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Abstract

We measured changes in gene expression, induced by aging and caloric restriction (CR), in three
hippocampal subregions. When analysis included all regions, aging was associated with
expression of genes linked to mitochondrial dysfunction, inflammation, and stress responses, and
in some cases, expression was reversed by CR. An age-related increase in ubiquintination was
observed, including increased expression of ubiquitin conjugating enzyme genes and cytosolic
ubiquitin immunoreactivity. CR decreased cytosolic ubiquitin and upregulated deubiquitinating
genes. Region specific analyses indicated that CA1 was more susceptible to aging stress,
exhibiting a greater number of altered genes relative to CA3 and the dentate gyrus (DG), and an
enrichment of genes related to the immune response and apoptosis. CA3 and the DG were more
responsive to CR, exhibiting marked changes in the total number of genes across diet conditions,
reversal of age-related changes in p53 signaling, glucocorticoid receptor signaling, and enrichment
of genes related to cell survival and neurotrophic signaling. Finally, CR differentially influenced
genes for synaptic plasticity in CA1 and CA3. It is concluded that regional disparity in response to
aging and CR relates to differences in vulnerability to stressors, the availability of neurotrophic,
and cell survival mechanisms, and differences in cell function.
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1. Introduction

Brain aging processes are enormously complex affecting multiple systems, cell types, and
cellular pathways. Gene expression studies attempt to estimate the status of critical
parameters for multiple cellular processes that change with age. Examination of gene
expression in brain tissue over the lifespan indicates alterations in general aging processes
including inflammation, oxidative stress, Ca2* regulation, and cell growth/structural
organization (Aenlle et al., 2009; Blalock et al., 2003; Erraji-Benchekroun et al., 2005;
Prolla, 2002; Terao et al., 2002).

Caloric restriction (CR) is the most accepted approach to slow the aging process and delay
or prevent many age-related diseases (Mattson and Wan, 2005; Weindruch et al., 1988). A
review of transcription changes associated with CR indicates that there are no common
genes or groups of genes which are influenced by CR across different species (Han and
Hickey, 2005). Indeed, for studies that examine gene changes across tissues, even in the
same animal, only a handful of genes may emerge as sensitive to treatment (Fu et al., 2006;
Selman et al., 2006; Swindell, 2008). Differences may be related to whether the cells in the
tissue are post-mitotic (Spindler and Dhahbi, 2007), the function of the tissues examined,
and the effects of aging on the tissue (Weindruch et al., 2002).

While much work has focused on peripheral organs and lifespan, little is known concerning
the effects of CR on the nervous system. There are some indications that CR improves
motor and cognitive function in aged animals (Carter et al., 2009; Fontan-Lozano et al.,
2007; Ingram et al., 1987; Pitsikas and Algeri, 1992) and in models of neurodegeneration
(Bruce-Keller et al., 1999; Halagappa et al., 2007). The hippocampus is a region that is
particularly sensitive to aging, resulting in impaired synaptic plasticity and memory deficits
(Foster, 1999; Foster, 2007). The three main regions of the hippocampus include the CAL,
CA3, and dentate gyrus (DG). These regions differ in terms of efferents, afferents and major
cell types (Knowles, 1992), neurogenesis (Ormerod et al., 2008; Pawluski et al., 2009),
vulnerability to stressors (Jackson and Foster, 2009; Jackson et al., 2009; McEwen, 2001),
and synaptic plasticity mechanisms (Hussain and Carpenter, 2005; McBain, 2008; Zalutsky
and Nicoll, 1990). In addition, differences have been noted concerning biological markers of
aging within these regions, including altered synaptic function and response to stress
(Foster, 2002; Jackson et al., 2009; McEwen, 2001; Patrylo and Williamson, 2007;
Rosenzweig and Barnes, 2003). The current study was designed to determine whether CR
had a similar effect in these three closely-linked regions and whether CR would act on genes
related to biological markers of aging in the hippocampus such as inflammation, stress, and
mitochondrial dysfunction.

2. Materials and methods

2.1 Animals

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee of the University of Florida. Ad libitum (AL) fed and calorie restricted (CR)
male F344xBN rats were obtained from the National Institute on Aging (NI1A) rodent
colony. Reduction of calorie intake began at 14 weeks of age starting with 10%, 25%, and
finally 40% restriction at 17 weeks until the end of the experiment. Animals were
maintained in our facility for approximately one month prior to tissue collection. All animals
had free access to water and AL fed rats had free access to NIH-31 pellets. For CR animals,
the dietary regimen of 40% restriction was maintained, with food delivered at 1700 hours
each evening. Animals were assessed on a weekly basis for signs of overt health problems
including marked weight loss. For gene arrays, middle aged (MA) and old (O) animals (18
and 28 months (mo) of age, respectively) were employed. In general, biological variability
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increases with advanced age (Busulttil et al., 2007; Foster and Kumar, 2007); therefore, the
number of animals in the older groups was increased in order to increase the power of the
study. The groups consisted of AL-MA (n = 3), AL-O (n = 6), and CR-O (n = 6). Due to the
limited supply of CR rats at specific ages, western blots were performed for 8 mo AL, 38 mo
AL and 38 mo CR animals (n = 3 per group). Ubiquitin-like immunofluorescence was
examined in the brains of an 18 mo AL, 38 mo AL, and 38 mo CR rat.

