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Abstract

Research indicates that female risk of developing Alzheimer’s disease (AD) is greater than that of
males. Moderate reduction of calorie intake, known as calorie restriction (CR), reduces pathology
in AD mouse models, and is a potentially translatable prevention measure for individuals at-risk
for AD, as well as an important tool for understanding how the brain endogenously attenuates age-
related pathology. Whether sex influences the response to CR remains unknown. In this study, we
assessed the effect of CR on beta-amyloid peptide (AB) pathology and hippocampal CA1 neuron
specific gene expression in the Tg2576 mouse model of cerebral amyloidosis. Relative to ad
libitum (AL) feeding, CR feeding significantly reduced hippocampal AB burden in 15 month old
female, but not age-matched male, Tg2576 mice. Sustained CR also significantly reduced
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expression of presenilin enhancer 2 (Psenen) and presenilin 1 (Ps1), components of the y-secretase
complex, in Tg2576 females. These results indicate that long-term CR significantly reduces age-
dependent female Tg2576 AP pathology, which is likely to involve CR-mediated reductions in +-
secretase-dependent amyloid precursor protein (APP) metabolism.
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INTRODUCTION

Alzheimer’s disease (AD) is a high-prevalence neurodegenerative disorder characterized by
progressive loss of memory and executive function resulting from synaptic dysfunction and
neurodegeneration within vulnerable brain regions (Almeida et al., 2005; Hsieh et al., 2006;
Jacobsen et al., 2006; Snyder et al., 2005). Human studies indicate that women are at a
greater risk of developing AD (Thies et al., 2013), and in mouse models of f-amyloidosis,
female mice also show increased pathology earlier in the lifespan (Callahan et al., 2001;
Hirata-Fukae et al., 2008; Lee et al., 2002; Wang et al., 2003). Although the mechanisms
underlying this gender divergence are unclear, increased AD risk in women is likely
associated with hormonal, metabolic, and/or nutritional status (Azad et al., 2007; Gustafson
et al., 2003; Hayden and Zandi, 2006; Vifia and Lloret, 2010; Wolf et al., 2012; Yue et al.,
2005). Currently, more than 5 million Americans over the age of 65 have AD, of which 3.2
million are women (Thies et al., 2013), yet no highly effective AD treatments or preventive
measures are available to address this immense public health issue, independent of gender
status.

Aggregation and accumulation of beta-amyloid peptide (AB), a 39-42 amino acid peptide
derived from sequential processing of the APP holoprotein, induces synaptic dysfunction
(Almeida et al., 2005; Hsieh et al., 2006; Jacobsen et al., 2006; Snyder et al., 2005),
oxidative damage (Bartley et al., 2012; Wan et al., 2011), tau aggregation (Chabrier et al.,
2012; Oddo et al., 2006), and other types of cellular injury that ultimately drive
neuropathology associated with AD (Goedert and Spillantini, 2006; Gotz et al., 2009; Hardy
and Allsop, 1991; Hyman et al., 1984; von Gunten et al., 2006). Sustained, moderate
reduction (20-40%) of calorie intake without malnutrition, known as calorie restriction
(CR), reduces AP neuropathology compared to ad libitum (AL) feeding in several AD
mouse models (Mouton et al., 2009; Patel et al., 2005; Wang et al., 2005), in addition to
extending healthspan and lifespan in many species (Colman et al., 2009; Hart et al., 1999;
Kealy et al., 2002; Klass, 1977; Mattison et al., 2012; McCay et al., 1935; Roe et al., 1995;
Rous, 1914). The pathways that the brain endogenously employs to blunt Ap pathology in
response to CR are likely complex, and are not well characterized. Determination of these
changes will provide translationally-relevant information about potential targets for drug
design and discovery.

AP is produced by amyloidogenic APP processing by - and y-secretases, whereas AB
production is precluded by non-amyloidogenic APP processing via a- and y-secretases
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(Rajendran and Annaert, 2012; Zhang et al., 2011). The constitutive y-secretase cleavage
event is mediated by a protein complex composed of presenilin 1 (Ps1) or presenilin 2 (Ps2)
(Dewachter et al., 2002; Zhang et al., 2000), nicastrin (Ncstn) (Li et al., 2003), anterior
pharynx defective 1 homolog A (Aphla) (Francis et al., 2002; Goutte et al., 2002), and
presenilin enhancer 2 (Psenen) (Francis et al., 2002; Steiner et al., 2002). Ps1/Ps2 serves as
the y-secretase catalytic active site (Esler et al., 2000; Li et al., 2000), while substrate
interaction and stabilization is maintained by Ncstn and Aphla (Francis et al., 2002; Li et
al., 2003; Marlow et al., 2003). Psenen is required for y-secretase complex maturation and
additional stabilization. Psenen depletion reduces total y-secretase complex levels (Steiner et
al., 2002), and Psenen overexpression increases AB production (Marlow et al., 2003;
Shiraishi et al., 2004). As y-secretase constitutively cleaves the truncated APP fragment
following a-or B-cleavage, increasing y-secretase activity promotes production of
pathogenic AB, while decreasing y-secretase activity reduces Ap (Chow et al., 2010; Zhang
etal., 2011). Accordingly, y-secretase inactivation in APP overexpression mouse models of
AD pathology reduces Ap burden (Dewachter et al., 2002; Saura et al., 2005).

