AD-type
neuropathology and memory impairment.

Previous studies in which CR is started in relatively young mice (< 7 mos of age) with tg APP
or dtg APP/ PS1 mutations, i.e., mice with relatively light amyloid loads, report that CR blocks
the formation of mutant Ap-containing amyloid plaques [40,49]. To date, however, no studies
have assessed the effects of CR to protect older dtg APP/ PS1 mice with amyloid accumulation
analogous to that in middle-aged humans who develop AD. To address this question, we started
middle-aged (13-14 mos-old) dtg APP/ PS1 mice on 18 weeks of treatment with 40% CR or
ad libitum (AL) feeding, and then used computer-assisted stereology to assess amyloid load
in hippocampus and neocortex.

Materials and methods

Mice for this study were male dtg APPswe/ PS1AE9 with a mixed strain background, primarily
C57BL/6 and C3He/J, developed at The Johns Hopkins School of Medicine [5,6] by David R.
Borchelt and Michael K. Lee. Mice were reared, isotyped, and maintained at the Gerontology
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Research Center (GRC) of the National Institute on Aging (NIH) in Baltimore, MD. After
weaning, mice were raised in standard plastic cages (four per cage) with wood chips for
bedding, filtered water from an automated system, and under controlled environmental
conditions of 22+1°C, 70+10% humidity and a 12h light/dark cycle. All procedures involving
mice were approved by the Animal Care and Use Committee at the NIA, and carried out in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Dtg APP/ PS1 mice were entered into this study at age 13-14 mos and maintained on a standard
laboratory diet (NIH-07). Calorie intake was determined through measurement of food
consumption by age-matched dtg APP/ PS1 mice fed AL once per week, with CR introduced
at 10% increments per week. After an average of 4 weeks, mice reached a diet of 40% CR
relative to AL-fed controls, which was maintained for the following 14 weeks prior to sacrifice.
Body weight data during the period of CR are shown in Figure 1.

After 18 weeks of treatment, a total of 6-8 mice per group were euthanized with isoflurane
anesthesia (IsoFlo, Abbott Laboratories, North Chicago, IL) and transcardially perfused with
0.1M phosphate buffered saline (PBS) (pH 7.4) followed by 4% paraformaldehyde in 0.1M
PBS. Brains were removed and fixed overnight in buffered fixative, transferred to a 30%
sucrose/PBS solution until sinking, frozen in cooled isopentane, and then stored in
cryoprotectant at -80°C until sectioning. Frozen sections were cut through the entire forebrain
in the coronal plane at a microtome setting of 50 um.

A systematic-random set of sections was sampled from random right or left hemispheres
through the two reference spaces for this study: (1) hippocampal formation (HF), which
consists of Ammon's horn and the dentate gyrus; and (2) the neocortex (NTX) overlying the
hippocampal formation. Every 6th section was sampled with a random start in the first interval
of six sections, a total of 8-10 sections per reference space, and sections were stained by free-
floating histochemistry for Congo red (Sigma, St Louis MO). Stained sections were mounted
on subbed slides, dried for a minimum of 12 hr, and then processed through a dehydrating
ethanol series (70%, 95%, 100% 95%, 70% for 2 min each), followed by a 1-min dH0 rinse.
Sections were counterstained for 2 min with cresyl violet (Sigma, St. Louis, MO), and color
was adjusted with 5% acetic acid followed by a final rinse in dH20. Sections were rehydrated
in a reverse ethanol series, rinsed twice in Xylene for 10 min each, and then coverslipped with
Cytoseal 60 (Richard-Allan Scientific, Kalamazoo MI). After all tissue processing, the average
section thickness in the z-axis was 18 um (+/- 0.2 um).