2.2 RNA isolation and gene chips

On the day of tissue collection, animals were killed using a guillotine. Brains were quickly
removed and placed on an ice-cold Petri dish. Brains were then bisected, making a dorsal to
ventral incision along the midline such that the two hemispheres were separated. The
neocortex of each hemisphere was then resected in order to expose and remove the
hippocampus using forceps and a spatula and 2-3 tissue blocks of the dorsal hippocampus
were cut parallel to the alvear fibers (~1 mm thick) using a razor blade. The blocks were laid
flat and the subiculum was removed. An incision was made from the CA3-CALl border to
the end of the upper and lower blades of the dentate gyrus (DG) in order to isolate the CA3
region, and an incision through the hippocampal fissure was used to separate the DG and
CAL regions. Tissue from each region was placed into separate tubes and immediately snhap-
frozen in liquid nitrogen. Tissue samples from three regions of the hippocampus (CA1,
CA3, DG) were removed from storage at —80° C and homogenized for 30 seconds in 600uL
of RLT buffer using a Rotor-stator homogenizer. Following centrifugation for 3 minutes at
maximum speed the supernatant was transferred to a new tube and an equal volume of 70%
ethanol was added, the solution was then applied to a Qiagen RNeasy mini column and
isolated according to the manufacturer’s protocol. Purified RNA was labeled and hybridized
to RAE 230 V2.0 gene chips by the NIH core facility. The chips were scanned with an
Affymtrix GeneChip Scanner 3000, and the raw data, publicly available through the NIH
neuroscience microarray consortium

(http://arrayconsortium.tgen.org/np2/viewProject.do?
action=viewProject&projectld=522821) and the NCBI gene expression omnibus Accession
No. GSE21681, were processed with Affymetrix GCOS software.

2.3 Data analysis

For the 15 animals (AL-MA = 3, AL-O = 6, and CR-O = 6), one chip was hybridized per
region (CAL, CA3, DG) per animal, resulting in 45 arrays. Array outliers were identified by
dChip and performance in leave-one-out-cross validation studies; two arrays (one CR-O for
CAL1 and one CR-O for CA3) were removed from the study due to poor hybridization. Probe
set filtering was performed according to our previously published work (Aenlle and Foster,
2009; Aenlle et al., 2009; Blalock et al., 2003). Microarray Suite (Affymetrix) was used to
determine whether a particular probe was reliably detectable (presence/absence calls). The
number of present calls for each probe set was determined across all chips and the probe set
was removed if fewer than 80% of the chips exhibited a present call for the probe.
Normalization and computation of gene expression values were performed using the perfect-
match-only method by inputting data (.cel files) into dChip (Li and Wong, 2001).
Unsupervised hierarchical cluster analyses were performed with probe sets that exhibited
hybridization signal intensities with a coefficient of variation of greater than 0.5 identified
using algorithms implemented in dChip. Statistical algorithms implemented in BRB array
tools (version 3.5.0-beta 1, developed by Richard Simon, Amy Peng Lam, Supriya Menezes,
NCI and EMMES Corp.) were used to identify probe sets whose hybridization signal
intensity values differed between experimental groups (alpha level set at p < 0.001) and
calculate the false discovery rate (FDR). The ability of significant genes to distinguish
between treatment groups was assessed by leave-one-out-cross-validation studies. The
ability of gene expression classifiers to correctly predict the class label of the array left out
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of the analysis was estimated using Monte Carlo simulations. Functional pathways
associated with pools of significantly altered probe sets were identified using Ingenuity
Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA). Fischer’s exact test was
used to calculate a p-value determining the probability that each pathway assigned to that
data set is due to chance alone. In addition, BRB array tools was used to calculate the largest
observed/expected ratios in specific gene ontology (GO) categories for cellular component,
molecular function, and biological process that were associated with the significantly altered
probe sets.

2.4 Western blot analyses

For total protein analyses, the CA1, CA3, or DG regions were dissected from hippocampi.
Samples were homogenized with an ultrasonic cell disrupter (Misonix Incorporated;
Farmingdale, NY) in SDS sample buffer (62.5 mM Tris, pH6.8, 10% glycerol, 3% SDS)
supplemented with complete protease inhibitor (Roche, Indianapolis, IN). A BCA kit
(Pierce, Rockford, IL) was used to determine the protein concentration of the supernatant.
Samples were fractionated by SDS-gel electrophoresis using Ready Precast Gradient 8-16%
SDS-polyacrylamide gels with 20 ug protein loaded per well. Following fractionation,
proteins were transferred to a nitrocellulose (0.45 um pore size) or a PVDF (for pUbi) (Bio-
Rad, Hercules, CA) membrane overnight at 4°C and a constant voltage of 35 V. Blots were
blocked for one hour with Tris-buffered saline containing 0.05% Tween (TBST) and 5%
nonfat dry milk. After blocking, the blots were incubated overnight at 4°C with the
following primary antibodies: Ubiquitin (rabbit polyclonal; Dako, Carpinteria, CA);
UBE2J1 (mouse monoclonal; Santa Cruz Biotechnology Inc, Santa Cruz, CA); HSP90
(rabbit polyclonal; Cell signaling, Danvers, MA); HSP70 (rabbit polyclonal; Stressgen, Ann
Arbor, MI); HSP40 (rabbit polyclonal; Stressgen); HSP27 (goat polyclonal; Santa Cruz);
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (mouse monoclonal; EnCor
Biotechnology, Alachua, FL). After incubation with anti-rabbit, anti-mouse (Cell signaling),
or anti-goat horseradish peroxidase conjugated secondary antibodies (Sigma-Aldrich, St.
Louis, MO), membranes were reacted with an enhanced chemiluminescent substrate (Perkin
Elmer Life Sciences; Boston, MA). A GS-710 densitometer (Bio-Rad Laboratories) was
then used to digitally image the films. Densitometric analyses were made using the ImageJ
1.42q computer program (Wayne Rasband, National Institutes of Health, USA). Since many
endogenous control markers are affected by aging and caloric restriction, fold change values
for these experimental variables were calculated by normalizing to the 8 mo AL control
signal, however, GAPDH staining is provided in order to illustrate consistency of gel-
loading. Films were formatted for printing using Adobe Photoshop. Significant changes in
western blot densitometry between groups were determined by two-tailed student’s t-tests.