In this study, we tested the hypothesis that 30% CR would attenuate amyloid pathology in
both sexes of an aged AD mouse model via a multidisciplinary approach. We employed the
Tg2576 mouse model of APP overexpression, which exhibits age-dependent increases in AB
plaque load and concomitant memory deficits driven by overexpression of a human APP
variant (APPswe) responsible for early-onset AD (Callahan et al., 2001; Citron et al., 1992;
Good and Hale, 2007; Hsiao et al., 1996; Mullan et al., 1992). AD pathology exhibits a
spatial and temporal occurrence in which specific neuron types in defined brain regions
display pathology, while leaving other cell types and areas relatively spared (de LaCoste and
White, 1993; Fan et al., 2008). Hence, we determined AP burden and assessed APP
metabolite levels in aged Tg2576 mice (at a timepoint where A deposition and
accumulation has occurred) within the hippocampal formation and the adjacent entorhinal
cortex, temporal lobe structures that are crucial for memory formation and recall that are
affected early and severely during the progression of AD (Ginsberg et al., 2000; Hyman et
al., 1984; Morrison and Hof, 2002) following CR or AL feeding. We also explored the
influence of CR on age-dependent gene expression changes underlying Ap pathology by
gPCR and single population microarray analyses in area CA1 of the hippocampus.

MATERIALS AND METHODS

Tg2576 mouse model

Animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Nathan Kline Institute/NYU Langone Medical Center and were in full
accordance with NIH guidelines. Tg2576 mice (n=77), which harbor a human variant of
APP termed the ‘Swedish’ mutation (APPswe), (Lys®7%— Asn and Met®71—Leu), and
nontransgenic (ntg; n=67) littermates on a Swiss Webster x DBA/C57BL6 F1 background
were employed for these studies. For female mice, estrous cycle was not monitored. Initial
analyses of AP species, APP holoprotein levels, and transcriptional levels via microarray
were conducted in both Tg2576 and ntg mice. We present our datasets on Tg2576 mice
because ntg mice did not develop detectable AB-pathology (serving as a negative control).
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Neither sex- nor diet-dependent changes in murine APP holoprotein levels were found in ntg
mice.

Calorie restriction (CR) and ad libitum (AL) feeding regimens

Beginning at approximately 2.5 months of age, female and male Tg2576 mice and ntg
littermates were randomly assigned with equal numbers to AL or 30% CR dietary regimens.
The CR group consumed 30% fewer total calories than the AL group with the CR allotment
adjusted weekly based on the AL group’s daily intake to maintain a uniform 30% reduction
throughout the study. Specifically, for every 1 g AL of diet consumed, on average, by the
age-matched AL group of mice, 0.71 g of CR diet was allotted to the CR mice. All CR mice
were fed their daily food allotment in the morning. The dietary component of restriction was
carbohydrates. Representative CR and AL dietary regimens, prepared by Research Diets Inc.
(New Brunswick, NJ), are described in Supplemental Table 1. Mice were maintained on the
CR or AL feeding regimens for approximately 2.8 or 12.5 months (Suppl. Fig. 1).

Tissue accession and processing

Tg2576 and ntg mice from both the AL and CR groups were sacrificed at approximately 5.3
and 15 months of age (prior to cerebral AB deposition and once AB deposition has already
occurred, respectively). Mice were overdosed with ketamine (80 mg/kg) and xylazine (13
mg/kg) and perfused transcardially with ice-cold 0.1 M phosphate buffer. Brains were
rapidly removed, and one hemi-brain was immediately drop-fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer for 24 hours at 4 °C, paraffin embedded, and sectioned at 6 pm
for single cell isolation. From the remaining hemi-brain, the hippocampus or CAl-enriched
portions of the hippocampus and entorhinal-enriched cortex were dissected, frozen on dry
ice, and stored at —80 °C until RNA extraction or tissue homogenization for qPCR, ELISA,
or immunoblot experiments (Alldred et al., 2012). All sacrifices took place in mid-
afternoon. For protein analysis, frozen tissue was homogenized in tissue homogenization
buffer (THB) containing 250 mM sucrose, 20 mM Tris-HCI, 1 mM EGTA, 1 mM EDTA,
and protease inhibitors (10% weight by volume, pH 7.4). Homogenates were used for
immunoblot analysis or subjected to formic acid (FA) extraction and AP sandwich ELISAS
(Schmidt et al., 2012).