An operator blind to treatment quantified total volume of HF and NTX using the Cavalieri-
point counting method; and total volume of AP stained by Congo red (amyloid load), as
previously reported using a computerized stereology system [Stereologer, Stereology
Resource Center, Chester, MD; for review, see 35,37]. Briefly, on each sampled section, the
HF and NTX were outlined at low power (5%), and a uniform array of points (+) with known
area per point [area per point = 500 um?] placed at systematic-random locations across each
reference space. A trained operator selected points that intersected AB deposits (XPamyioid) and
tissue sampled (ZPsampleq) at high magnification (100x oil, numerical aperture 1.4; Figure 2;
area per point = 50 um?). Sampling was continued to a mean coefficient of error per group of
0.10 or less (CE < 0.10).

The mean total volume of beta-amyloid (AB) deposits, Total V g, was quantified based on the
Area Fraction estimated by point counting [18,35,37]. The Area Fraction, i.e., the ratio of
amyloid area to sampled tissue area, was quantified from intersections between a randomly
placed point-grid and Congo red-stained A deposits through each reference space, as indicated
by Figure 2.
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Area fraction= Z AAlf/ Z Asamplcd: [Z PA/; L a(P)] / [Z Psamplcd b a(P)] (1)

Results

where XPag = the sum of points intersecting AB; ZPsampleg= Sum of points intersecting the
sampled tissue; and a(p) = area per point = distance between points in x direction ¢ distance
between points iny direction on the point-grid. According to the Delesse principle, area fraction
on random sections through tissue is equivalent to the volume fraction, i.e., Aap/ Asampled =
Vap/ Vsampled- Finally, the Total VBrDU was calculated as the product of the volume fraction
and the total volume of the reference space (Vef)

Total V,,=(V .z /Vsamplea) ® Vier (2)

with Ve, determined by the Cavalieri-point counting method (area per point = 500 um?). Since
both Vyer and the denominator of Vag /Veampled Undergo equivalent shrinkage from tissue
processing, this shrinkage cancels in their product (Equation 2 above), leading to an unbiased
estimate of Total Vag (18, 35, 37).

Group means were statistically analyzed for protective effects of CR using ANOVA with
statistical significance at p < 0.05.

Body weights for dtg APP/ PS1 mice treated with CR mice shown showed expected reductions
(Fig. 1) beginning at 4 weeks on diet. This reduction was maintained at about 30-35% lower
than controls until time of sacrifice. Since some mice died during the experiment (2 CR, 1 AL),
statistical analysis was carried out as individual t-tests for each week. At 18 months of age,
Congo red-stained AB-containing plaques were distributed throughout the HF and NTX in all
dtg APP/PS1 mice. Amyloid deposits analyzed by point counting (Fig. 2) confirmed reductions
of 33% in NTX and 32% in HF for the CR group compared to the same brain regions in AL-
fed mice (Table 1).

Discussion

Since AD patients are thought to accumulate heavy A deposition by middle-age, the present
study assessed whether CR could blunt the accumulation of AD-type neuropathology in the
brains of older dtg APP/ PS1 mice. Using computerized stereology we find that 14 weeks of
40% CR initiated at age 13-14 months reduced amyloid load by about one-third in NTX (p <
0.05) and HF (p < 0.057) regions compared to AL-fed controls.

The primary significance of the present study is that 40% CR attenuates the accumulation of
AP load in middle-aged dtg APP/ PS1 mice. After 5 mos of age, this line of dtg APP/ PS1 mice
deposit heavier amounts of AP peptides, especially the more fibrillogenic AB1.42 peptides,
leading to heavier deposits of amyloid in cortical tissue at earlier ages than mice expressing
other dtg APP/ PS1 or single APP mutations [5,6,45]. By 18 mos of age the heavy amyloid
accumulation is associated with cognitive impairments [45] together with substantial losses of
neurons in brain regions associated with cognitive function, including the locus coeruleus
[29,39], the ventral tegmental area [29], and CA regions of the hippocampus [1]. Treatment
with CR also blocks amyloid plaque formation in other mouse models with relatively less
amyloid deposition compared to that in the present study. For instance, Patel et al. [40] reported
that two durations of 40% CR in tg APPswe (CR for 6 weeks) and APPswe/ PS1M146L (CR
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for 14 weeks) decreased amyloid by 40% and 55%, respectively, compared to AL-fed controls.
However, these mice were sacrificed at only 5 mos of age, i.e., when AB accumulation is minor
compared to that in the present study [5,6,45]. In a second example of CR-mediated protection
in younger mice, Wang et al. [49] treated 3-month old female Tg2576 mice for 9 mos with
30% CR, quantified amyloid load based on thioflavin-S immunofluoresence, and reported
reductions of 75% and 85%, in hippocampus and neocortex, respectively, compared to that in
AL-fed controls.