2.5 Immunolabeling

For examination of ubiquitin-like immunofluorescence, the brains were bisected through the
central sulcus and half of each brain was immediately frozen in liquid nitrogen. Coronal
cryosections (5 pm thickness) were collected on Superfrost Plus glass slides (Fisher), and
allowed to air dry for 1 h. Slides were then fixed in 4% paraformaldehyde in PBS for 15
min., permeabilized in ice-cold methanol for 5 min. at —20° C, rinsed with PBS and blocked
in 20 % goat serum in PBS plus 0.05% Triton X-100 for 1 hour at room temperature.
Sections were incubated with the indicated primary antibodies overnight at 4°C. Bound anti-
ubiquitin antibodies were detected with Alexa Fluor 594 (Molecular Probes, Eugene, OR).
Hoechst dye (Molecular Probes) was included in the secondary antibody solution to
visualize nuclei. Slides were mounted with cover slips using Antifade Kit (Molecular
Probes). Samples were imaged with a Spot camera attached to a Nikon Eclipse E800
microscope (Melville, NY) and were formatted for printing by using Adobe Photoshop
software.
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3. Results

3.1 Gene expression changes induced by aging and CR indicate region-specific sensitivity

Filtering the data resulted in 24,244 probes sets in which at least 80% of the arrays exhibited
a present call. To examine generalized gene expression changes throughout the
hippocampus with age, we included arrays across all three regions from AL-MA and AL-O
animals. This regionally-combined analysis revealed 4,821 probe sets (FDR = 0.005) that
were altered by aging. In addition, we determine the number of probes that exhibited altered
expression within each region of the hippocampus,. The number of probe sets that change
with age (p<0.001) more than double between the DG (898, FDR = 0.027) and CAL regions
(2,141, FDR = 0.01) (Figure 1), suggesting that region CA1 may be more susceptible to the
effects of age. The effect of age on region CA3 (1,461, FDR = 0.016) was intermediate as
compared with the other two.

To determine gene expression changes due to lifelong CR, arrays were analyzed for probe
sets that differed between CR-O and AL-O groups. When all regions were combined, 4,183
probe sets (FDR = 0.006) were significantly (p<0.001) altered by CR in the older animals
(Figure 1). Interestingly, while the number of probe sets that changed with age increased
between the DG and CA1, CR effects were in the opposite direction. Specifically, CR
induced a > 6-fold increase in the number of altered probe sets in the DG (2,388, FDR =
0.01) relative to CA1 (349, FDR = 0.07) (Figure 1). The number of probes altered across the
diet conditions for CA3 was 1,596 (FDR = 0.015). Thus, age differences, as determined by
the number of altered genes, appear to be more pronounced in region CA1, whereas CR
effects are magnified in the DG.

3.2 Pathway regulation during aging and CR

Table 1 illustrates the top GO categories for cellular component (CC), molecular function
(MF), and biological process (BP), that exhibited gene enrichment in the hippocampus. In
general, aging was associated with enrichment of genes in categories linked to energy
homeostasis (glucose homeostasis, creatine kinase activity), oxidative stress (superoxide
activity, heme oxidation, aconitate hydratase activity), and response to stress (DNA damage,
MHC class Il protein complex). CR was associated with an enrichment of genes for several
metabolic pathways.

In order to examine age and CR influences on signaling pathways, significantly altered gene
expression within each region and for the regionally-combined analysis was submitted to
IPA (Table 2). The results from the regionally-combined analysis confirmed previous work
indicating that, throughout the hippocampus, aging was associated with altered expression of
genes related to inflammation, mitochondrial dysfunction, stress, and neurodegenerative
diseases (Aenlle et al., 2009;Blalock et al., 2003;Prolla, 2002;Weindruch et al., 2002). CR
was associated with a downregulation of inflammatory marker genes (such as antigen
presentation genes) (Morgan et al., 2007;Wu et al., 2008). In addition, aging was associated
with an upregulation of genes involved with the protein ubiquitination pathway, while CR
resulted in a mixture of up and down regulated genes for this protein quality control
mechanism.

Due to the large number of significant genes for age or CR when examined across all
regions, these data sets were separated according to genes that were up or down regulated
and these selective data sets were submitted to IPA. In order to limit the number of pathways
examined, we selected a cut off of p < 0.001 for gene enrichment in the signaling pathways.
The analysis indicated no significant gene clustering in pathways for down regulated genes
associated with age or CR; although nucleotide excision repair and protein ubiquitination
pathways for CR approached the cut off (p = 0.0025). An examination of up regulated genes
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during aging confirmed involvement of signaling for Huntington’s disease, amyloid
processing, mitochondrial dysfunction, NRF2-mediated oxidative stress, and protein
ubiquitination. In addition, the analysis indicated gene enrichment in a number of pathways,
which was likely due to the common elements in Gy signaling rather that increased activity
in the specific signaling processes. In this case, the signaling pathways for a-adrenergic
receptor, androgen receptor, tubby, FAK, and breast cancer regulation by stathminl
exhibited an enrichment of up regulated genes. However, notably absent from these
pathways was a change in the expression of the adrenergic or androgen receptor, tubby,
FAK, or stathminl. Similarly, an enrichment of up regulated genes was observed for
pathways linked to the antigen presentation pathway. Gene enrichment was observed for
NFAT in regulation of the immune response, IL-8, and chemokine receptor 5 (CCR5)
signaling in macrophages, although, NFAT, the I1L-8 receptor and CCR5 were not altered.
For CR, selective analysis limited to up regulated genes confirmed an enrichment of long-
term potentiation (LTP) signaling. Other pathways with gene enrichment contained elements
of LTP signaling including Rac, breast cancer regulation by stathminZl, I1L-3, and formyl-
Met-Leu-Phe (fMLP) signaling in neutrophils. Again, while many of the elements were
increased major determinants of the pathway (rac, stathminl, IL-3 and fMLP receptors)
were not increased. Finally, enrichment was observed for clathrin-mediated endocytosis.

Regional differences associated with aging were observed in the regulation of genes for
pathways related to neuroinflammation, cell survival, oxidative phosphorylation,
mitochondrial dysfunction, and protein ubiquitination pathways. An age-related increase in
genes for antigen presentation and IL-4 signaling was evident only in region CA1 suggesting
that CA1 may be more sensitive to the effects of age, at least with regard to processes that
increase the expression of genes related to immune responses (Wang et al., 2009).