AB enzyme-linked immunosorbent assays (ELISAS)

Human Ap levels were quantified via colorimetric sandwich ELISA from 10% sucrose
homogenates of frozen cortex from 15 month old CR- and AL-fed Tg2576 mice subjected to
FA extraction as previously described (Schmidt et al., 2012). Briefly, 96-well plates were
coated with monoclonal capture antibodies JRF/cAB40/10 (epitope specificity to the
carboxyl-terminal 5 residues of Ap1-40), and JRF/cAB42/26 (epitope specificity to the
carboxyl-terminal 10 residues of A$1-42), both recognizing human and mouse Af species.
Post incubation, blocking, and washes, FA extracted samples and standard curve samples
were applied to wells containing the capture antibody. After incubation, wells were washed,
and a HRP-coupled monoclonal detection antibody JRF/ABN25 (epitope specificity to
residues 1-7 of human Ap) was added to the well. Peroxide substrate solution was applied,
and the colorimetric signal was determined via optical density (OD450) reading using a
microplate spectrophotometer. ELISA results were reported as fmol A per g of total
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protein, based on standard curves using synthetic murine and human Ap1-40 and AB1-42
peptide standards (American Peptide, Sunnyvale, CA) as described previously (Mathews et
al., 2002; Morales-Corraliza et al., 2009; Schmidt et al., 2012).

Immunohistochemistry and stereological analysis of A plaque burden

Paraffin-embedded, 6 um hemi-brain horizontal sections from 15 month old CR- and AL-fed
Tg2576 mice were deparaffinized in a xylene and ethanol series and boiled in citrate buffer
(10 mM, pH 6.0), followed by incubation in ammonium chloride (80 mM in TBS), then 88%
FA, with TBS washes between incubations. Sections were blocked using Mouse on Mouse
(MOM) kit blocking reagent (Vector Laboratories, Burlingame, CA). Following TBS
washes, sections were incubated with monoclonal 4G8 primary antibody (epitope specificity
to Ap 17-24 that recognizes APP, aCTF, AB1-40, Ap1-42) (Covance, Princeton, NJ)
diluted in MOM diluting reagent in TBS. Visualization was achieved through incubation
with diaminobenzidine (DAB) in 0.03% hydrogen peroxide and 0.01 M imidazole in Tris
buffer, as described previously (Alldred et al., 2012). Following TBS washes, sections were
subjected to dehydration through an ethanol and xylene series and were coverslipped using
Cytoseal (ThermoScientific, Waltham, MA).

Whole-slide images of 4G8-stained sections were acquired using a slide scanner (SCN400,
Leica Microsystems, Buffalo Grove, IL), equipped with a 40x/0.7 NA objective (0.25 pm/
pixel final image resolution). Stereological assessment was conducted by Sing Systems
(Silver Spring, MD). Anatomical delineation of hippocampal CA1 included all layers with
borders as previously described (Calhoun et al., 1998), and borders for the entire EC with
perirhinal cortex, parasubiculum and other neighboring regions were determined based upon
detailed cytoarchitectonic differentiation. Section sampling was pseudo-random across the
dorsoventral extent of included regions (approximate systematic-random sampling where
sections were not damaged or part of other analyses). Volume-fraction was computed using
stereological methods (Gundersen et al., 1988). A point-grid was superimposed on the image
in a random XY location, and points were characterized as being over diffuse or dense
amyloid (plaque load), or vascular amyloid. As the amount of vascular amyloid was very
low in this model, it was not further analyzed. Point-spacing was optimized based upon pre-
screening of the amount of amyloid per mouse (either 15 or 25 microns for hippocampal
CAL region), and 25, 30, or 45 microns for EC), resulting in an average of 355 and 193
positive points counted for CA1 and EC respectively. Stereological sampling error (CE)
averaged 0.032 for CA1 and 0.035 for EC (Gundersen et al., 1999), and was well below
biological variability. Morphological identification of points was performed by two
independent raters, with each counting alternating sections from every mouse. Strong
concordance was found on a subset of sections (n=17) counted by both raters (R?=0.94;
F(1,16)=247.3, p<0.0001), and mean values for the two were used for these sections in final
data analysis.