The important result in the present study is that CR reduces amyloid accumulation in middle-
aged dtg APP/ PS1 mice. The promise of this finding is that similar intervention could become
part of a diet-based regimen to protect against the onset and progression of AD in middle-aged
humans. According to the amyloid cascade hypothesis, the primary pathogenesis in AD arises
from the formation and deposition of Ap in the forebrain [19]. Future studies are needed to
better understand how reduced consumption of calories might delay the onset and/or reduce
the accumulation of the amyloid pathology in the brains of aged dtg APP/ PS1 mice, and
possibly block or delay the onset of AD. Hyperlipidemia, hypercholesterolemia, and obesity
are all associated with increased accumulation of amyloid in AD and mouse models that form
AD-type amyloid plaques. Epidemiological studies of obesity, a known risk factor for AD
[3,13], support the view that dietary factors influence the severity of dementia [3,26,42].
Excessive consumption of calories, particularly fat, opposes healthy brain aging though the
precise mechanisms remain to be elucidated. Evidence from experimental studies in rabbits
[43] and single tg mice [43,46] suggest that increased deposition of AD-type AB occurs in
association with cholesterol-enriched diets. Another potential mechanism for the observed
effects of CR is anti-oxidative effects on memory-associated neuronal signal-regulated kinase
that alter in sphingomyelin-specific phospholipase C activity [24]. Thus, CR may mitigate the
formation of amyloid plaques through pathways involved in cholesterol synthesis.

As a potentially effective, non-pharmacological intervention, CR has several known benefits
to awide variety of other metabolic processes, raising the possibility that CR could supplement
the therapeutic regimen in older adults to reduce or block the onset of AD. Like environmental
enrichment in older dtg APP/ PS1 mice [2], CR appears to slow the progression of AD-type
pathology, possibly by protection against oxidative damage, enhancement of neurotrophin
expression and neurogenesis in adult mice [27], amelioration of the decline in neurogenesis
through enhanced survival of new cells [3] and, either alone or in combination with exercise,
a reduction in the age-related decline in neurogenesis [12]. Future studies will focus on
discerning which combination of these mechanisms allows CR to blunt the formation of
amyloid plaques in older dtg APP/ PS1 mice.
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Figure 1.

Mean (SEM) body weight on male C57BL/6J mice begun on calorie restriction (CR) at 13-14
mo of age. Body weight was significantly reduced in CR mice beginning 4 weeks after initiation
of 40% CR phased in with 10% restriction each week (two-tailed t-test comparisons at each
week, ps <0.05). Mean (SEM) body weight on male C57BL/6J mice following CR starting at
13-14 mo of age.
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Figure 2.
Congo red stained amyloid deposit with overlaid point-grid (area per point = 50 um?) for
quantification of amyloid load (100x oil, n.a. 1.4).
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Table 1
Mean (SEM) for A load (mm3) in hippocampal formation (HF) and neocortex (NTX) in dtg APPSWE/PS1AE9 mice.
Treatment with 40% CR led to amyloid load reductions in NTX (p<0.05) and HF (p<0.057) compared to AL diet; %
decrease = [(AL-CR)/AL].

Groups HF NTX
AL 1.032 (0.10) 0.1325 (0.01)
CR 0.6998 (0.17) 0.0892 (0.02)
% decrease 0.32 0.33
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