Similarly, regional specificity was observed for CR influences, such that regions CA1 and
CAZ3 exhibited altered LTP signaling; however, no gene changes were found to be common
between the two regions. Several kinases were upregulated in CR animals including
calcium/calmodulin-dependent protein kinase IV (CAMK4) in the CAL region and CAMP
dependent protein kinase (PKA) and mitogen-activated protein kinase kinase 1 (MAP2K1)
in CA3; protein kinase C gamma and protein kinase C beta increased in CA3 and CAL,
respectively. Similarly, calcium/calmodulin dependent protein kinase 11 (CaMKI|I) alpha was
upregulated in CA3 and CaMKII gamma was upregulated in CA1. In region CA3, the
catalytic and regulatory subunits for the phosphatase calcineurin (PPP3CA, PPP3CB), were
down and upregulated, respectively. In the CA1 region, alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionate selective glutamate receptor (GRIA2) receptor was upregulated and the
NMDA receptor associated protein 1 (GRINA) increased in CA3. The results are consistent
with research indicating that CR can improve synaptic plasticity in the hippocampus and
suggest the mechanism varies between regions.

Table 3 illustrates the directional changes in genes that were altered in at least two of the
three regions for the IGF-1, PI3K/AKT, P53, apoptosis, oxidative phosphorylation,
mitochondrial dysfunction, and protein ubiquitination pathways. Several pathways share
common molecular members. In some cases, these molecules were similarly influenced
across regions during aging; however, notable differences were observed for CR influences.

3.3 Apoptosis and cell survival pathways

Pathways pertinent to apoptosis and viability or cell survival, which share several common
molecular members, were found to be altered by aging including IGF-1, PI3K/AKT, P53,
and apoptosis signaling (Table 3). In general, aging increased signaling molecules for
apoptosis. Gene enrichment was observed for the P53 pathway in each region (Table 2) and
several apoptosis promoting molecules exhibited increased expression in all three regions

Mech Ageing Dev. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zeier et al.

Page 7

including p53, BAX, and ACIN1 (Table 3). Differences in expression, particularly between
CALl and the DG were also observed (Table 3), with CA1 exhibiting increased expression of
additional p53/apoptosis signaling regulators (BAI1, CASP9, IHPK2, JUN, SFN). In the
case of cell survival pathways, aging was associated with gene enrichment for the PI3K/
AKT signaling pathway in CA3 and the DG and for IGF-1 signaling in CA1 (Table 2). In
addition, AKT, which has anti-apoptotic actions, was increased in all regions (Table 3).

CR influenced cell survival pathways, particularly in region CA3 and the DG. As such, gene
enrichment reached significance in region CA3 for IGF-1, insulin, PI3K/AKT, and ERK/
MAPK signaling (Table 2). CR reversed an age-related increased expression of the gene
encoding the pro-apoptotic molecule, BAX, and increased expression of anti-apoptosis
molecule BIRC2, in area CA3 and the DG (Table 3). Interestingly, the expression of genes
in these apoptotic and cell survival pathways exhibited minimal CR effects in region CAl
(Table 3). Thus, CR appears to promote cell survival signaling, particularly in regions CA3,
while cell survival pathways in region CA1 may be less responsive to CR.

3.4 Mitochondria and oxidative phosphorylation

Aging was associated with an enrichment of genes related to mitochondrial dysfunction
across the hippocampus when all regions were combined and specifically in the DG when
individual regions were considered (Table 2). The mitochondrial dysfunction pathway
shares common molecules with oxidative phosphorylation, and oxidative phosphorylation
was influenced by CR in region CA3 and the DG (Table 2). In examining genes that were
common across regions, it is clear that the three regions were influenced in the same
direction during aging, and that the CA1 region was less responsive to CR (Table 3).

3.5 Protein ubiquitination

Table 2 indicates that the enrichment of genes for protein ubiquitination associated with
aging and CR, which was observed for analysis across all regions, was also observed for
region CA3. Furthermore, both conditions were mainly associated with an increase in
expression, with 17 genes increased during aging and 16 genes increased in CA3 of older
CR animals relative to age matched AL animals. Closer examination of the genes that were
altered in at least two of the three regions (Table 3) indicates that aging is associated with an
increase in the expression of genes involved in the degradation of antigens (PSMB5, TAP2,
THOP1), and genes for proteins that mediate the covalent attachment of ubiquitin to other
proteins (UBE2J1, UBE2Q1, UBE2S, BTRC), including those for the E3 ubiquitin ligase of
the anaphase promoting complex (ANAPC2, ANAPC5, FZR1). In contrast, CR was
associated with increased expression of deubiquitinating enzymes (PSMD14, USP11,
USP22, USP5). Finally, age and CR effects were observed for proteins that mediate the
interaction between chaperone activity and ubiquitination of misfolded proteins (BAGL,
STUBL1). Importantly, very few genes exhibited a shift in the opposite direction due to aging
and CR, rather it appears that there is an increase in expression for ubiquitinating and
deubiquitinating molecules, respectively.

To assess the function of the ubiquitin-proteosome pathway, we analyzed the degree of
polyubiquitinated substrates, as well as the expression level of an ubiquitin-conjugating
enzyme (UBE2J1) (n=3 per group). In general, the level of polyubiquitinated proteins was
increased with age and decreased in CR animals for each hippocampal region (Figure 2).
Densitometric quantification of western blots (Table 4) indicated that, across all regions of
the hippocampus, there was a tendency for an increase in the expression of
polyubiquitinated proteins (1.31 fold change, p=0.066). In addition, the expression level of
UBE2J1 was reduced in CR animals in all regions of the hippocampus (—1.83-fold change, p
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< 0.005) and this decrease was significant for region CA3 (38 mo AL vs 38 mo CR: —2.94-
fold change, p < 0.01).