Immunoblot analysis

10 ug of protein homogenates were loaded into a gel electrophoresis apparatus, subjected to
sodium dodecy!l sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 4-20% gradient
acrylamide gels; Bio-Rad, Hercules, CA), and transferred to nitrocellulose by electroblotting
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(Mini Transblot, Bio-Rad). Nitrocellulose membranes were blocked in 5% milk blocking
buffer prior to being incubated with primary antibodies in blocking buffer. Following HRP-
secondary antibody incubation, protein signals were detected using enhanced
chemiluminescence or X-ray film. Signals were quantified using ImageJ software (NIH,
Bethesda, MD). B-tubulin (B-Tub) immunoreactivity signal was used as a loading control
(Choi et al., 2009; Mathews et al., 2002; Morales-Corraliza et al., 2009). Monoclonal C1/6.1
antibody, which recognizes the carboxyl-terminal cytoplasmic domain of APP, was
employed for detection of APP holoprotein. For quantification of SAPP metabolites, soluble
proteins were extracted from hemi-brain or EC-enriched homogenates using 0.2%
diethylamine followed by centrifugation (Schmidt et al., 2012). Centrifugation supernatants
were migrated, transferred to nitrocellulose membranes, and probed with monoclonal 6A1
antibody (1:1000), which is epitope-specific to the C-terminus portion of the human
Swedish variant of SAPPJ (IBL, Japan), or monoclonal 6E10 antibody (1:1000), which is
epitope-specific to human AB1-17 and recognizes APP, sAPPa, BCTF, aCTF, AB1-40,
AB1-42 (Covance). Immunoblots were prepared 2—-3 times per condition (Mathews et al.,
2002; Morales-Corraliza et al., 2009).

Real-time qPCR

gPCR was performed on microdissected tissue samples of the hippocampal CA1 region,
which were stored at —80 °C in microfuge tubes unti | use. Phenol-chloroform extracted
RNA was subjected to bioanalysis (Bioanalyzer 2100, Agilent Biotechnologies, Santa Clara,
CA) to quantify RNA concentration and quality. TagMan hydrolysis probes (Life
Technologies, Grand Island, NY) were employed for y-secretase complex genes, including
Psenen (MmO00727761 s1), Ps1 (Mm00501191 m1), Aphla (MmO00778687_s1), and Ncstn
(Mm01293326_g1), and housekeeping control genes, including hypoxanthine
phosphoribosyltransferase 1 (Hprtl) (Mm01318747_g1) and succinate dehydrogenase
complex, subunit A (Sdha) (Mm01352360_m1) (Life Technologies). Samples were assayed
on a real-time qPCR thermal cycler (7900HT, Life Technologies) in 96-well optical plates.
Standard curves and cycle threshold (Ct) were generated, and the ddCT method was
employed to determine relative gene level differences between test and control genes.
Negative controls consisted of the reaction mixture without input RNA (Alldred et al., 2009,
2014; Ginsberg et al., 2012).

Single-cell type expression profiling

Paraffin embedded 6 um hemi-brain dissections were immunohistochemically (IHC) labeled
through the use of a biotin-streptavidin-horseradish peroxidase protocol. An
antineurofilament (NF) antibody (RMDQO20, 1:200 dilution) (Lee et al., 1987) was
employed to identify hippocampal CAL pyramidal neurons, as described previously
(Ginsberg et al., 2000; Alldred et al., 2012, 2014). Following IHC, CA1 pyramidal neurons
were extracted through a computer-assisted LCM system (LCM, Arcturus PixCell lle, Life
Technologies) system as described previously (Alldred et al., 2008, 2014;Ginsberg et al.,
2012) (Suppl. Fig. 2). The isolated cell bodies were immediately deposited in tubes
containing TRIzol (Life Technologies), inverted, and frozen in order to isolate RNA through
a phenol-chloroform extraction protocol.
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An RNA amplification method termed terminal continuation (TC) amplification was
employed to amplify total RNA from LCM-extracted CA1 pyramidal neurons in a linear
fashion through in vitro transcription (Suppl. Fig. 2). This amplification approach produces
RNA in quantities that are a linear representation of original starting material and readily
detectible by microarray analysis. For these studies, 100 LCM-extracted, NF-
immunoreactive CA1 pyramidal neurons from a single mouse were pooled per TC-reaction.
During the initial step in the TCreaction, purified mMRNAs were reverse transcribed to
produce a cDNA template. Two oligonucleotide primers were used for cONA synthesis, a
poly d(T) primer and a TC primer, which included a sequence that is antisense to the T7
bacteriophage transcriptional promoter. During in vitro transcription, 33P-UTP was
incorporated into newly synthesized RNA species complementary to the cDNA templates
(Alldred et al., 2008, 2009; Ginsberg, 2008).

A custom-designed microarray platform of 648 genes was used to interrogate structural,
receptor, ion channel, AD-related, cell cycle, metabolism, stress response, growth factors,
and known CR-responsive genes, among others. Interrogated genes consisted of sequence-
verified, linearized mouse and human cDNAs or expressed sequence-tagged cDNAs (ESTS)
(1 pg) adhered to high-density nitrocellulose membranes (Alldred et al., 2012, 2014;
Ginsberg and Che, 2005; Ginsberg et al., 2012). For microarray profiling, arrays were
prehybridized to prevent nonspecific binding, probed with the radiolabeled TC reaction
products, and sequentially washed to eliminate all non-stringently bound material.
Hybridized arrays were incubated in a phosphor screen cassette and developed in a Storm
840 phosphor imager (GE Healthcare, Piscataway, NJ). ImageQuant software (GE
Healthcare) was used to quantitate hybridization signal intensity (Suppl. Fig. 2). For this
study, 162 custom-designed microarrays were used, which includes sample sizes of n=5 per
genotype, diet, sex, age group, each assessed 3-5 times.

Statistical analysis

For gPCR, immunoblot, ELISA, and IHC stereology, results were subjected to statistical
analysis in which the comparisons between diet and age groups were based on mixed-effect
model analyses (McCulloch et al., 2011). Briefly, each metric was modeled as a function of
dietary treatment and age, using mixed-effect models with random mouse effect to account
for the correlation between repeated assays on the same mouse. Significant findings were
followed by pair-wise comparisons between the means for the two dietary treatments of each
age group. All analyses were performed using Proc Mixed in SAS software (SAS Institute
Inc, 2009). For qPCR, immunoblot, ELISA, and IHC analysis, we report significant results
with p<0.05. Statistical procedures for custom-designed microarray analysis have been
described in detail (Alldred et al., 2014; Ginsberg, 2008; Ginsberg et al., 2006). Multiple
arrays (n=3-5) were assayed per subject and nested to each subject for increased statistical
stringency. A global normalization approach was utilized whereby hybridization signal
intensity for each feature is subtracted from the background intensity and normalized as a
ratio of the total array hybridization signal intensity. Signal intensities were compared with
negative control arrays, which were hybridized with TC reaction products that contained no
initial input RNA. A global normalization procedure effectively minimizes variation due to
differences in specific activity and absolute quantity of individual probes (Ginsberg, 2005,
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2008; Hemby et al., 2003; Kacharmina et al., 1999). In this analysis scheme, an expression
profile of relative changes in MRNA levels was enabled. For microarray analysis, we report
significant results with p<0.001 and adjusted pvalues of q<0.01 after controlling false
discovery rate (FDR) due to the multiple-testing (Alldred et al., 2014; Benjamini and
Hochberg, 1995; Efron, 2007).

RESULTS

To test the influence of dietary intervention on A pathology in Tg2576 mice, we conducted
quantitative analysis of AB40 and AB42 peptide levels in EC using ELISA-based methods.
Sustained CR feeding significantly reduced AB40 protein levels by 79.7% (p<0.0005) and
AP42 protein levels by 64.2% (p<0.0005) within 15 month old female Tg2576 mice, relative
to AL-feeding (Fig. 1). CR feeding did not significantly alter 15 month old male AB40 or
AP42 protein levels (Fig. 1). Upon male and female comparison of 15 month old Tg2576
mice fed the control AL diet, we observed that males displayed 53.2% less AB40 protein
(p=0.01) and 26.6% less AB42 protein (p=0.04) than female mice on the AL diet (Fig. 1).

We corroborated ELISA-based results by assessing Af plaque burden in tissue sections of
the EC and area CA1 of the hippocampus. Using the 4G8 antibody to detect deposited AP by
IHC in combination with unbiased stereological analysis, we confirmed that compared to
AL-feeding, sustained CR-feeding reduced A plaque burden in the CA1 hippocampal
region of 15 month old female Tg2576 mice by 70.4% (p<0.0001) (Fig. 2A, 2B, and 2I) and
observed a similar trend in the EC (Fig. 2E, 2F, and 2I), noting that variation in Af plaque
burden in the EC is greater than plaque load variation in the hippocampal CA1 region for
AL- and CR-fed males and AL-fed females. In contrast to females, and consistent with the
ELISA findings, CR feeding did not significantly alter Ap plaque burden within age-
matched male Tg2576 mice at the 15 month timepoint (Fig. 2G, 2H, and 21). In Tg2576
mice maintained on the control AL diet, female Tg2576 mice had approximately 64.4%
greater hippocampal CA1 plaque burden than agematched AL-fed males (p<0.0001; Fig.
2A, 2C, 21).