Consistent with an age-related increase in polyubiquitinated proteins, immunolabeling of
hippocampal sections exhibited strong ubiquitin-like reactivity (red) in the hippocampus
from a 38 mo AL relative to 18 mo AL animal (Figure 3). In samples from the AL animal,
the ubiquitin was diffuse and distributed throughout the cell body, likely reflecting cytosolic
localization. In comparison, it appears that overall ubiquitin-like immunoreactivity was
reduced by CR and was more focal, often limited to inclusions adjacent to nuclei (blue).

3.6 CR effects that directly oppose aging effects are associated with stress responses

In addition to compensatory effects of CR, we sought to determine whether CR can directly
counteract age effects on specific genes and biological processes, therefore, we examined
the genes that were significantly altered during aging and CR, and whose expression was
oppositely affected by the two treatments. In the CA1, CA3, and DG regions of the
hippocampus there were 95, 330, and 247 probe sets sensitive to both aging and CR,
respectively (Figure 1). A large majority of these overlapping probe sets were oppositely
affected by aging and CR. Across all regions of the hippocampus, 1,191 probe sets were
significantly, and oppositely affected by aging and CR (Figure 1). The probe sets that were
oppositely affected by aging and CR, were submitted to IPA to determine enrichment in
functional pathways. Table 5 provides the pathways and genes that exhibited significant and
opposite alterations in each region. When all regions were considered together, pathways
linked to immune responses were revealed including antigen presentation, signaling in B
lymphocytes, and dendritic cell maturation. In addition, a significant enrichment of genes
was observed for mitochondrial dysfunction and the metabolic pathway for oxidative
phosphorylation. IPA analysis within individual regions indicated significant functional
enrichment of genes for oxidative phosphorylation in region CA3 and the DG. In addition,
we observed regional differences in several pathways involved in responding to stress,
including hypoxia signaling in region CA1, p53, and glucocorticoid receptor signaling in
CAZ3 and the DG, and nucleotide excision repair in the DG.

For assessment of the stress response, we measured the expression levels of several heat
shock proteins (HSP) including HSP90, HSP70, HSP40, and HSP27 using western blots
(Figure 4). HSPs are induced in response to environmental and pathophysiological stressors,
including aging (Kalmar and Greensmith, 2009;Morimoto, 1998). Previous work indicates
that the level of HSP expression increases in the hippocampus during aging (Calabrese et al.,
2004; Di Domenico et al.,; Ghi et al., 2009), and caloric restriction is associated with
reduced constitutive HSP expression (for review see Kalmar and Greensmith, 2009). There
was a tendency (p < 0.1) for age or CR effects within specific regions, which reached
significance when examined across all regions, such that aging was associated with
upregulation of HSP27 and HSP90 expression was decreased by CR (Table 4, Figure 4).

4. Discussion

In the present study, we have investigated gene expression in the hippocampus, a brain
region that is critical for learning and memory and highly sensitive to aging. Our study was
designed to determine whether CR had similar effects in three closely linked regions of the
hippocampus and whether CR would act on genes related to biological markers of aging in
the hippocampus. Our data revealed several aspects of aging and CR which were common
across regions and others that were unique to the CA1, CA3, and DG regions.

Before, considering the interpretation of the results, it is important to recognize the
limitations of the study. First, age-related gene changes were examined between 18 to 28 mo
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and not all gene changes are monotonic with age (Blalock et al., 2003; Xu et al., 2007). It
has been suggested that changes in expression from young to middle-age might reflect
processes for compensation of increasing stress (Aenlle et al., 2009; Blalock et al., 2003).
For example, increased transcription associated with oxidative stress begins in middle-age;
however, expression of antioxidant defenses may decline with advanced age (Aenlle et al.,
2009; Blalock et al., 2003; Colombrita et al., 2003; Rao et al., 1990; Tsay et al., 2000).
Second, due to the limited availability of CR animals at specific ages, the protein assays
involved different ages; 8 to 38 mo for western blots and 18 to 38 mo for
immunocytochemistry. Despite the use of different ages, the results from the protein assays
support the findings of the gene arrays, indicating aging is associated with increased cellular
stress and CR altered protein ubiquitination.

While the western blots indicated changes in HSP expression, the specific HSP genes were
not necessarily detected in our array studies. Other researchers have noted that the
correlation of mRNA and protein is weak at best (Greenbaum et al., 2003; Gyqgi et al., 1999;
Maier et al., 2009). For the current study, the difference is likely due to the strictness of the
statistical filtering, which will limit the number of genes to be examined. Further, the
polyclonal antibodies used in the protein expression analysis detect total protein and are not
isoform or subunit specific. Finally, the transcription of HSP genes is negatively regulated
by expression of heat shock proteins, such that gene expression will be balanced by the level
of stress and the level of HSP expression (Morimoto, 1998). Thus, gene changes are likely
to provide makers indicating which pathways are important to consider; however, protein
expression and the function of the pathway will be determined by several factors including
protein translation and degradation processes.

Consistent with previous microarray research on neural tissue, we observed that aging was
associated with expression of markers for mitochondrial dysfunction, oxidative
phosphorylation, inflammation and oxidative stress (Aenlle et al., 2009; Blalock et al., 2003;
Erraji-Benchekroun et al., 2005; Prolla, 2002; Weindruch et al., 2002). While relatively few
genes were influenced in the opposite direction by age and CR, the results indicate that CR
can reduce some of the markers of aging. Across the three regions, CR had opposing effects
for genes related to oxidative phosphorylation, mitochondrial dysfunction, antigen
presentation, and the response to oxidative stress. In particular, across the hippocampus,
upregulation and down regulation was observed for antigen presentation due to aging and
CR, respectively. The gene expression changes for the regionally-combined analysis likely
reflect the well described increase in microglia activation during aging, which can be
reversed by CR (Morgan et al., 2007; Wu et al., 2008). However, it should be pointed out
that changes in the immune response may reflect downstream responses to aging
mechanisms and compensatory processes mediated by CR.

Other pathways exhibited effects of age and CR which were not necessarily opposite; rather
CR induced offsetting or compensatory changes to counterbalance aging. When all regions
were combined, effects of age and CR were prominent for the protein ubiquitination
pathway (Table 2); however, the two conditions did not have the opposite effect on gene
expression (Tables 2&3). Rather, the microarray data indicated that, aging was associated an
upregulation of genes in this pathway, particularly for ubiquitin conjugating enzymes. The
increase in expression of genes for ubiquitin conjugating enzymes and diffuse ubiquitin-like
immunoreactivity within hippocampal cells is consistent with the age-related increase in
ubiquinated proteins observed in a number of tissues, and is thought to result from
proteasome inhibition (Ding et al., 2006;Grune, 2000;Szweda et al., 2003;Yang et al., 2008).
CR was marked by an overall downregulation of gene expression in the protein
ubiquitination pathway, but an upregulation of deubiquitinating component genes,
suggesting processes for reducing the level ubiquitinated proteins. This idea is further
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supported by the observation that the CR-mediated increase in deubiquitinating component
genes is associated with a reduction in the expression of the ubiquitin conjugating enzyme
UBEZ2J and a decrease in diffuse ubiquitin-like immunoreactivity. The focal, often
perinuclear ubiquitin-like immunoreactivity in CR samples likely indicates the sequestration
and rerouting of undegraded proteasome substrates to an alternative pathway, namely
autophagic-mediated lysosomal degradation (Fortun et al., 2007;Rangaraju et al., 2009).

There are several ways in which a change in protein ubiquitination might influence
hippocampal function. For example, a decline in the ubiquitin/proteosome pathway could
lead to ubiquitin positive inclusions that manifest in aged or neurodegenerative CNS tissue
(Farout and Friguet, 2006; Fortun et al., 2005; Gray et al., 2003; Tydlacka et al., 2008). In
turn, these inclusions may precede mitochondrial dysfunction, increased oxidative stress,
and the activation of apoptotic pathways (Ding et al., 2006; Paz Gavilan et al., 2006).
Finally, protein ubiquitination/proteasome activity has been linked to synaptic plasticity,
which is central to learning and memory (Bingol and Schuman, 2006; Li et al., 2008;
Patrick, 2006). Thus, aging and CR influences on ubiquitination/proteasome activity could
modify the extent of hippocampal-dependent learning and impaired hippocampal LTP
(Adams et al., 2008; Carter et al., 2009; Eckles-Smith et al., 2000; Hori et al., 1992). It will
be important in future studies to examine the idea that disruption of the ubiquitin/
proteosome pathway is a precursor for other markers of aging.

The strategy of combining array samples across regions increased the statistical power and
facilitated the detection of genes that were commonly influenced across regions. Not
surprising, this strategy accentuates the identification of gene changes that occur in a
common cell type among these regions, namely glia. In contrast, analysis within each region
can unmask region specific differences in the response or sensitivity to age or CR, which
could have been obscured by potentially opposing changes in different regions of the
hippocampus. Analysis within each region provided evidence that CA1 was more
susceptible to the deleterious effects of aging and region CA3 and the DG were inclined to
exhibit enhancement of cell survival signaling pathways associated with age and CR. An
examination of the total number of genes influenced by age and CR indicated that more
genes were influenced by age in CA1 and the DG exhibited a greater number of genes
influenced by CR. Similarly, pathway analysis indicated that region CA1 was particularly
sensitive to enhancement of the antigen presentation pathway, oxidative stress, and
apoptosis with age (Table 2). In contrast, regions CA3 and the DG exhibited differential
expression of genes for PI3/AKT signaling during aging (Table 2). Furthermore, CR was
able to reverse aging effects on glucocorticoid signaling in the DG and CA3 (Table 5). The
results are consistent with the idea that markers of aging include activation of stress
responses and suggest that regional differences in gene expression relate to susceptibility to
different stressors. Thus, aging may interact with processes that increase the vulnerability of
region CA1 to hypoxia/oxidative stress and mediate glucocorticoid effects specific to region
CAZ3, as well as regional differences in survival pathways including enhanced activity of
PI3K/AKT signaling in region CA3 and the DG (Abe et al., 2004;Jackson et al., 2009;Wang
et al., 2009).

Cell survival and neurotrophic pathways contribute to CR mediated cell protection in young
animals (Katare et al., 2009; Mattson et al., 2004). In the current study, regional differences
in gene expression for neurotrophic and cell survival pathways associated with age and CR
were noted. In region CAL, aging was associated with gene enrichment for estrogen receptor
and IGF-1 signaling and CR was without apparent effect on neurotrophic signaling
pathways in this region (Table 2). In contrast, CA3 exhibited CR induced gene expression
changes in IGF-1, insulin receptor, PI3K/AKT and ERK/MAPK neurotrophic signaling
pathways (Table 2). Again, regional differences in stress may underlie differences in the
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activation of neurotrophic signaling during aging. For example, expression of AKT was
increased across all three regions during aging, with the largest increase in CAl. CR induced
an additional, though smaller, increase in AKT expression in CA3 and the DG suggesting
that AKT expression may reflect a response to stress associated with aging which
overshadows CR effects. CR increased the expression of the IGF receptor (IGF1R) gene in
all three regions; however, the CR-mediated reversals of age-related changes in PIK3R2 and
PRKACB, which contribute to the IGF-1 signaling cascade, were observed for region CA3
and the DG. The results are consistent with regional differences related to the availability of
neurotrophic/cell survival signaling mechanisms (Abe et al., 2004; Jackson et al., 2009) or
differential responses to neurotrophic signals (Glasper et al., 2009; Lynch et al., 2001).