APP and APP metabolite levels were evaluated in the brains of Tg2576 mice maintained on
AL or CR diets by immunoblot analysis. We observed no changes in total APP holoprotein
levels, regardless of sex or diet (Suppl. Fig. 3). The two SAPP fragments, SAPPa and
SAPPB, are known to be stable APP metabolites in the Tg2576 mouse brain, and are
informative of a-and B-cleavage rates (Morales-Corraliza et al., 2009). Hence, we examined
SAPPa and sAPPB, levels, focusing on female mice, which showed CR-dependent
reductions in AR accumulation (Figs. 1, 2). Results indicate that CR-feeding did not
significantly alter either sAPPa or SAPPp levels in the EC of 15 month old Tg25769 mice
(Fig. 3A). To determine whether a- or B-cleavage is altered at an earlier timepoint that
would affect subsequent p-amyloid deposition, we examined 5.3 month old Tg2576 mice
that were CR- or AL-fed for 2.8 months. Similar to the aged mice, CR feeding did not alter
SAPPa or SAPPS protein levels within hemi-brain dissections isolated from 5.3 month old
female Tg2576 mice (Fig. 3B), suggesting that both a-and B-cleavage of APP is not altered
by CR in the Tg2576 brain.
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Based on these observations, we postulated that decreased y-secretase processing of APP
may be responsible for the observed A reductions following CR. To test this, we performed
gPCR analysis of y-secretase complex subunit levels using hippocampal CA1 dissections.
Target gene expression levels were normalized to two independent control genes, Sdha and
Hprtl. Expression levels of Sdha and Hprtl did not vary as a function of genotype or diet
(data not shown). Within 15 month old female Tg2576 mice, we observed significant
reductions within core components of the y-secretase complex in CR-fed mice compared to
AL-fed mice. Specifically, CR feeding decreased Psenen mRNA levels by 50.0% (p<0.03,
normalized to Sdha) and 44.1% (p<0.03 normalized to Hprtl) and Ps1 mRNA levels by
16.0% (p=0.06, normalized to Sdha) and 24.3% (p<0.02 normalized to Hprtl), relative to
sex- and agematched AL-fed mice (Fig 4). Ncstn mRNA levels were also reduced by 28.4%
(p<0.005, normalized to Sdha) and 36.9% (p<0.005 normalized to Hprtl) within CR-fed 15
month old female Tg2576 mice, relative to AL-feeding (Fig. 4). To determine whether CR-
dependent y-secretase subunit reductions were consistent in both animals at this older age
and for younger animals prior to Ap deposition, we conducted gPCR analysis within 5.3
month old Tg2576 mice and observed reductions in Psenen mRNA levels of 65.0%
(p<0.0005, normalized to Sdha) and 77.2% (p<0.0005 normalized to Hprtl) and reductions
in Ps1 mRNA levels of 26.6% (p=0.06, normalized to Sdha) and 33.7% (p<0.04, normalized
to Hprtl) within CR-fed females, relative to AL-fed females (Fig. 5). Interestingly, we
observed no CR-dependent reductions in Psenen, Ps1, Ncstn, or Aphla within male Tg2576
mice at 5.3 or 15 months of age (Figs. 4, 5). These findings implicate regulation of the -
secretase complex by CR as a potential female-specific mechanism underlying modulation
of AP pathology.

Within the Tg2576 hippocampus and cortex, APPswe transgene expression is primarily
neuronal (Irizarry et al., 2001). We sought to validate observed CR-dependent reductions in
y-secretase subunit transcript levels by cell-type specific microarray analysis using
populations of CA1 pyramidal neurons isolated from 5.3 month old female Tg2576 mice
maintained on AL or CR feeding regimens (Suppl. Fig. 2). By this approach, we confirmed
that expression of Psenen and Ps1 was significantly reduced by 27.6% (p<0.001, g<0.01)
and 28.9% (p<0.001, g<0.01), respectively, within CA1 pyramidal neurons of 5.3 mo. old
female Tg2576 mice maintained on a CR diet, relative to AL-fed mice of the same sex,
genotype, and age group (Fig. 6). Interrogation of additional candidate genes relevant to
APP processing and Ap dynamics is presented in Supplemental Table 2.

DISCUSSION

Through a multidisciplinary approach, we demonstrate that continuous CR feeding
significantly reduces A pathology and expression of Psenen and Ps1, y-secretase subunits
responsible for constitutive cleavage of APP, within female Tg2576 mice. Interestingly, we
observed no significant differences in AR burden or y-secretase subunit levels as a function
of the CR diet in age-matched male Tg2576 mice. This indicates that 15 month old Tg2576
females respond selectively to the CR diet, resulting in reduced AP pathology. To our
knowledge, this is the first study to address the differential influence of CR on pathology
and underlying gene expression within male and female mice.
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It is well-established that AD pathology manifests differently among females and males
(Callahan et al., 2001; Hirate-Fukae et al., 2008; Lee et al., 2002; Thies et al., 2013, Vina
and Lloret, 2010; Wang et al., 2003) and that pronounced female pathology may be
associated with metabolic or nutritional status (Azad et al.,2007; Gustafson et al., 2003;
Hayden and Zandi, 2006; Wolf et al., 2012; Yue et al., 2005). It is possible, however, that a
threshold of Ap must be reached before CR will have an effect. In future studies, it would be
beneficial to assess pathology indicators at later timepoints in Tg2576 mice, when A
deposition and accumulation is more prominent, to confirm sex differences in CR pathology
responses. Similarly, assessments of the sex-specific influence of CR in distinct AD mouse
models in which AP pathology develops more rapidly, such as the TJCRND8, 5XFAD, and
3xTg mouse lines (Hall and Roberson, 2012), would also be useful in dissecting sex
differences in CR responses at varying pathology thresholds, as well as evaluating the
effects of CR on tau pathology. As sex-specific differences in age-dependent Ap pathology
development and responses to CR are likely influenced by hormonal cycles, future studies
should also incorporate estrous cycle synchronization, ovariectomy, and hormone
replacement therapies (Ding et al., 2013, Kunzler et al., 2014). The present study provides
insight into potential mechanisms underlying AP pathology sex divergence, implicating
nutritional status and APP processing via y-secretase in Tg2576 female mice. Additional
studies are warranted to confirm the time course of CR-dependent pathology prevention in
females as well as males, and to incorporate hormonal and behavioral characterizations, as
well as more in-depth analysis of APP metabolites.