Finally, regional differences in CR effects may relate to functional differences between
regions. The CA1 and CAS3 regions exhibited CR effects on genes within the pathway for
LTP. Synaptic plasticity impairments during aging are a common finding in the
hippocampus (Foster, 1999; Foster, 2002; Foster, 2007) and CR is associated with
improvements in LTP, although the mechanism for CR effects on LTP is unclear (Adams et
al., 2008; Eckles-Smith et al., 2000; Hori et al., 1992). CR resulted in a generalized
upregulation of protein kinases; however, no single gene was regulated in the same direction
across the two regions. The lack of correspondence between specific genes may result from
differences intrinsic to the two regions including the connections, forms of synaptic
plasticity, and activity of signaling cascades (Jackson and Foster, 2009). PKC isoforms beta
and gamma were differentially expressed in CAl and CA3 in CR animals. These isoforms
contribute to the induction of synaptic plasticity and the regional expression appears to
correlate with different forms of synaptic plasticity (Hussain and Carpenter, 2005; Naik et
al., 2000). CR resulted in an increase in CAMK4 and PKA in region CAl and CA3,
respectively. CAMKA4 is required to initiate transcription for the maintenance of LTP in CAl
(Alzoubi and Alkadhi, 2007; Ho et al., 2000; Kasahara et al., 2001) and PKA in CA3
pyramidal cells contributes to LTP at mossy fiber-CA3 and CA3-CA1 synapses (Nie et al.,
2007; Sivakumaran et al., 2009). Similarly, CAMKII alpha, which was increased in region
CA3, contributes to synaptic function between CA3 afferent and efferent synapses (Hinds et
al., 2003; Lu and Hawkins, 2006). The results indicate that CR enhanced expression of
molecules for signaling cascades involved in the specific form of synaptic plasticity
observed in each region.

Together the results signify that, across all hippocampal regions, aging is associated with
accumulation of ubiquitinated proteins, mitochondrial dysfunction, oxidative stress, and
neuroinflammation. Furthermore, these processes are reduced by CR. Gene array studies in
younger animals have demonstrated differential gene expression in hippocampal subregions
linked to differences in metabolic activity and functional differences in signal transduction,
and synaptic plasticity (Greene et al., 2009; Lein et al., 2004). The current study adds to this
idea by demonstrating region differences in response to aging and CR. Importantly, the
regional response to age-related stressors or CR diverge across hippocampal subregions
according to differences in vulnerability of each region to stressors associated with aging,
and the availability of neurotrophic or cell survival signaling mechanisms. The results may
help to explain regional differences in susceptibility to age-related neurodegenerative
disease (Bao et al., 2009; Mattson et al., 1989). Finally, CR is associated with amelioration
of age-related deficits in synaptic plasticity and improved memory. The current study
indicates that CR, possibly in combination with a reduction in age-related stressors, permits
the expression of genes in signaling pathways which are critical to cellular function,
including different forms of synaptic plasticity between hippocampal subregions.
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AL:CR MA:O

CA3 ;5 36

AL:CR MA:O

Hipp 1s:6 9:18
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4,183 \W11,191] 4§24

Number of probe sets altered by CR in the hippocampus of rats aged 28 mo (AL-O versus
CR-0) and across age (18 and 28 mo) in ad libitum fed rats (AL-MA versus AL-O).
Numbers in the main panels (red) indicate the total probe sets altered by aging and CR in
regions CA1 (upper left) and CA3 (upper right), the DG (lower left), and across all regions
(Hipp, lower right). Numbers in the overlapping areas (green) indicate the number of probe
sets altered by both treatments (i.e. overlapping probe sets). Arrows indicate the number of
overlapping probe sets whose expression level was oppositely affected by age and CR.
Above each circle is an indication of the number of arrays in each group involved in the

analysis.
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Figure 2.

Polyubiquitination of proteins in the hippocampus. A) Western blot analysis of total protein
(20ug/lane) from CAL, CA3, and DG regions of the hippocampi of 8 and 38 mo old rats fed
AL and 38 mo old rats on 40% CR diet (n=3 per group) probed with an anti-ubiquitin
antibody. Slow migrating poly-ubiquitinated (pUbi) protein substrates are marked by a
square bracket. B) Staining against the ubiquitin ligase family member (UBE2J1). GAPDH
is shown as a protein loading control. Molecular mass is KDA, on the left.
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Figure 3.
Immunofluorescence showing ubiquitinated inclusions (red) in CA1 (top row, 60X) and DG

(bottom row, 60X) regions for 18 mo AL (left column), 38 mo AL (center column) and 38
mo CR (right column). Nuclei were stained with a Hoechst (blue). There appears to be more
ubiquitin staining in 38 AL compared to 18 AL and the ubiquitin was diffuse (arrow heads)
and distributed throughout the cell body. In comparison, overall ubiquitin-like
immunoreactivity appears reduced by CR and more focal, often limited to inclusions
(arrows) adjacent to nuclei. The calibration bar is 10 pM.
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Figure 4.

Expression of heat shock proteins (HSP90, HSP70, HSP40, HSP27) in three regions of the
hippocampus from 8 or 38 mo rats fed AL or CR diet (n=3 per group). Note the increased
expression of the small heat shock protein HSP27 in samples from the older animals.
GAPDH is shown as a protein loading control. Molecular mass is kDa, on the left.
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Table 5

Pathways associated with genes oppositely affected by aging and CR

Pathways P-value  Molecules
CAl
Hypoxia Signaling in the Cardiovascular 0.027 NFKBIE (1.4, —1.2), UBE2L6 (1.7, —1.4)
System
CA3
p53 Signaling 0.001 PRKDC (1.4, —1.3), PIK3R2 (-3.1, 2.8), BAX (1.8, —1.4), CTNNB1 (1.3, —1.3)
RAR Activation 0.010 PRKACB (—3.4, 2.7), NSD1 (1.5, —1.4), RDH10 (-1.2, 1.2), RDH11 (1.3, —1.2),
PIK3R2 (-3.1, 2.8)
Oxidative Phosphorylation 0.016 COXT7B (—1.3, 1.4), ATP5E (1.2, —1.2), NDUFV3 (1.6, —1.3), NDUFA7 (-1.8, 1.9),
UQCRQ (1.3, -1.3)
Glucocorticoid Receptor Signaling 0.020 PRKACB (—3.4, 2.7), HSP90ABL1 (-15.7, 2.5), BAG1 (1.4, —1.3), TAF5L (1.2,
-1.2), PIK3R2 (-3.1, 2.8), POLR2I (1.4, —1.3)
N-Glycan Biosynthesis 0.023 MAN2A2 (1.5, —-1.5), DPM2 (1.2, 1.2)
Mitochondrial Dysfunction 0.044 COX7B (—1.3,1.4), NDUFV3 (1.6, —1.3), NDUFA7 (-1.8, 1.9)
DG
p53 Signaling 0.002 PIK3R2 (-3.2, 3.9), BAX (1.9, —1.5), CTNNB1 (1.2, —-1.3)
Glucocorticoid Receptor Signaling 0.010 PRKACB (—2.6, 2.9), HSP90ABL1 (—10.7, 9.5), BAG1 (1.3, —1.2), POLR2J (1.3,
—1.2), PIK3R2 (-3.2, 3.9)
Oxidative Phosphorylation 0.017 ATP7B (-2.1, 1.7), COX7B (1.3, —1.4), NDUFV3 (1.4, -1.3)
Nucleotide Excision Repair Pathway 0.024 XPC (-1.7, 2.5), POLR2J (1.3, -1.2)
Hippocampus
Oxidative Phosphorylation 0.004 ATP5E (1.2, —1.1), ATP6V1B2 (-1.1, 1.1), COX15 (1.5, —1.4), COX5B (1.2, —1.2),
COX6C (—1.5,1.9), COX7B (1.3, —1.3), FAM63B (—3.4, 2.7), IP6K2 (-1.2, 1.1),
NDUFAL1 (1.1, —1.1), NDUFA12 (1.1, —1.1), NDUFA7 (-2.0, 1.9), NDUFB10 (1.3,
—1.1), NDUFB4 (1.1, —1.1), NDUFS5 (1.2, —1.1), NDUFV3 (1.5, —1.4), UQCRQ
(1.3,-1.2)
FcgRIIB Signaling in B Lymphocytes 0.007 BTK (2.1, —1.8), FCGR2B (1.9, —1.6), MAPK8 (-1.1, 1.2), MRAS (1.3, — 1.3),
PIK3CA (1.4, —1.4), PIK3R2 (-3.3, 2.4), SOS1 (-1.2, 1.3)
Antigen Presentation Pathway 0.010 B2M (1.3, -1.2), CANX (1.1, —1.1), HLA-DQAL1 (4.2, —2.6), HLA-DRB1 (4.9,
—3.1), TAP2 (4.7, —2.3)
Ubiquinone Biosynthesis 0.012 NDUFAL (1.1, —1.1), NDUFA12 (1.1, —1.1), NDUFA7 (—2.0, 1.9), NDUFB10 (1.3,
—1.1), NDUFB4 (1.1, —1.1), NDUFS5 (1.2, —1.1), NDUFV3 (1.5, —1.4), EDF1 (1.4,
-1.1)
Mitochondrial Dysfunction 0.020 NDUFAL (1.1, —1.1), NDUFA12 (1.1, —1.1), NDUFA7 (—2.0, 1.9), NDUFB10 (1.3,
—1.1), NDUFB4 (1.1, —1.1), NDUFS5 (1.2, —1.1), NDUFV3 (1.5, —1.4), COX15 (1.5,
—1.4), COX5B (1.2, —1.2), COX6C (—1.5, 1.9), COX7B (1.3, —1.3), MAPK8 (1.1,
1.2), GPX7 (1.2, —1.2), PSEN1 (1.3, -1.3)
Dendritic Cell Maturation 0.022 B2M (1.3, -1.2), CANX (1.1, —1.1), FCGR2A (1.2, —1.2), FCGR2B (1.9, —1.6),
HLA-DQAL1 (4.2, —2.6), HLA-DRBL1 (4.9, —3.1), IFNAR1 (1.5, — 1.3), IRF8 (1.6,
—1.6), MAPKS8 (—1.1, 1.2), PIK3CA (1.4, —1.4), PIK3R2 (-3.3, 2.4), STAT2 (1.6,
—1.2), TREM2 (1.9, —1.5), TYROBP (2.3, —1.4)
Lipid Antigen Presentation by CD1 0.023 B2M (1.3, —1.2), PDIA3 (1.3, —-1.2)
Pyrimidine Metabolism 0.034 APOBEC1 (1.6, —1.6), DTYMK (2.1, 2.1), NME3 (1.1, 1.1), NME4 (1.3, —1.4),
NMES®6 (1.4, —1.4), POLD4 (1.4, —1.5), POLR2F (1.3, -1.2), POLR2J (1.3, -1.2),
POLR3D (1.2, —1.2), POLR3F (-1.5, 1.6), POLR3H (1.2, —1.2), POLRMT (-1.3,
1.5), RPUSD4 (1.2, —1.2), TRUB2 (1.3, -1.2)
NRF2-mediated Oxidative Stress 0.047 ACTA1L (1.3, -1.2), DNAJC17 (1.3, —1.3), DNAJC4 (1.4, —1.1), EIF2AK3 (1.2,

Response

—1.2), ERP29 (1.3, —1.2), FTL (1.3, —1.1), GSTAL (1.2, — 1.1), HMOX1 (1.4, —1.4),
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MAPKS (—1.1, 1.2), MGST1 (1.3, —1.2), MRAS (1.3, —1.3), PIK3CA (1.4, —1.4),
PIK3R2 (3.3, 2.4), PPIB (1.2, — 1.1), SCARBL (1.3, —1.2), SLC35A2 (1.4, -1.2)

The fold change values for aging followed by CR are indicated in the brackets. Some molecules are associated with multiple pathways.
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