We did not identify any significant differences in expression levels of total APP holoprotein,
regardless of diet or sex. We postulated, therefore, that A reductions might be driven by
altered APP metabolism. Increased A disintegrin and metalloproteinase domain (Adam)-
dependent a-secretase function through activation of sirtuin 1 (Sirtl), a protein deacetylase
that is stimulated by CR, has been previously implicated as a potential mechanism
underlying CR-dependent AP reductions (Qin et al., 2006). SAPPa and SAPPp, produced by
a-and B-secretase cleavage events, respectively, possess relatively long half-lives within the
Tg2576 brain (Morales-Corraliza et al., 2009) and are therefore, stable indicators of APP
metabolism by a- and p-secretase. By immunoblot analysis, we found that CR did not
significantly alter sSAPPa and SAPPJ protein levels within 5.3 or 15 month old Tg2576 mice,
relative to AL feeding, suggesting that AP} reductions were not likely attributable to
augmented a- or f-secretase activity. Furthermore, we did not observe CR-dependent
increases in Sirtl levels and observed modest downregulation of Adam9 and Adam10 levels,
in addition to no change in Adam17 levels, as measured by microarray analysis of CA1l
pyramidal neurons (Supplemental Table 2). It is possible that CR-dependent activation of
Sirtl signaling and subsequent a-secretase function may alter Ap pathology in other relevant
models of AD. Our findings, however, suggest that changes in a- or p-cleavage are not a
primary mechanism of altered APP metabolism and subsequent AP reduction following a
dietary regimen of CR in Tg2576 mice.

The vy-secretase complex is required for coordinated cleavage of APP leading to AR
production. We detected significant decreases in transcript levels of Psenen and Ps1, rate-
limiting components of the y-secretase complex, at 5.3 and 15 months of age within CAl
hippocampal dissections from CR-fed female Tg2576 mice, relative to AL-feeding. We also
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identified CR-specific reductions in Ncstn mRNA levels in 15 month old Tg2576 females,
potentially indicative of more pronounced downregulation of y-secretase in aged mice.
Interestingly, we did not identify any CR-induced vy-secretase subunit mRNA reductions
within young or old Tg2576 males. Our laboratory has published several prior studies in
both human postmortem AD brains and in relevant AD models within the CA1 hippocampal
region that have demonstrated expression signatures of homogeneous cell type populations
are more sensitive detectors of neuronal gene expression changes than regional dissections
that contain an admixture of cellular populations (Ginsberg et al., 2000, 2004, 2010, 2012;
Ginsberg and Che, 2005). This point is not trivial, as y-secretase subunits may be
differentially regulated in nonneuronal cells. Furthermore, hippocampal expression of
APPswe is highest within neuronal cell types (Irizarry et al., 2001), so we chose to validate
our gPCR findings using a technique that would focus analysis on RNA isolated solely from
CA1 pyramidal neurons. Our microarray results confirmed that CR feeding significantly
reduced female Tg2576 Psenen and Ps1 mRNA levels within CA1 neurons.

The present multidisciplinary findings dovetail with several animal model and human
studies from independent laboratories establishing that y-secretase is a potential target for
AD intervention. Pharmacological manipulation of y-secretase function is an effective
method for reducing AB pathology and has been applied to several AD clinical trials,
although off-target effects have hampered study success, raising a question whether Ap
monotherapy is an effective treatment strategy (Crump et al., 2013; Golde et al., 2013;
Mikulca et al., 2014). Despite these concerns, y-secretase inhibition in the Tg2576 AD
mouse model abrogates agedependent pathology indicators, including A burden, spatial
memory deficits, abnormal dendritic spine morphology, and microglial activation (Sivilia et
al., 2013) and interestingly, also blunts early impairments in younger Tg2576 mice
(Balducci et al., 2011). Furthermore, work by Placanica et al. demonstrates that pronounced
female AP pathology may be driven by increased y-secretase activity, relative to males
(Placanica et al., 2009). Commensurate with these observations, we found that CR
endogenously reduces y-secretase subunit levels in female, but not male, Tg2576 mice. The
CR regimen we employed reduced calorie intake through carbohydrate reduction
(Supplemental Table 1). Whether sustained CR through a combination of reduction in
carbohydrates, fats, and/or proteins would show similar sex-specific reductions in Ap
pathology remains to be determined. Since high fat/cholesterol diets have been demonstrated
to exacerbate AP pathology and other AD-like changes in relevant mouse models (Pedrini et
al., 2009; Julien et al., 2010), reduction of fats or proteins as part of a continuous CR dietary
intervention may have similar beneficial effects to the observed reduction through
carbohydrates, although testing this hypothesis requires significant additional research.

In summary, our multifaceted datasets implicate altered APP cleavage by y-secretase as one,
but not necessarily the only, mechanism by which CR profoundly reduces A pathology
throughout aging in female Tg2576 mice. These findings highlight the importance of sex,
age, and dietary considerations within animal model studies of AD, as well as translational
considerations for human AD treatment.
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RESEARCH HIGHLIGHTS

ELISA, stereology, gPCR, and microarrays assessed calorie restriction in Tg2576 mice.
Calorie restriction (CR) reduces AP levels in aged female, but not male Tg2576 mice. CR
reduces expression of Psenen and Ps1, y-secretase subunits in aged Tg2576 females.
Long-term CR reduces age-dependent Tg2576 AP pathology in a sex-specific manner.
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Figure 1.

CR reduces cortical AB levels within 15 month old female Tg2576 mice. CR feeding
significantly reduced female, but not male, AB40 (A) and AB42 (B) levels. Female AL
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Tg2576 mice had significantly higher levels of AB40 and AB42, relative to AL males (A, B);
linear mixed model, entorhinal cortex; n=7-8 per condition, *p<0.0005, #p=0.01, +p=0.04.)
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Figure 2.
Long-term CR-feeding reduces A plaque load within 15 month old female Tg2576 mice.

AP immunoreactivity is depicted in tissues sections from area CAL of the hippocampus (A-
D) and EC (E-H) of 15 month old Tg2576 mice of the following diets and sexes: AL female
(A, E), CR female (B, F), AL male (C, G), CR male (D, H). Stereological assessments are
depicted (I; mean + SEM). Scale bar: 200 um. (linear mixed model, hippocampus, n=5-6
per condition, *p<0.0001; entorhinal cortex, n=4—6 per condition). Note that greater
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variation in plaque load was observed in the EC as compared to the hippocampal CAl
region for AL- and CR-fed males and AL-fed females.
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CR does not alter SAPPa or SAPPS levels in female Tg2576 mice. Sustained CR feeding did
not significantly alter sAPPa or SAPPp in the EC of 15 month old (A) or hemi-brains of 5.3
month (B) old female Tg2576 mice, relative to AL feeding (normalized mean + SEM). -
Tub levels are shown as a control (linear mixed model, n=6-7).
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Figure 4.
CR reduces CAL hippocampal Psenen and Ps1 transcript levels within 15 month old female,

but not male, Tg2576 mice, compared to AL. y-secretase subunit ddCT values were
normalized to housekeeping gene ddCT levels, Sdha (black) and Hprtl (gray). Normalized
CR expression levels are depicted as a percentage relative to AL expression levels of the
matched sex and age group (mean + SEM). (linear mixed model, n=5-7 per condition,
*p<0.03, +p=0.06, #p<0.005).
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Figure 5.
gPCR analysis of y-secretase subunit transcript levels. gPCR analysis was conducted using

hippocampal CA1 regional dissections from 5.3 month old, AL- and CR-fed, male and
female Tg2576 mice. y-secretase subunit ddCT values were normalized to housekeeping
gene ddCT levels, Sdha (black) and Hprt1 (gray). Normalized CR expression levels are
depicted as a percentage, relative to AL expression levels of the matched sex and age group
(mean £ SEM). (linear mixed model, n=5-7 per condition, *p<0.0005, +p=0.06, #p<0.04).
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Figure 6.
Microarray analysis demonstrates Psenen and Ps1 transcript level reduction within CA1

pyramidal neurons isolated from CR-fed, Tg2576 females. Normalized CR expression levels
of 5.3 month old Tg2576 females are depicted as a percentage, relative to AL expression
levels (mean + SEM). CR feeding significantly reduced Psenen and Ps1 mRNA levels.
(linear mixed model, n=5-7 per condition, *p<0.001, g<0.01).
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